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Prediction of Anthracene Solubilities in
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Experimental solubilities are reported for anthracene dissolved in six binary
mixtures containing 2-methyl-1-pentano! with l-propanol, 2-propanel, I-butanol.
2-butanol, 2-methyl-1-propanol, and l-octanol at 25°C. Results of these
measurements, along with previously published solubility data for anthracene
in binary alcohol + alcohol solvent mixtures, are used to test the limitations
and applications of expressions derived from mobile order theory and the
Kretschmer—Wiebe association model. Alcohol-specific mobile order theory
association constants are calculated from vapor-liquid equilibrium data for
binary alkane + alcohol solvent mixtures and used in the solubility predictions.
For the 57 systems considered. both models provided very accurate predictions
of the anthracene solubilities, with an overall average absolute deviation
between measured and calculated values being 1.7 and 1.2% for mobile order
theory and the Kretschmer-Wiebe association model, respectively.

KEY WORDS: alcohol solvents: anthracene solubilities: hydrogen-bonding;
solubility predictions.

1. INTRODUCTION

Solid-liquid equilibrium data on organic nonelectrolyte systems are becoming
increasingly important in the petroleum industry, particularly in light
of present trends toward heavier feedstocks and known carcinogenicity/
mutagenicity of many of the larger polycyclic aromatic compounds.
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Solubility data for a number of polycyclic aromatic hydrocarbons (ie.,
anthracene and pyrene) and heteroatom polynuclear aromatics (i.c., car-
bazole, dibenzothiophene, and xanthene) have been published in the recent
chemical literature (for a listing of references see Refs. 1--3). Despite efforts
by experimentalists and scientific organizations, in terms of both new
experimental measurements and critically evaluated data compilations,
there still exist numerous systems for which solubility data are not readily
available.

To address this problem, researchers have turned to predictive methods
as a means to generate desired quantities. Numerous equations have been
suggested for predicting solute solubilities in binary solvent mixtures.
For the most part, the predictive methods do provide fairly reasonable
estimates for noncomplexing systems. There still remains, however, the
need to develop better predictive expressions and mixing models to describe
the more nonideal complexing systems believed to contain hydrogen-
bonding solvent components. Hydrogen-bonding that occurs in mixtures of
alcohols is an example of specific interaction in that highly “preferential”
contacts between proton-denor and proton-acceptor sites of neighboring
alcohol molecules are established. The resulting H bonds are labile. During
their lifetime they confer a higher degree of “order” to the liquid solution.
The order introduced in the liquid by the formation of H bonds and the
perpetual movement of the H bonds constitute the basic foundations of
mobile order theory [4-13].

The thermodynamics of mobile order expresses the equilibrium condi-
tion in terms of time fractions for the time schedule of a given molecule,
and not in terms of concentrations of various entities in the ensemble.
Thus, in the case of alcohols and alkoxyalcohols one considers the time
fraction 74 and not the concentrations of the various /-mers in the
ensemble (this does not mean that these /-mers do not exist, but that their
concentrations do not govern the thermodynamic probability). y . is the
fraction of time during which a given molecule of the ensemble is {ree from
H-bonding, that is, does not possess the energy of the H bond. But it is by
no means the fraction of time during which the molecule is free at both
sides. A molecule bonded at one side is free from H bonding only half of
the time.

Ruelle and co-workers [6, 7, 14-17] have presented a very impressive
set of comparisons between experimental and predicted for anthracene,
naphthalene, pyrene (see also Ref. 18), biphenyl, carbazole, benzil (see
also Ref. 19), p-benzoquinone, thianthrene (see also Ref. 20), tricosane,
octacosane, 10-nonadecanone, 11-heneicosanone, and 12-tricosanone over
a wide range of both noncomplexing and complexing solvents to document
the predictive ability of mobile order theory. More recently, Acree and
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co-workers successfully extended mobile order theory to binary alkane +
alcohol [21], alcohol + alcohol [22-24], and alcohol + 2-alkoxyethanol
[25] solvent mixtures. Derived expressions predicted anthracene solub-
ilities in 35 binary alcohol + alcohol and 32 binary alcohol + 2-alkoxy-
ethanol mixtures to within an overall average absolute deviation between
predicted and observed mole fraction solubilities of about 1.6 and 3.0%,
respectively. A single numerical value of K .on=5000cm® mol ' was
assumed for the association constant of all monofunctional alcohol and
2-alkoxyethanol cosolvents studied.

Experimental solubility data for mixtures containing highly branched
alcohols were very limited at the time of our earlier solubility investiga-
tions. We did not believe that any slight improvement in predictive
accuracy that might be gained from using “alcohol-specific” association
constants necessarily warranted the very time-consuming computations
required to obtain an optimized K ..., value for each alcohol cosolvent
studied. As additional solubility data become available, and as mobile
order theory is extended to vapor-liquid equilibria [26] and to more com-
plex aqueous-alcohol solvent mixtures [ 10, 27], it becomes important for
us to reexamine the assumption that a single association constant is valid
for all primary, secondary, branched. and cyclic alcohols. A methyl sub-
stituent in close proximity of the hydroxyl group is expected to hinder
sterically both self- and cross-association, thereby increasing the fraction of
time during which a given alcohol molecule is free from hydrogen-bonding.

In the present study, we report computation of alcohol-specific
association constants for 11 alcohols by curve-fitting published liquid-
vapor equilibria data for binary alkane + alcohol mixtures in accordance
with mobile order theory. Calculated alcohol-specific association con-
stants are then used in conjunction with mobile order theory to predict
anthracene solubilities in 57 solvent systems. Predicted values are com-
pared to experimental anthracene solubilities and to calculated values
based both upon mobile order theory with the much simpler Ky cono =
5000 cm®-mol ' approximation and the Kretschmer—Wiebe association
model. To increase the number of systems available in our existing
solubility database. we also report experimental solubilities for anthracene
dissolved in six binary alcohol + 2-methyl-1-pentanol solvent mixtures con-
taining 1-propanol, 2-propanol, 1-butanol, 2-butanol, 2-methyl-1-propanol,
and 1-octanol at 25°C.

2. METHODS

Anthracene (Acros; 99.9 + %) was recrystallized several times from
acetone. 1-Propanol (Aldrich; 99 + %. anhydrous), 2-propanol (Aldrich;
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Table L Experimental Mole Fraction Solubilities of
Anthracene ('} in Binary Alcohol (B) + 2-Mcthyl-
l-pentanol (C) Solvent Mixtures at 25.0°C

sal

RS A

1-Propanol (B} + 2-methyl-1-pentanol ()

0.0000 0.000591
0.0737 0.000626
0.1347 0.000654
0.2837 0.000713
0.3727 0.000748
0.4557 0.000771
0.7050 0.000851
0.8395 0.000897
1.0000 0.000966

2-Propanol (B) + 2-methyl-1-pentunol (')

0.0000 0.000411
0.0668 0.000453
0.1363 0.000495
0.2887 0.000586
0.3788 0.000634
(0.4842 0.000691
0.7035 0.000811
0.8473 0.000876
1.0000 0.000966

1-Butanol (B) + 2-methyl-1-pentanol (C})

0.0000 0.000801
0.0865 0.000813
0.1692 0.000824
0.3256 0.000848
0.4476 0.000866
0.5278 0.000879
0.7486 0.000916
0.8606 0.000939
1.0000 0.000966

2-Butanol (B8} + 2-methyl-1-pentanol (C')

0.0000 0.000585
0.0844 0.000614
0.1590 0.000643
0.3299 0.000706

0.4255 0.000743
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Table L. Continued)

X¢ Rt
0.5327 0.000786
0.7529 0.000872
0.8739 0.000914
1.0000 0.000966

2-Methyl-1-propanol (B} + 2-methyl-1-pentanol (C)

0.0000 0.000470
0.0865 0.000516
0.1575 0.000549
0.3292 0.000631
04334 0.000678
0.5354 0.000724
0.7468 0.000827
0.8653 0.000893
1.0000 0.000966

1-Octanol (B) + 2-methyl-1-pentanol (C)

0.0000 : 0.002160
0.1359 0.001953
.2390 0.001844
0.4525 0.001571
0.5583 0.001448
0.6387 0.001354
0.8279 0.001122
0.9165 0.001047
1.0000 0.000966

99 + %, anhydrous), l-butanol (Aldrich; HPLC, 99.8%), 2-butanol
{Aldrich; 99 + %, anhydrous), 2-methyl-1-propanol (Aldrich; 99 + %,
anhydrous), 1-octanol (Aldrich; 99 + %, anhydrous), and 2-methyl-1-pen-
tanol (Aldrich; 99%) were stored over anhydrous sodium sulfate and
molecular sieves before use. Gas chromatographic analysis showed solvent
purities to be 99.5 mol% or better. Karl Fischer titration gave water con-
tents (mass/mass, alcohols. Binary solvent mixtures were prepared by mass
so that compositions could be calculated to 0.0001 mole fraction.

Excess solute and solvent were placed in amber glass bottles and
allowed to equilibrate in a constant-temperature water bath at 25.0 £0.1°C
for at least 3 days (often longer). Attainment of equilibrium was verified
both by repetitive measurements after a minimum of 3 additional days and
by approaching equilibrium from supersaturation by preequilibrating the
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solutions at a higher temperature. Aliquots of saturated anthracene solutions
were transferred through a coarse filter into a tared volumetric flask to
determine the amount of sample and diluted quantitatively with methanol
for spectrophotometric analysis at 356 nm on a Bausch and Lomb
Spectronic 2000. Concentrations of the dilute solutions were determined
from a Beer-Lambert law absorbance-versus-concentration working curve.
Molar absorptivities of the nine standard solutions varied systematically
with molar concentration and ranged from about ¢/(L-mol '-cm ')=
7450 to ¢/(L-mol~'-cm ')=7150 for anthracene concentrations ranging
from C(M)=6.75%x10 * to C(M)=225x10"". Identical molar absorp-
tivities were obtained for select anthracene standard solutions that
contained up to 5 vol% of the neat alcohol cosolvents. Experimental molar
concentrations were converted to (mass/mass) solubility fractions by multi-
plying by the molar mass of anthracene, the volume(s) of the volumetric
flask(s) used, and any dilutions required to place the measured absor-
bances on the Beer—Lambert law absorbance-versus-concentration working
curve, then dividing by the mass of the saturated solution analyzed. Mole
fraction solubilities were computed from (mass/mass) solubility fractions
using the molar masses of the solute and solvent. Experimental anthracene
solubilities in the six binary solvent mixtures studied are listed in Table I.
Numerical values represent the average of between four and eight inde-
pendent determinations, with the measured values being reproducible to
within + 1.5%.

3. RESULTS AND DISCUSSION

Optimized values of the mobile order theory association constants
were obtained by fitting the mobile order model to isothermal vapor-liquid
equilibrium data for binary mixtures of alkane (B)+alcohol (C). The
criteria for the equilibrium are

yx, P =F,v,P  (i=B,C) (1)

where 7;, x;, v;, and P3*' are the liquid-phase activity coefficient, liquid-
phase mole fraction, vapor-phase mole fraction, and pure-component
vapor pressure, respectively, of species /. The equilibrium (total) pressure is
denoted P. The correction factors F; are defined by

Fi= 1,/ /7" exp[(V,/RT)(P,— P} ]} (2)

where /3 and f; denote the fugacity coefficients for the pure saturated
species i at the temperature of the mixture and for species /i in the vapor
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mixture, respectively, and V, is the molar saturated liquid volume of pure
species i. The various symbols are defined in greater detail under Nomen-
clature. The two-term virial equation (expansion in pressure) was used to
calculate all fugacity coefficients. The Tsonopoulos correction [28] was
used in the second virial coefficient calculations.

Mobile order expressions for the liquid-phase activity coefficients in
mixtures of alkane (B)+ alcohol (C) are given in Ref. 26:

Inyy=0.5[In(¢y/xy) + A1 = Vi/V)]
+(Vu/V) Kepl /[ + Kb 1+ Un‘ﬁ‘ﬁl;c(RT)‘l (3)

and

Inyc=05[In(d/x)+du(l —V/Vy)]
+In(1 +K¢)—In(1 + K-dpo) ~ K- ¢pgdoe /(1 + Kede)
+ Uc¢|z;/gnc(RT) ! (4)

where K = K./V. Earlier applications [6-8, 18-25] involving mobile
order theory described nonspecific physical interactions in terms of a
modified solubility parameter model. In computing alcohol-specific associa-
tion constants we have elected to replace the (J}, —d-)® parameter [see
Eq. (6)] with the more general 3, parameter because the binary liquid—
vapor equilibrium data that is to be regressed involves several tem-
peratures. Published tabulations [6-8] of J pertain to 298.15K, and to
our knowledge there has been no systematic study examining how modified
solubility parameters vary with temperature.

Values for the two parameters K{- and f, were obtained from the
binary total pressure using Barker’s method [29]. Specifically, for a given
set of parameter values, the two equations denoted by Eq. (1) are solved by
trial and error for the total pressure P and vapor-phase mole fraction y;
corresponding to each liquid mole fraction x, of an isothermal set of
total pressure data. The sum of the squares of the differences between
the calculated and the measured pressures is evaluated and a new set
of parameter values is assumed according to the Nelder-Mead flexible
polyhedron search method. The process is repeated until the sum of the
squares is minimized. The optimized values of Ki and fizc are those
numerical values which produce this minimum. Several binary vapor-liquid
equilibrium data sets involved temperatures other than 298.15 K. For these
systems, Eq. (5) was used to correct the numerical values of the association
constants to 298.15 K

Khow /Ky =exp[ —(AH/R)((1/298.15) — (1/T))] (5)
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In the above expression the molar enthalpy of hydrogen-bond formation
taken to be AH" = —25.1 k] -mol .

Numerical values of the calculated association constants (corrected to
298.15 K) are tabulated in Table Il, along with the calculated f, values
and overall root mean square deviations in the back-calculated total
pressures. Careful examination of Table Il reveals that the “optimized”
association constant for any given alcohol does vary slightly from one
binary alkane + alcohol system to another. For example, in the three
binary systems containing 2-propanol the calculated association constant
ranged rom a lower value of K. =20.7 for methylcyclohexane to an upper
limit of Ki=28.1 for the cyclohexane cosolvent. Some variation in
calculated values for the association constant of a given alcohol is to be
expected. First, the hydrogen-bonding treatment assumed in the original
development of mobile order theory is probably much simpler than the
actual situation. Second, values of the association constants will depend

Table Il.  Mobile Order Theory Association Constants (K- sy) and Physical Interaction
Constants (fyc. /-mol ") Calculated from Binary Alkane (B) + Alcohol ()
Vapor Liquid Equilibrium Data

T AP
Alcohol Alkane (K) K¢ Bu (kPa) No. Ref.
I-Propanol n-Hexane 31815 347 2366 027 41
n-Heptane 30315 299 1635 007 30
2.2.4-Trimethylpentane  328.37 333 556 007 42
2-Propanol n-Heptane 30215 224 169.3 013 30
Cyclohexane 333105 38.1 872 0.29 43
Methylcyclohexane 32315 20.7 317.0 0 043 43
1-Butanol n-Heptane 303.15 209 187.0  0.06 26
n-Octane 37315 37.6 1284 018 44
Cyclohexane 323105 379 2668  0.25 45
2-Butanol n-Hexane 33315 217 141.3  0.64 46
n-Heptane 303.15 12.5 1755 0.07 26
Cyclohexane 318.15 16.4 2380 019 47
2-Methyl-t-propanol n-Heptane 30315 15.8 2189 0.06 48
1-Pentanol n-Hexune 303.15 16.4 2140 013 49
n-Heptane 31315 235 1627 0.09 50
2-Pentanol n-Heptane 31315 13.1 1258 0.1 50
3-Methyl-1-butanol  n-Heptane 31315 19.4 1927 0.10 30
-Octanol n-Hexane 31315 16.4 180.8  0.21 51
n-Heptane 293.15 139 86.3  0.05 52
2-Ethyl-1-hexanol n-Hexane 31315 1.0 —117 ¢ 53
Cyclohexanol n-Heptane 303.15 14.4 3922 010 54

“ K and - were estimated from limited v- 1 data.
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both upon the uncertainties in the experimental vapor-liquid equilibrium
data and upon the particular solution model used to describe nonspecific
physical interactions. The point to be made here is simply that the practical
application of mobile order theory will eventually require a fixed value of
the association constant at 298.15 K for each alcohol and that this will lead
to some degradation of mobile order theory to represent multisystem and
multiproperty data. Computations reported show that the association
constants of alcohols are significantly lower than the value of K 0 =
5000 cm*-mol ' previously assumed for all alcohols. We strongly suspect
that the larger K, .o =3000 cm” -mol ' was based either upon spec-
troscopic data or upon a thermodynamic treatment which failed to account
properly for nonspecific interactions. In the latter case, all solution non-
ideality would have been attributed to formation of molecular association
complexes.

As stated in Section 1 one of the objectives of the present study is to
examine critically the ability of mobile order theory to predict anthracene
solubilities in binary alcohol + alcohol solvent mixtures. For an inert crys-
talline solute dissolved in a binary alcohol (B)+ alcohol (C) or alcohol
(B) + 2-alkoxyethanol (C) solvent mixture, the volume fraction saturation
solubility (¢7%") is given by [22, 25]

RT{ln(a“""‘/qS“l —05[1 =V /(xy Ve +xe V)]
F+O0S5IN[ VA /X3 Vi + XV —= (Vi Vi) o3[ du(Kg/Vi)
+ UKy VA +¢u(Ke/Via) + U Kuc/ V)]
—(Va/V) LN Ken/Vs)
F UK VOV + 3 Ko/ Vi) + UK/ VN)

= VAL @l 0h = %) + TN — 0 = $3 U, — )] (6)

whenever the saturation solubility is sufficiently low that 1 — ¢3' =~ 1.0. The
symbols &'y, 8%y, and J¢. denote the modified solubility parameters of the
solute and self-associating alcohols, respectively, and a'\"" is the activity of
the solid solute. The latter quantity is defined as the ratio of the fugacity
of the solid to the fugacity of the pure hypothetical supercooled liquid at
the same temperature and pressure. The numerical value of ay" can be
computed from

In @™ = —AH Ty, — T(RTT,,,) (7)

mp
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the molar enthalpy of fusion, AH"". at the normal melting-point tem-
perature, T .

Contributions from nonspecific interactions are incorporated into mobile
order theory through the V[ #3( — 0)* + @0y — ) — ¢ d(dy — d)?]
term. Through suitable mathematical manipulatlons the Vadu(dh —0Yy)?
and V,¢¢(5 —J¢)” terms were eliminated from the basic model in favor
of measured solubility data in both pure solvents. (¢5"'), and (¢3*)... The
final derived expression

In ¢ =3 (@3 )y + @ (@) ¢ —0.5[In(xy Vg +x¢ V)

—¢uIn V=9l In Vel —(V\/Vi) §Rl 3Ky / V)

+¢‘(“(Kll(‘/lf(‘)]/[l +¢‘l;(KI)/I/H) +¢‘(‘(Kl¥(/V()]

+ (VK@ / V)1 +(Ky/Vy))

(VA VAL PU K/ Vi) + UKV A+ du(Kew/ Vi)

+ ¢‘(“(K(’/I/C)] +{ V/\K(‘(ﬁ‘(“/V(-Z)

X (1 +(K/V)) '+ V/\d’(l‘s(b‘("(‘s,n_dl('):(RT) ! (8)
does not require a priori knowledge of the solute’s enthalpy of fusion
and melting-point temperature, which would be needed to calculate the
numerical value of a3 at the temperature corresponding to the solubility
measurements. In the above treatment the two alcohols retain their own
individual chemical identity and are allowed to form homogeneous self-
associated and heterogeneous cross-associated hydrogen-bonded chains

with neighboring alcohol molecules. The predictive expression simplifies to
the following equation

In ¢ = ¢y (@) + ¢ (G
—05[In(xy V+x0 V) =y In Viy—¢In V]
—(Va/Vu) 93¢ u K/ V) [1+du(Ky/Vy)]
+(VAKudn/V )1+ ((Kg/Vy))
—(VA/Ve) §EOUK VA1 + UK V)]
(VAKcOL/VENTH(Ke/VE)) ' + Vadadlddy — ) (RT)
(9)

whenever the two cross-association constants, K. and K. are set equal
to zero.



Anthracene Solubilities in Mixtures of Alcohols 1505

The predictive ability of mobile order theory is summarized in
Table III for the self-association only (K= K, =0) and heterogeneous
cross-association forms of mobile order theory. Vapor-liquid equilibrium
data could not be found in the chemical literature for binary alkane +
2-methyl-1-pentanol and alkane + 4-methyl-2-pentanol, hence, all mobile
order theory entries for the six 2-methyl-1-pentanol and six 4-methyl-
2-pentanol systems were made assuming that K. = 5000 cm*mol .
Columns 2 and 4 list results for the self-association only treatment. Predic-
tions including cross-association are listed in the third and fifth columns in
Table III. In the case of cross-association the stability constants were
approximated as the geometric average of the equilibrium constants for the
pure alcohols, i, Ky = K¢y = (K K )" The geometric mean approxima-
tion is often invoked in applying association models to mixtures containing
two alcohols. For example, Pradhan et al. [ 30 ] regressed isothermal vapor—
liquid equilibrium data for five binary alcohol + alcohol mixtures in accord-
ance with the Kretschmer—Wiebe model. The computed K, cross-association
constants differed only slightly from the geometric mean approximation.

Fifty-seven systems [22, 24, 31-34] are considered in the present
study. Each system reports solubility data at seven binary solvent composi-
tions spanning the entire mole fraction range, plus anthracene solubilities
in both pure alcohol solvents. Systems selected include both linear and
branched alcohols ranging in size from V,=75.10 cm"-mol ' to V,=
15830 cm*-mol '. Solvent molar volumes and modified solubility
parameters used in the mobile order predictions are listed in Table IV. The
modified solubility parameters account for only nonspecific interactions,
and in the case of the alcohol solvents the hydrogen-bonding contributions
have been removed. Numerical values of J: were obtained from published
compilations [6-8] and were either deduced by regressing-actual solubility
data of solid n-alkanes in organic solvents in accordance with the con-
figurational entropic model of Huyskens and Haulait-Pirson [35] or
estimated using known values for similar organic solvents. The alcohol-
specific association constants, which are listed in the second column in
Table 1V, represent the arithmetic average of values deduced by curve-fit-
ting vapor-liquid equilibrium data of binary alkane + alcohol mixtures as
discussed above. The molar volume of anthracene was approximated as
V=150 cm?®.mol ' which is considerably less than the numerical
value of V., =171.0 cm*-mol "' assumed by Ruelle et al. [ 7] in their set
of published calculations for anthracene dissolved in neat organic solvents.
We feel that the smaller value represents a better estimate of anthracene’s
molecular size when dissolved in fluid solution. Shahidi et al. [36] cited an
experimental value of V,,,=156.8 cm*.-mol"' for the partial molar
volume of anthracene dissolved in carbon tetrachloride.



Powell et al.

06

60+ 60t <0 <0 e+ jouruad-| + Jourdoig-|
(0 (V8 B ' = 0l - 91+ jourxay-1-[Apa-g + JourdO-1
¥o 0 S0— Fo— e+ [ourxay-{-|qa-g + [ourming- [-[KgdN-¢
61— 61— 97— L'c— [0 jouexay-1-1Ay19-g + jouvdoid-[-|AdN-T
i+ i+ 0l 01 I'c+ fouexa-|-|Ay1e-g + jouring-g
€1 ¢t <l 99+ <l vt jourxa-1-|yia-g + (ouring-|
LT+ LT+ 'l 'L+ 'l P+ Jourxay-[-[Aa-g + [ourdoid-T
e+ e+ '+ 68+ ¢+ 09+ Jourxay- [-[ANd-g + jourdoid-]
0Cc— 0c— i ot + 1= 9+ jouring-| + jouedosd-|-[ANdN-T
0c+ 0T+ S+ 9L+ 81+ Crt jouwing-1 + jouring-g
S 1 0c— 9t 61— S0+ louring-1 + jourinQ-|
9y — Q¢ — Y — ol 99— gy — jourdord-g + foura)-|
[ 'l — <0 et £ gt [ouedoad-1 + jouring-[-[APIN-¢
¢o— SO— 60— LS+ 60— Q'+ jourdosd-j-[Apaw-g + journg-[-[ANdN-¢
60 60 L= Pet+ AN Ll JjouRQ-1 + [ourng- [-[ANAN-¢
£0 0 0 {1+ £0 e+ jourdosd-|-|Aypow-g + [ouring-¢
60 60 60 1'9+ 1"l LTt fouving-g + [ownng--[ANdN-¢
[ R [ £ I's+ 0 RC+ fouwing-] + jouring- j-|ANAN-¢
Sl ST— 9p— P+ L— 1c— jourdoud--14g10W-g + [owma-|
1'c— 1c— 60— LS+ Lo— 0oc+ jouedoad- |-[fypaw-g 4+ [ourdol-]
0 0 0+ 8+ 01+ S+ jouedord-g + jourdoad- -1 Ao N-T
'l g ¢+ 0g+ Q1+ St joundoad-g + joueIng-1-[ANdAN-¢
3 B = 6t — 0c+ 't — 3l [oueang-¢ + [ouRIdQ)-|
o 10 0 9L+ £ e+ jourdosd-z + [oumng-g
90 90 Q- QL+ 61— '+ jouvdoad-g + jouring-|
£ t'C— 8c— 1T+ 6C— 90 jourdord-1 + JourmaQ-|
S0 <0 | 1'¢+ <l 0T+ fouedoad-1 + jouedosg-g
co— So— 0 89+ S0 '+ fourdosd-| + jouring-g
Fo— - 60— 6f+ 0= L1+ [ouedotd-) + jouring-|
(e ton) (8) (6) () (6! () Wdsjos + () Wdajog
LSUOTIRIAID o, SUOIIRIADD O, - SUOLEIADD

K10ay] 19p1Q dpqo uod D8RG SONJRA PP PUB SAPGN]OS duddRIIuY [Riawiadyg usaaiag uosurdwo)) pazuewwn
L 12p1Q) 91I1Q0N (1 pasey IBA P2IPaLd | ngnjos Uy | ! B ¢ ! D pazl S

(S1) pur (1) "shq 2qaig Jowydsiary uodpy pue () pur (g) shy

I S1qeL



1507

.w.;;k:./:H,_;\,\u,:_v\3_m:cu,umob\sﬁcﬁmcou
UONEIDOSSE-§5010 2 (g) "bF JO asma ay) U "A] JJQRL Ul UIAIS SIURISUOD UONRIDOSSE dIjIdads-|oyod[e at) pasn suonaipaid K10y 12pI0 IO

eo(PY By ) =12y =ty 01 [enbd 135 21aM SIURISUOD UONIPIDOSSE-SSOLD
241 (g) "bg Jo ased 2} U] 'SIUIA[OSOI [OYOIIR JO TURISUOD UONRIJOSSE-J[3S I} 10] POWINSSE SEM | [OW - WD ()OS = IVy Jo anjeA [ROLAWAU v,

‘uSIs dwes A} JO 21dM SUONRIAID (IR 1Y) sareatput udts d1e1qad[e YL | [geal X Vo (ol JUll ZAN/001) = uoneaap ,

Anthracene Solubilities in Mixtures of Alcohols

[ <l <l 9'¢ Ll 1'¢ UONRIAIP 2/, JINJOSQR IZRIIAT [[RIDAQD)

Tt i+ 60+ ¢e+ oue-1 + oueiuad- 1Ay IN-T
L0 Lo 80 £t jourdoad-[-|[Ayow-g + [ouriuad-|-|[A1d9N-C
81+ 81+ 1+ S+ jouring-g + jouviuad-|-|AydN-T
'+ '+ 0¢+ LS+ [ourming-| + jouruad-|-jAId2N-T
90 90 {1+ v+ jouedoid-7 + joueyudd- [-[AYRW-T
80 80 sttt TS+ Jourdosd-| + jouruad-[-[AIDN-T
8CT— ST~ 9t — 0c— fouryudd-g-[AIdw-y + JOURO-|
60— 60— PO CT+ Jouruad-g-[Aqiow-f + [ourINg-[-[AYIDN-€
¢o 90 L+ P+ fouriuad-g-iAyiaw-¢ 4 jouriuddg-y
SO+ 90+ <1+ } cr+ jouriuad-g-[Aylow- + [ouedolrd-[-JAYIdN-C
£'0 £'0 80+ e+ joumyuad-g-j[Apow-y + jouring-g
o 0 I+ 86+ jouryuad-g-[Apow-$ + [ouring-|
v+ v+ 9gc+ g+ jouriudd-g-jAypow- + jourdold-g
I'l 't r+ L+ jourjuad-g-[Ayow-$ + [ourdod-|
91— 91— Fe— st Fe— ol joumuad-g + [ourdQO-|
£0— 00— N 79+ FO— ¥+ jouriuad- + [ouving-|-[AaN-¢
90 90 S0 oL+ <0 6T+ jouriudd-7 4 jouriudg-y
80 80 80 8+ 80 Fet+ [ouriuad-g + jouedoid-1-[AydN-¢
S+ ¢+ 01+ 8+ 01+ L+ Joumuad-g + [ouring-g
<0 ] £0 <9+ 90+ e+ jouviuad-g + [ouring-|
60 60 60 QL+ 0l ¥+ ouviuad-z + jourdos -t
T+ T+ L'+ 8+ 0c+ P+ jourvjuad-g + jourdoi -]
<0 80 €0 ST+ <0 ik jouriuad-| + [ourid()-]
30 80 L0 Le+ L0 L'C jouviuad-1 + jourming- |-[AYION-¢
61— 61— 1T 9%+ e 90+ jouriuad-1 + jourdoad- 1A q1aN-g
1+ ¥+ (o)) L9+ <0 6C+ _C:_Zcomu_ + |oueing-¢
<0 €0 0 '+ +0 I Jjoumuad-1 + jouring-|
<0 <o - Ft+ Fe— 60 joueiuad- + ourdoa-g

840 18 6-13



1508 Powell et al.

Table IV. Solvent and Solute Propertics Used in Mobile Order Predictions

Ry [ J!

Component (i) (em*-mol ") (ecm®-mol 1) (MPa' )¢
|-Propanol 2450 75.10 17.29
2-Propanol 1825 76.90 17.60
1-Butanol 2960 92.00 17.16
2-Butanol 1560 924 16.60
2-Methyl-1-propanol 1470 928 16.14
1-Pentanol 2005 108.60 16.85
2-Pentanol 1435 109.50 16.45
3-Methyl-1-butanol 2130 109.8 16.00
2-Methyl-1-pentanol 124,52 15.85
4-Methyl-2-pentanol 127.25 15.85
1-Octanol 2400 158.30 16.38
2-Ethyl-1-hexanol 1730 157.09 16.60
Cyclohexanol 1530 106.00 17.88
Anthracene” 150.0

“ Tabulated values are either tuken Irom compilation given by Ruelle et al. [6-8] or estimated
using known values for similar alcohols.

solid

" The numerical value of «}"™'=0.01049 [40] was calculated from the molar enthalpy of
fusion, AH"\", at the normal melting-point temperature ol the solute. T, =490 K.

Careful examination of Table III reveals that mobile order theory does
provide very reasonable (though by no means perfect) predictions for the
solubility behavior of anthracene in binary mixtures containing two alcohol
solvents, particularly when cross-association is included in the theoretical
treatment. Both cross-association treatments gave overall average absolute
deviations of about 1.7% between predicted and observed anthracene
mole fraction solubilities. For many of the systems studied, the deviation
between predicted and observed values was only slightly larger than the
experimental uncertainty associated with the measured solubility data. In
the case of cross-association treatment, no improvement in predictive
accuracy was found for the alcohol-specific association constant computa-
tions. The much simpler K on = 5000 cm®-mol ' approximation gave
nearly identical predicted values. Such was not the case, however, with the
self-association-only treatment. Here significant degradation in predictive
ability was noted each time the alcohol-specific association constants were
used. Moreover, predicted values were almost always larger than the
observed values, as indicated by the numerous algebraic positive signs in
column 4 in Table III.

Also included in Table III (last two columns) are predictions based
upon the Kretschmer-Wiebe association model. The model assumes that
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the alcohol molecules form complexes of linear n-mers, the distribution of
which is governed by chemical equilibria. The collection of all the different
complexes plus the inert components comprises the set of “true” species
which mix according to the Flory-Huggins equation. The degree of
association of the alcohol is given by the value of a single association
constant K ... Which is assumed to be independent of complex size.

For an inert crystalline solute dissolved in a binary alcohol (B) -+
alcohol (C) solvent mixture, the Kretschmer-Wiebe model expresses the
volume fraction saturation solubility as [23, 24]:

RTIn ¢35 =RT[In &M — (1 — 5y + v\ (P + P )]
_UI\[¢[2$ﬁ/\B+¢Z‘ﬁ/\('+¢8¢(.(/)’,ﬂn+ﬂ:\(‘_ﬂﬁ(')] (10)
and

'Pla:CB/(1+KBWB+Kr;(‘lII(‘) (11)
YlC:C("/(l+KB(‘YIB+K(‘W(') (12)

where §; represents a binary interactional parameter describing nonspecific
interactions between component / and component j, ¢, is the volume frac-
tion, and C, is the molar concentration. The parameter v, in Eq. (10) is a
measure of the molecular size for the solute and is arbitrarily normalized
to the molar volume of methanol at 303.15 K (¥, ciune =41.0 cm® - mol ~')
according to v = (VA/V metmunot) 30315 & -

The two solute—solvent interaction parameters are calculated from the
appropriate binary reduction of Eq. (10):

Ban=RT{IN[aY™/($0)s] — 1+ () n+ v PE}/(0adh)  (13)
and
Bac=RT{In[a™ [($3)c]—1+(d ) + e PE (vadl)  (14)

and measured volume fraction solubilities in both pure alcohol cosolvents,
(¢ g and (45) ¢ Alternatlvely, if the saturation solubility is sufficiently
small (¢5 ~0; 1 — 45" 2 1), Eqgs. (10), (13), and (14) can be combined to
yield

RTIn ¢33 = RT{@y[In(d" )y —va PE] + B[0P ) — v PE]
+o(Pa+ Vo) +UadRde-Bac (15)
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Numerical values of ¥ and ¥ are obtained from simultaneous (iterative)
solution of Eqgs. (11) and (12). In the neat alcohols Cy,, ¢, is simply the
reciprocal of vy, ,- The computational procedure is described in greater
elsewhere [23, 24].

Predictive ability of Egs. (10) and (15) is summarized in the last two
columns in Table III. The binary alcohol-alcohol interaction parameter
is estimated using an unpublished correlation developed by one of the
authors (S. W. Campbell) from binary data for mixtures of straight-chain
alcohols:

Puc=9143[(Cne./Cne,)—1] (16)

where S is in J.-mol ' and Cne is the effective carbon number of
the alcohol [37]. Cne. is the larger of the two effective carbon numbers
and Cne, is the smaller one. Effective carbon numbers used in the
Kretschmer-Wiebe solubility predictions are listed in Table V. The S,
parameter is assumed to be independent of temperature. The cross-associa-
tion equilibrium constant, K-, is approximated as the geometric average
of K, and K, ie., Kyo = (K3 K)"*. Values of self-association constants at
30°C for a number of alcohols have been obtained by Schmidt and
Campbell [38] from alcohol-alkane binary vapor-liquid equilibrium data.
Vapor-liquid equilibrium data could not be found in the case of binary
alkane + 2-methyl-1-pentanol mixtures, and the Kretschmer-Wiebe associa-
tion constant for this alcohol was estimated using the method of Bender and
Nath [39]. Numerical values for the association constants are listed in
Table V along with a relation that allows their estimation at other tem-
peratures. The numerical value of «3"*=0.01049 [40] used in the
Kretschmer—Wiebe solubility predictions was calculated via Eq. (7).
Inspection of the last two columns in Table III reveals that the
Kretschmer-Wiebe association model also provides very accurate predic-
tions for the solubility of anthracene dissolved in binary alcohol + alcohol
solvent mixtures. Overall average absolute deviations between observed and
predicted values were 1.2% for both Eq. (10) and Eq. (15). The aromatic
hydrocarbon solute, anthracene, is assumed to be inert and is not permitted
to form association complexes with either the monomeric alcohol or any of
the presumed polymeric entities. Introduction of additional “curve-fit”
association parameters for formation of anthracene-alcohol molecular com-
plexes would lead to reduced deviations between observed and calculated
values. At this time, we do not feel that the slight reduction in percentage
deviation necessarily warrants the increased calculational complexity when
one realizes that it is possible to predict anthracene solubilities at all 399
binary solvent compositions (seven compositions for each of the 57 binary
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Table V. Seli-Association Constants K, and Molar Volumes ¥, at
T.r=303.15 K and Effective Carbon Numbers Cne, for Select
Cy C,, Linear, Branched, and Cyclic Alcohols

V,(303.15 K)

Alcohol K/ Cne, (cm” . mol = ")
1-Propanol 2829 3.00 75.5"
2-Propanol 77.1 2.30 77.4
1-Butanol 2308 4.00 924
2-Butanol 71.0 310 92.9
2-Methyl-1-propanol 154.1 3.53 934
I-Pentanol 204.9 5.00 109.1
2-Pentanol 86.7 4.06 110.0
3-Methyl-1-butanol 196.8 4.67 109.7
2-Methyl-1-pentanol 41.5¢ 5.51 125.1
4-Methyl-2-pentanol 20.8¢ 4.17 127.8
1-Octanol 153.8 8.00 160.1
2-Ethyl-1-hexanol 50.1 741° 157.8
Cyclohexanol 104.4 6.17¢ 106.4

“ Sell-association constants K, at 298.15 K are calculated from the following
correlation: In[ K (7T)/K, (30315 K)] = —10.783 In( 7/303.15).

» Molar volumes were calculated using density data from the TRC Thermo-
dynamic Tables of Non-Hydrocarbons [55].

* Effective carbon numbers were calculated using the correlation of Ambrose
and Sprake [37].

“ Experimental vapor--liquid equilibrium for binary alkane + 2-methyl-1-pen-
tanol and alkane + 4-methyl-2-pentanol mixtures could not be found in the
published chemical literature. Kretschmer-Wiebe association constants were
estimated from experimental molar enthalpies ol vaporization and normal
boiling-point  temperatures of the neat alcohols and hydrocarbon
homomerphs according to the method proposed by Nath and Bender [39].
Antoine constants used in the equilibrium constant computations were
4=6.80909, B=1662.71. and C= —75.01 for 2-methyl-1-pentanol and
4 =7.07349, B=1751.56. and C= —57.93 tor 4-methyl-2-pentanol.

solvents) to within an overall average absolute deviation of less than 2%. In
a direct comparison of mobile order theory versus the Kretschmer-Wiebe
model, the latter model does have an ever so slightly lower overall average
absolute deviation. For informational purposes, the “apparent” superiority of
the Kretschmer—Wiebe model is significantly less than the experimental
uncertainty associated with the measured solubility data. Without a more
clear-cut distinction between models, we are hesitant to claim that either one
is superior to the other for binary alcohol + alcohol solvent mixtures. Mobile
order theory does provide the simpler computational-method for mixtures
containing two alcohols. The extension of the Kretschmer-Wiebe model to
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systems containing multiple associating alcohols resulted in a set of coupled,
nonlinear equations [ see Eqs. (11) and (12)] that must be solved by trial and
error.
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NOMENCLATURE

ash Activity of the solid solute, defined as the ratio of the fugacity
of the solid to the fugacity of the pure supercooled liquid

C; Molar concentration of component /.

AH"Y® Molar enthalpy of fusion of the solid solute at its normal melt-
ing-point temperature

4H° Standard enthalpy of hydrogen-bond formation

Ky Kretschmer-Wiebe equilibrium constant describing the step-

wise homogeneous self-association of monofunctional alcohol
B, where the concentration units are molarity; also used as the
mobile order theory self-association constant

K Kretschmer-Wiebe equilibrium constant describing the step-
wise homogeneous self-association of monofunctional alcohol
C, where the concentration units are molarity, also used as the
mobile order theory self-association constant.

Kyes Ko Kretschmer-Wiebe equilibrium constant describing the step-

wise heterogeneous association of monofunctional alcohols B

and C, where the concentration units are molarity; also used as

the mobile order theory self-association constant

Number of moles of component i

P Equilibrium (total) pressure

R Gas constant

T Normal melting-point temperature of the solute

Molar volume of component i

v, Normalized molecular size parameter used in the Kretschmer—
Wiebe model, defined as the ratio of the molar volume of com-
ponent / to the molar volume of methanol at 303.15 K
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X; Liquid-phase mole fraction of component {

XXy Mole fraction compositions of the i/ binary mixture, calculated
as 1f the third component were not present

X Mole fraction solubility of the solute

¥ Vapor-phase mole fraction of component i

Greek Letters

B Binary interaction parameter for components i and j, used in
the mathematical description for nonspecific interactions

¥ Liquid-phase activity coeflicient of component i

Yeon: Fraction of time that alcoholic solvent C is not involved in
hydrogen-bond formation

oy Modified solubility parameter of component i

B @ Ideal volume fraction compositions of the binary solvent

mixture, calculated as if the third component were not present

e Ideal volume fraction solubility of the solute

¢, Ideal volume fraction of component i

. PE Total molar concentration of all species in the neat alcohol

cosolvents :

Y, P Quantities defined by Eqgs. (11) and (12), respectively
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