
THE SOLUBILITY OF HYDROPHOBIC
POLLUTANTS IN WATER-COSOLVENT MIXTURES

Item Type text; Thesis-Reproduction (electronic)

Authors Morris, Kenneth Robert, 1951-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:13:13

Link to Item http://hdl.handle.net/10150/276659

http://hdl.handle.net/10150/276659


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Micrdrilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 40106 





1328964 

Morris, Kenneth Robert 

THE SOLUBILITY OF HYDROPHOBIC POLLUTANTS IN WATER-COSOLVENT 
MIXTURES 

The University of Arizona M.S. 1986 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, Ml 48106 





THE SOLUBILITY OF HYDROPHOBIC POLLUTANTS 

IN WATER-COSOLVENT MIXTURES 

by 

Kenneth Robert Morris 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF PHARMACEUTICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  6  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
Library. 

Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material 
is in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: AzZ. 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

9--2.y-?£ 
I. H. YALKOWSKY Y 

^ofessor of Pharmacw 
Date 



DEDICATION 

To my wife, Maggie, without whom none of this or 

anything else I do would be possible. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES vii 

ABSTRACT viii 

1. INTRODUCTION . . 1 

Sorption and Solubility 3 
Solubility and Partition Coefficient «... 4 

2. SOLUBILITY OF POLLUTANTS IN BINARY MIXED 
SOLVENT SYSTEMS 5 

Experimental 5 
Materials 5 
Methods 6 
Partitioning Problems 8 

Statistical Analysis 8 
Results and Discussion 8 

3. INTERPRETATION OF DATA 9 

Log-Linear Relationships 9 
Justification for Volume Fraction .... 12 

Results and Discussion 12 

4. PREDICTION OF SLOPES . . . 14 

Ratios of Slopes ..... 14 
Prediction of Solubility in 
Water and Cosolvent 15 

Prediction of Water Solubility 16 
Pure Cosolvent Solubility 16 

Results and Discussion 17 

5. PREDICTION OF MIXED SOLVENT SOLUBILITY 20 

Deviations From Log-Linear Behavior 20 
Excess Solubilities 20 

Results and Discussion ...... 21 
Form of the Deviation 22 
Free Energy of Transfer 23 

iv 



TABLE OF CONTENTS--Continued 

v 

Page 

6. SUMMARY 27 

Extrapolation Potential 27 
Prediction of Deviation 28 
Utility 29 

APPENDIX A. SOLUTE SOLUBILITIES IN COSOLVENT 
SYSTEMS 30 

APPENDIX B. PLOTS OF SOLUTE SOLUBILITIES 
GROUPED BY COSOLVENT SYSTEMS 49 

APPENDIX C. CALCULATED SLOPES AND MAXIMUM AND 
MINIMUM DEVIATIONS 55 

REFERENCES 58 



LIST OF ILLUSTRATIONS 

Figure Page 

5*1 Solubility of Anthracene in IPA-Vater 
Mixtures 25 

5.2 Solubility of Pyrene in Methanol-Hater 
Mixtures 26 

vi 



LIST OF TABLES 

Page 

I Slopes of Solubility Curves with 
Correlation Coefficients 13 

II Ratios of the Slopes Normalized to 
Anthacene 1 g 

vii 



ABSTRACT 

The solubilities of five hydrophobic pollutants, 

anthracene, biphenyl, naphthalene, pyrene and 1,3,5-

trichlorobenzene were measured in several cosolvent-water 

systems. The solubility data were used to test a model 

which predicts a linear relationship between the log of the 

solubility and the volume fraction of the cosolvent. 

Regression analysis shows the model to be a good 

predictor of the slope of the log-linear curve. The 

prediction of a particular point is, however, subject to 

significant error. The slopes of the five solutes fall in 

the same order, with relatively constant ratios, independent 

\ of the cosolvent-water system. Approximation of slopes and 

solubilities is possible utilizing these relationships. 

The deviation from the model is sigmoidal is 

appearance and may be qualitatively explained in terms of 

the solvent system's structure. 
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CHAPTER 1 

INTRODUCTION 

Predicting the solubility of organic environmental 

pollutants in mixed solvent systems has become increasingly 

important in recent years. This is a result of the 

increased awareness of the importance of solubility in many 

fate processes. 

Pollutants in mixed solvent industrial effluent may 

remain in solution or may precipitate on contact with water. 

Our ability to predict a system's behavior is dependent on 

our ability to predict the mixed solvent solubility. 

Similarly, predicting bio-concentration and toxicity in 

affected aqueous eco-systems requires an accurate assessment 

of the exposure concentration (i.e. solubility of the 

pollutant in the solution phase). 

The sorption of organic pollutants from mixed 

solvent systems to sorbate is "driven" by the activity 

coefficient in the solution phase (Karickhoff 1984). 

Sorption and mixed solvent solubility are inversely related. 

Rao et al. (1985) have established the inverse relationship 

between the log of the sorption coefficient and the fraction 

cosolvent. This is important in modeling the movement of 

toxic wastes from landfills and in the development of 

1 
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cleanup procedures for spills and landfills. The ability 

to predict solution phase activity, and thus sorption, is 

vital considering the large number of pollutants involved 

and the impracticality of collecting the necessary data on 

each pollutant in each system. 

Existing theories address either water solubility or 

solubility in solvents with a low degree of self-

association. These approaches are useful for extrapolation 

to mixed solvent systems only when the solvent and co-

solvent are very similar. None of these approaches 

accurately predicts the solubility of a solute in water-

cosolvent systems. 

Yalkowsky et al. recently demonstrated a log-linear 

trend in the solubility vs. fraction cosolvent. Although 

this relationship holds for a range of solvents and solutes, 

a degree of deviation was noted in some cases. The data 

base developed in this study is part of a larger effort 

testing other approaches to determine which are best for 

predicting solubilities over the entire range of water-

cosolvent compositions. Three promising approaches are the 

Molecular and Group Surface Area approach (MGSA), Group 

Contribution to Activity Coefficients (f-values), and 

Hydrogen Bonding Indices (HBD-HBA). 



3 

Sorption and Solubility 

Precipitation is essentially the sorption of the 

solute onto itself. This analogy is easily demonstrated by 

representing solubility (S) as a partitioning of a compound 

between a solution phase and a pure crystalline phase. 

Solubility can be expressed as 

S =  V^cr (1.1) 

where X m  is the mole fraction concentration of the solute in 

solution and X c r  is the mole fraction in the crystal(X c r= 1). 

Analogously, the sorption coefficient (P) may be represented 

by 

P = X p/X m  (1.2) 

where Xp is the mole fraction concentration in the sorbed 

phase. 

Recalling that activity is the activity 

coefficient (ac) times the concentration, and that at 

equilibrium all phases in contact have equal activities , P 

and S can be expressed in terms of their activity 

coefficients as 

P = ac m/ac p  ( 1 . 3 )  

and 

S = ac c r/ac m  (1.4). 

Taking the log transform of equations (1.3) and 

(1.4) and adding them gives rise to 

log P = log(1/S) + log (ac c r/ac p) (1.5) 
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or 
* 

B 
P = — (1.6) 

S 

where B (ac c r/ac p) is a constant. 

Equation (1.6) predicts an inverse relationship 

between solubility and partition coefficient. Rao et 

al.(1985) have verified this inverse relationship for 

several pollutants using standard HPLC and soil columns. 

Rubino (1984) have demonstrated the log-linear relationship 

between solute solubility and fraction cosolvent. Combining 

the two theories should allow the prediction of mixed 

solvent sorption from predicted mixed solvent solubities. 

To test the theories, both solubility and sorption data on 

the same systems are required. 

Solubility and Partition Coefficient 

Since solubility and sorption are inversely related 

while sorption and PC (octanol-water partition coefficient) 

are directly related, it is logical that solubility and PC 

are inversely related. The trend was observed in this 

study. By selecting only nonpolar aromatic pollutants the 

trend could be cleanly observed in the absence of specific 

solute-solvent interaction. 



CHAPTER 2 

SOLUBILITY OF POLLUTANTS IN 
BINARY MIXED SOLVENT SYSTEMS 

The solubility of five solutes was measured in as 

many of the five organic solvent systems as possible. The 

data were statistically evaluated and analyzed. Analytical 

problems that arose are discussed. 

Experimental 

Materials 

The solutes used were as follows: 

Name (all >99$ pure) Source 

Anthracene 3  
Biphenyl 1  
Napthalene 2 
Pyrene 1  
1,3»5-Trichlorobenzene 2 

The solvents used were as follows: 

Name Grade Source 

Methanol reagent 7  
Ethanol USP 7  
Isopropanol certified 6 
Acetone reagent 5  
Acetonitrile reagent(*) 6 

(•) Redistilled in our laboratory 

5 
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1. Aldrieh Chemical Co. 
2. Alpha Products 
3- Sigma Chemical Co. 
4. Riedel-de Haen 
5. Ashland Chemical Company 
6. Fisher Scientific Company 
7. U.S. Industrial Chemical Company 

Glass-distilled deionized water was used in this project. 

Methods 

Solutes were selected to span a range of aromatic 

hydrocarbons differing in either the number of benzene 

rings, arrangement or substitution. Anthracene was chosen 

as a benchmark solute because of its detectability and well 

characterized behavior in the solvent systems used in this 

study. 

All cosolvents used are hydrogen bond acceptors 

since this is necessary for total miscibility with water. 

For each system studied a series of mixtures of 

cosolvent and water are made as follows: 10 ml, 20 ml ... 

90 ml of cosolvent are mixed with 90 ml, 80 ml ... 10 ml of 

water respectively. Aliquots of these mixtures are placed 

in glass vials with teflon-lined caps in duplicate. The size 

of the vials used varies with the system, as the solubility 

of some solutes is so low that the saturated solution has to 

be injected undiluted or concentrated into the HPLC. Vhen 

this is the case the saturated solutions are prepared in 10 

or 15 ml vials. For solute systems of relatively high 

solubility 3 ml vials are used. 
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Liquid solutes are added dropwise with hand mixing 

to the vials containing the above described cosolvent-water 

mixtures until a phase separation is obtained. In the case 

of solid solutes, small increments of solute are added 

stepwise to the cosolvent-water mixtures contained in the 

vials until saturation is achieved. 

All saturated solutions are equilibrated by rotating 

on a mechanical rotator (14 rpm) for 18 to 48 hrs. After 

saturation is achieved, the saturated solutions are 

centrifuged at 3000 rpm for 10 minutes in a TJ-6 model 

Beckman centrifuge. Aliquot3 of the cosolvent-water phase 

are analyzed by HPLC after appropriate dilution. Dilutions 

are made with a mixture of acetonitrile-water to prevent 

separation of phases upon dilution. 

The HPLC system consists of two Beckman 110B solvent 

pumps, a D.V. detector set at 254 nm, and a Beckman 

analytical optical unit with a 8 ul cell. The injection loop 

has a volume of 20 ul. Chromatograms are recorded on a 

Hewlett-Packard 3390A integrator. The columns used are a 5um 

Alltech C18 column and a C8 with 250 mm in length and 4.6 mm 

i.d. 

Chromatographic conditions are as follows: the 

mobile phase used is generally acetonitrile/water (70/30), 

the flow rate is 1.0 ml/min, the detector range is 0.08, and 

the integrator attenuation is 3* Under these conditions the 

retention time for the solutes studied ranges 3-15 minutes. 
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At least 3 standards of known concentration are used 

w i t h  e a c h  H P L C  r u n .  E a c h  e x p e r i m e n t  c o n s i s t s  o f  t w o  

replicates of eleven samples. Every sample is analyzed at 

least twice resulting in a total of approximately 200. data 

points. 

Partitioning Problems 

Some solutes, such as TCB, form a third phase during 

equilibration. This third phase is liquid consisting of 

dissolved solute and cosolvent fro m the bulk. The 

preferential partitioning of cosolvent into the third phase 

changes the volume fraction from the known. In systems 

where this occured (such as trichlorobenzene in acetone) 

data was not used. 

Statistical Analysis 

All regression analysis was done either on a TI-55 

programable calculator or with SAS (statistical analysis 

system) on a VAX mainframe. 

Results and Discussion 

All of the solubility data is tabulated and 

presented in APPENDIX A. The practical problems of working 

with hydrophobic aromatics include low water solubility and 

photosensitivity. Light labile compounds had to be 

equilibrated in the dark and water solubilities had to be 

repeated many times. The margin of error is about 20$. 



CHAPTER 3 

INTERPRETATION OF DATA 

Log-Linear Relationship 

This approach is based on the assumption that the 

solubility of a solute in a mixed solvent may be expressed 

as the weighted linear combination of its log solubility in 

real single solvent systems. 

For a real single solvent system: 

-/\H f  Tm-T 

log X = —-— - log ac (3 • 1) 
2.303 RT Tm 

where /\Hf is the heat of fusion, ac is the activity 

coefficient of the solute, X is the mole fraction 

solubility, Tm is the melting point of the solute in °K, T 

is the absolute temperature, and R is the universal gas 

constant. 

Substituting R = 1.987 cal/°K mole, T = 298°K and 

/ \H f  

T Am 

= /\Sj. into (1) gives 

-/\S f  (MP-25) 

log X = - log ac (3 • 2) 
1364 

where MP is the melting point of the solute in degrees 

centigrade. 

9 
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Applying the assumptions of linear free energy, Yalkowsky 

and Roseman (1981) derived an equation expressing the log 

solubility of a solute in a mixed solvent system (S m) as the 

sum of its log solubility in pure colsolvent (S c) and in 

pure water (S w). Each is weighted by their fraction in the 

mixture (f c  and f w), i.e. 

log S f f l  = f c  Log S c  +(1-f c) Log S w  (3.3) 

where f w  is replaced by (1 —f c). 

Equation (3*3) assumes that the volume of the solute 

is much less than the total volume and that the free energy 

is proportional to the logarithm of the solubility , that is, 

(/\G * log S). 

Assuming a constant /\ S f  and MP, equation (3.2) 

for each component would be 

/\S f(MP-25) 
log S„ = - log ac„ (3.4) 

1364 

and 

/\S f  (MP-25) 
log S e  = - log ac. (3.5) 

1364 

Substituting these equations into equation (3*3) gives 

log S m  = log S w  + f c  (log ac w  - log ac c) (3.6) 
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For a given cosolvent-water system, the difference 

between the activity coefficients in the pure solvents must 

be constant so that 

log ac w  - log ac c  = m (3.7) 

Thus equation (3.6) can be written as 

log S m  = log S w  + f c  m (3.8) 

or 

log (S m/S w) = f c  m (3-9) 

Equation (3*9) predicts a linear relationship between log S m  

and f Q  with a slope equal to m. 

Similarly, for multiple cosolvent systems, equation (3.9) 

becomes 

Log (S B/S W) = » ±  mi (3.10) 

which says that log S m  will vary linearly with fi if all 

other concentrations are held constant. This relationship 

was also observed by Rubino (1984) for several drugs in 

several cosolvents. Studies by Yalkowsky et al. in the past 

year have been concerned with the universality of the 

phenomenon. 
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Justification for Volume Fraction 

The volume fraction is thought to be proportional to 

the surface area of the molecule in contact with the 

particular cosolvent. Yalkowsky et al. (1976) have shown 

that the solutes' molecular surface area is proportionalto 

the log solubility for a wide range of drugs. Since it is 

the surface area and not the concentration that effects 

solulibization, volume fraction is the logical choice. 

Results and Discussion 

Table I lists the slopes (m) and correlation 

coefficents for all the systems studied. The slopes 
* 

increase in the same order 1in all the cosolvent systems. 

For example naphthalene has the lowest value in each system 

while pyrene has the highest. This trend will be explored 

inChapter 4. 

The value of the slopes for the same solute in 

different solvent systems seems to be related to the 

polarity of the cosolvent. While the relationship is not as 

clean as that within a system ,it is consistent with Rubino 

(1984). 

The high correlations of Table I seem to support the 

log-linear relationship derived above. Its usefulness in 

predicting the slopes will be treated in Chapter 4. 



TABLE I 

SLOPES OF SOLUBILITY CURVES WITH CORRELATION COEFFICIENTS 

COSOLVENT 

SOLUTE ACETONE ACETONITRILE ETHANOL ISOPROPANOL METHANOL 

ANTHRACENE 

BIPHENYL 

NAPHTHALENE 

PYRENE 

1,3,5 TCB 

5 . 1 8  
r=1.0 

5 . 1 8  
r=. 99 

4.46 
r= .98 

5.32 
r=. 98 

4.67 
r=. 98 

3.89 
r=. 99 

4.47 
r=. 99 

4.28 
r=. 93 

3.89 
r= .97 

4.10 
r= .98 

4.34 
r=. 97 

3.56 
r=. 98 

4.00 
r=. 96 

4.21 
r=. 99 

4.16 
r=1.0 

3.52 
r=1.0 

4.84 
r=1.0 

3-85 
r=. 95 



CHAPTER 4 

PREDICTION OF SLOPES 

Predicting the slope of the log S vs. f c  curve is 

the key to -predicting the mixed solvent solubility of 

hydrophobic pollutants . The other important elements are 

the water and pure cosolvent solubility of the pollutant. 

These two numbers are available from semi-empirical 

relationships discussed below. Given the log-linear 

relationship, the water or pure cosolvent solubility and a 

method for predicting the slope, predicting the solubility 

of many hydrophobic pollutants is possible. 

Ratios of Slopes 

In Chapter 3 it was shown that the slopes of the 

solubility curves of the same solutes in several different 

binary solvent systems fell in the same order . This trend 

was normalized by dividing the slopes of all solutes in a 

particular solvent system by the slope of anthracene in the 

same system. These results are presented in Table II. The 

maximum variation for a given solute across the solvents is 

10.7$. Therefore, to determine the slope of the solubility 

curve of biphenyl in an acetone-water system the solubility 

of anthracene in that system and the ratios from another 

system (ie. methanol-water) are all that is required. 

14 
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Carrying out this calculation gives a value of 5.12 for the 

slope of the biphenyl solubility curve in acetone-water as 

opposed to 5.18 observed. This is a difference of 1.2$. 

Benchmarking Across Solvents 

An obvious extension of the method described above 

is the collection of slopes for a benchmark compound in a 

variety of binary solvent systems. This would allow 

relatively quick slope calculations for many hydrophobic 

compounds. Anthracene is the benchmark compound for this 

study. Anthracene is well behaved analytically and 

exhibited none of the partitioning problems discussed in 

chapter 2. 

Prediction of Solubility 
in Water and Cosolvent 

The log-linear relationship and both the water and 

pure cosolvent solubility of a solute determine the 

solubility behavior of the solute. However, one or both of 

the solubility numbers may not be available. Some compounds 

are infinately miscible at high cosolvent concentrations and 

predictive methods can fail for either parameter. Given the 

ratios and a benchmark pollutant that can utilize both 

predictors, the solubility behavior of the new solute may be 

predicted. 
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For a well behaved compound the slope (m) of the 

solubility curve may be written: 

m = log(S c/S w) (4.1). 

If S c  and S H  are not available for the solute of interest 

but a benchmark pollutant and ratios are, then the slope is: 

mi =  mb Ri/b (4-2) 

where m^ is the slope of the new solute i, m b  is the 

predicted slope of the benchmark pollutant in the new 

solvent system, and is the ratio determined from the 

initial system. The predictors are needed in either case. 

Prediction of Water Solubility 

Yalkowsky and Valvani (1980) developed an equation 

to predict the molar water solubility of nonpolar aromatic 

hydrocarbons: 

log S w  = -0.88 log PC - 0.012 (4.3) 

where log PC is the log of the octanol-water partition 

coefficient determined by the method of Nys and Rekker 

(1974). Other equations specific to families of compounds 

have also been developed by Yalkowsky et al. (1980). 

Equation 4.3 can predict the solubility of polynuclear 

aromatic hydrocarbons within a few percent. 

Pure Cosolvent Solubility 

The UNIFAC method of predicting activity 

coefficients is based on the UNIQUAC system. UNIQUAC is 

based on a statistical mechanical view of solubility. In 
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the UNIFAC system the main assumption is that some of the 

physical properties of the fluid are the sum of 

contributions made by the molecules' functional groups. 

The initial aim of the UNIFAC system was to predict 

vapor-liquid equilibria. Since vapor-liquid equilibria 

usually occur at temperatures higher than solubility 

measurements, the activity coefficients determined from 

vapor-liquid equilibria are not applicable to liquid-liquid 

equilibria. The UNIFAC method has been improved over its 

initial set of group values to include values obtained from 

liquid-liquid equilibria. These parameters, however, are 

not available for many important groups in the environmental 

area. 

UNIFAC is well suited to predicting solute 

solubility in pure cosolvents. Most organic cosolvents have 

far less hydrogen bonding than water or water-cosolvent 

mixtures and UNIFAC works best in unassociated systems. 

Abramowitz (1986) used UNIFAC to predict the pure cosolvent 

solubility of naphthalene in the same solvents used in this 

study. The error found was a maximum of 13.2$ and with an 

average of 6.1$. 

Results and Discussion 

APPENDIX C has slopes for all the pollutants as 

calculated from the average ratios and the slope of 

anthracene in each system. The average difference is 
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approximately 10$. This provides a means of rapid 

calculation of slope and therefore cosolvent solubility of 

compounds for the systems tabulated. 

It would b.e a simple task to compile ratios for 

benchmark solutes in many such systems. The solubility 

behavior of a solute of interest would then be available in 

a variety of systems if the behavior of one system were 

known. Of course one must be willing to accept the 

associated error. However, for many applications, such as 

the prediction of sorption, the error incurred is negligible 

compared to the measurment errors. Extrapolation to solvent 

systems which have a specific interaction with a solute is 

also to be anticipated. 



SOLUTE 

ANTHRACENE 

BIPHENYL 

NAPHTHALENE 

PYRENE 

1,3,5 TCB 

TABLE II 

RATIOS OF THE SLOPES NORMALIZED TO ANTHRACENE 

COSOLVENT 

ACETONE 

1 . 0  

1 . 0  

0 . 8 6 1  

1 .027 

ACETONITRILE 

1 . 0  

0.833 

ETHANOL 

1 . 0  

0.958 

0 . 8 7 0  

0.917 

ISOPROPANOL 

1 . 0  

0 . 8 2 0  

0 . 9 2 2  

METHANOL 

1 . 0  

0 .988  

0 . 8 3 6  

1.150 

0.915 



CHAPTER 5 

PREDICTION OF MIXED SOLVENT SOLUBILIY 

Deviations From Log-Linear Behavior 

Excess Solubilities 

Deviation from the predicted linear solubility 

behavior has been observed by several investigators. The 

deviant curve may be sigmoidal or concave in higher 

cosolvent fractions (Rubino 1984). Excess solubility is 

conceptually analagous to excess free energy. Excess free 

energy may be defined as the free energy not predicted by 

ideal treatment of a system. 

Using the ideal solubility of equation (3.3), the 

excess solubility is given by 

log (S m/S^) = log(observed solubility) 

- f c  log S 0  + (1-f c)log S w  (5.1). 

This assumes that the crystal form of the solute remains the 

same over all cosolvent-water compositions. Equation (5.1) 

is a measure of the interactions taking place in the solute-

cosolvent-water mixture not occurring in mixtures of the 

solute with the individual solvents (Rubino 1984). 

Other excess properties are determined in the same 

manner, that is 

log(P m/P i) = log P m  - f log P c  + (1-f 0)log P w  (5.2) 

20 
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where P is now the property of interest. Comparison and 

correlation of excess solubilities with excess properties 

may provide a mechanism for predicting solute solubility and 

elucidating the interactions causing the deviation. 

Rubino (1984) found that the excess density maximum 

corresponded most closely to the excess solubility maximum 

for several drug-cosolvent systems. .They also inferred that 

the nonideality is largely due to the cosolvent-water 

interaction. These two observations are consistent since 

the solute concentration is thought to be too low to 

significantly effect how the solvent system is structured. 

Re3usts and Discussion 

Excess solubilities were not calculated explicitly 

for these data. Instead the model was tested in its 

extremes. The systems with the least deviation and the most 

deviation were selected. Plots of the solubility curve and 

the log-linear curve for the two chosen systems are 

presented in Figures I and'II. Next the per cent error in 

assuming the log-linear model was calculated for each point 

and averaged. These results are presented in APPENDIX C. The 

maximum deviation was found in the system of anthracene in 

iso-propanol-water and the minimum for pyrene in methanol-

water. The average deviation is 7.6%  and the error in using 

the log-linear slope instead of the slope from the 

regression analysis is under 5 % .  This suggests the log-
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linear model is useful for calculating the solubilities 

within the given limits. This is especially important when 

only water and cosolvent solubility or predictive methods 

are available. 

Form of the Deviation 

If the deviation is dependant only on the size of 

themolecule, then the shape of the deviation should be the 

same for hydrophobic solutes in the same solvent system. 

The magnitude of the deviation would be dependant on the 

size but the solutes should respond to the same forces the 

same way. Appendix B shows the solubility curves for all 

the solutes studied each in system respectively. The shapes 

of the curves are very similar in all the systems. 

The characteristic "sigmoidal" shape can be 

qualitatively explained by considering what is happening to 

the solvent structure. 

At low cosolvent fractions the effect is entropic, 

the water is restructuring with some success about the 

cosolvent. The cosolvent is also filling pre-existing 

cavities in the water. These water-cosolvent interactions 

make the cosolvent a slightly poorer solvent. The 

cosolvents solubilizing power is therefore disproportional 

to its volume fraction and produces a lower solubility than 

predicted. This is not a large effect in the systems used 

in this study. 
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At high cosolvent fractions the system is more 

loosely structured and adherence to the model would be 

expected. Solubility should be controlled by the enthalpy 

of mixing energetically. However, the water is now 

destructured more than is allowed for by its water 

solubility. The water is now a better solvent for its 

association with the cosolvent than it is in the pure state. 

The solute is, therefore, more soluble than predicted. This 

effect is larger in the systems studied . This rational is 

consistant with finding density as the best predictor of 

excess solubility in similar systems (Rubino 1984). 

Deviations in this study were minimal compared to 

those observed by Rubino (1984). This was partially by 

design. By observing the behavior of non-hydrogen bonding 

solutes, the restructuring effect of the organic cosolvent 

was indirectly observed. That is: how much did the addition 

of cosolvent lower the free energy of cavity creation in the 

system. Solubility is proportional to the solute's 

molecular surface area and melting point (Rubino 1984). The 

constant ratios of Chapter 4 say that as the free energy of 

solulibization decreases, the solutes respond according to 

their molecular surface areas. 

Free Energy of Transfer 

The energy of solulibization in a mixed solvent 

system may be thought of as the energy it takes to transfer 
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from pure water to the system. This can be written 

G t r  = /\G C  - /\G W  (5.3) 

where G^ r, /\G C, /\G W  are the free energies of transfer, 

water solubilization, and cosolvent solubilization 

respectively. Substituting -2.303RT log for the terms on 

the right side and solving for the solubilities gives: 

log (S 0/S w) = -/\G f c r/2.303RT (5.4). 

Equation (5.4) indicates that, as expected, the free energy 

of solubilization decreases with added cosolvent. This also 

means that for systems with minimal deviation there is a 

relative measure of free energy available from a combination 

of predictive methods and the ratios. In addition, any 

cosolvent solubility normalized to its water solubility can 

be used to estimate the transfer free energy for that 

composition. 
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CHAPTER 6 

SUMMARY 

The log-linear model provides approximate cosolvent-

water solubility data for the five solutes studied. It does 

a much better job predicting the slope of the regression 

line through the data than predicting an individual point. 

The advantage of the model over other predictive methods is 

the minimal information needed to use it. When coupled with 

a benchmark compound and the ratios from a reference system, 

it could provide an a priori method of estimating 

solubilities. 

Extrapolation Potential 

One must always be cautious when extrapolating 

beyond the data. To be of use, however, a model must have 

extrapolation potential. The log-linear model has easily 

defined conceptual limits. It works best-for nonpolar 

organic solutes in water miscible organic cosolvents. 

Deviation beginswhen solutes that dissociate or interact 

strongly with water are added. 

The application of this model is for environmental 

pollutants transported in ground water and streams. These 

systems would typically have a low volume fraction of the 

cosolvent (otherwise the cosolvent would be the pollutant). 

27 
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Fortuitously, the deviation is less at the lower fractions 
* 

and tends to overestimate the concentration of the solute. 

Overestimation is clearly preferable when dealing with 

a health risk. 

Prediction of Deviation 

This study suggested qualitative explanations 

consistent with the data for describing the deviations. A 

measure of water-cosolvent association has to be found to 

explain the observed behavior. Total vapor pressure and 

boiling points did not give the correlation expected from 

two properties closely tied to solvent interactions (Rubino 

1984). It is possible that the partial vapor pressure of 

the cosolvent would be more appropriate. The partial vapor 

pressures can vary disproportionately with composition so 

total pressure may be misleading. Organic cosolvents 

typically have higher vapor pressures than water, making 

them easier to "see" analytically. 

Though measuring vapor pressures can be difficult, 

it should be possible to select a system with suitable 

characteristics to facilitate the measurement. Ifthis 

relationship were established it is possible to estimate 

partial vapor pressure from such measurements as boiling 

point elevation or freezing point depression (Lewis and 

Randall, 1923). 
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Utility 

The log-linear model has obvious utility in the 

environmental area..The number of pollutants that must be 

considered in modeling movement from landfils or dump sites 

prohibits the extensive laboratory investigation needed to 

characterize such behavior. Often knowing a property within 

an order of magnitude is the goal of engineers and 

scientists trying to get a "handle" on problems of such 

proportions. The log-linear model may provide estimates of 

sufficient accuracy to improve transport modeling. 



APPENDIX A 

SOLUTE SOLUBILITIES 
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SOLUBILITY OF ANTHRACENE IN ACETONE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 6.94E-5 

0.1 3•80E-4 

0.2 1.64E-3 

0.3 5.46E-3 

0.4 2.49E-2 

0.5 8.07E-2 

0.6 1.42E-1 

0.7 7.86E-1 

0 . 8  1 . 7 7  

0.9 7.32 

1.0 11.4 
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SOLUBILITY OF ANTHRACENE IN ACETONITRILE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 5.78E-5 

0.1 2.09E-4 

0.2 9.U5E-4 

0.3 4.65E-3 

0.4 2.73E-2 

0.5 9.05E-2 

0.6 2.02E-1 

0.7 3-62E-1 

0.8 6.67E-1 

0.9 1.26 

1.0 2.37 
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SOLUBILITY OF ANTHRACENE IN ETHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 7.7E-5 

0.1 1.80E-4 

0.2 4.3E-4 

0.3 1.60E-3 

0.4 7.86E-3 

0.5 1.89E-2 

0.6 8.37E-2 

0.7 1.88E-1 

0.8 2.87E-1 

0.9 6.03E-1 

1.0 1.51 
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SOLUBILITY OF ANTHRACENE IN ISOPROPYL ALCOHOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 6.17E-5 

0.1 1.33E-4 

0.2 5.27E-4 

0.3 4.31E-3 

0.4 2.42E-2 

0.5 5.59E-2 

0.6 1.15E-1 

0.7 2.59E-1 

0.8 3.15E-1 

0.9 5.83E-1 

1.0 8.28E-1 
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SOLUBILITY OF ANTHRACENE IN METHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 7.11E-5 

0.1 1.32E-H 

0.2 3.89E-4 

0.3 9.53E-4 

0.4 2.52E-3 

0.5 9.46E-3 

0.6 1.54E-2 

0.7 9.48E-2 

0.8 1.17E-1 

0.9 2.96E-1 

1 . 0  1 . 6  
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SOLUBILITY OF BIPHENYL IN ACETONE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 6.70E-3 

0.1 1.31E-2 

0.2 3.38E-2 

0.3 1 .71E—1 

0.4 7.62E-1 

0.5 3.64 

0.6 11.69 

0.7 21.68 

0.8 127.14 

0.9 246.7 

1.0 391.3 
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SOLUBILITY OF BIPHENYL IN ETHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 6.7E-3 

0.1 8.975E-3 

0.2 1.42E-2 

0.3 2.57E-2 

0.4 4.69E-2 

0.5 6.08E-1 

0.6 2.563 

0.7 8.547 

0.8 18.265 

0.9 37.53 

1.0 84.65 
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SOLUBILITY OF BIPHENYL IN METHANOL/WATER 

CONCENTRATION 
(MG/ML) 

0.0 6.94E-3 

0.1 9.51E-3 

0.2 1.72E-2 

0.3 4.69E-2 

0.4 1.34E-1 

0.5 3.42E-1 

0.6 1 .065 

0.7 3.05 

0.8 8.31 

0.9 20.77 

1.0 64.42 

VOLUME FRACTION 
COSOLVENT 
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SOLUBILITY OF NAPHTHALENE IN ACETONE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 3.0E-2 

0.1 4.0E-2 

0.2 1.44E-1 

0.3 4.1E-1 

0.4 1.50 

0.5 5.39 

0.6 15.89 

0.7 43.5 

0.8 97 

0 . 9  2 1 0  

1 . 0  3 0 2  
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SOLUBILITY OF NAPHTHALENE IN ACETONITRILE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 3.0E-2 

0.1 5.6E-2 

0.2 2.16E-1 

0.3 ' 9.2E-1 

0.4 2.2 

0.5 4.3 

0.6 17 

0.7 31 

0.8 49 

0.9 90 

1 . 0  1 8 2  
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SOLUBILITY OF NAPHTHALENE IN ISOPROPYL ALCOHOL 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 3.0E-2 

0.1 5.0E-2 

0.2 7.0E-2 

0.3 4.6E-1 

0.4 1.31 

0.5 3-97 

0.6 7.6 

0.7 18.6 

0 . 8  2 5 . 2 6  

0.9 36 

1.0 53.6 
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SOLUBILITY OF NAPHTHALENE IN ETHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 3.0E-2 

0.1 3.7E-2 

0.2 5.0E-2 

0.3 6.0E-2 

0.4 1.05E-1 

0.5 7-7E-1 

0 . 6  1 . 5 7  

0.7 11.5 

0 . 8  2 0 . 8  

0.9 38.8 

1 . 0  7 9  
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SOLUBILITY OF NAPHTHALENE IN METHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 3.0E-2 

0.1 4.0E-2 

0.2 8.0E-2 

0.3 1.4E-1 

0.4 3•5E-1 

0.5 8.6E-1 

0 . 6  1 . 6 5  

0.7 5.36 

0 . 8  1 3 . 7  

0.9 29.32 

1 . 0  6 6 . 1  
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SOLUBILITY OF PYRENE IN ACETONE/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 1.57E-4 

0.1 4.177E-3 

0.2 9.03E-3 

0.3 1.391E-2 

0.4 1.545E-1 

0.5 6.31E-1 

0.6 1.735 

0.7 5.17 

0.8 12.429 

0.9 26.009 

1.0 56.61 
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SOLUBILITY OF PYRENE IN METHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 1.574E-4 

0.1 3.527E-4 

0.2 9.297E-4 

0.3 2.54E-3 

0.4 7•767E-3 

0.5 3.362E-2 

0.6 1.276E-1 

0.7 3.798E-1 

0.8 1.0229 

0.9 2.555 

1.0 6.9154 



SOLUBILITY OF 1,3,5-TRICHLOROBENZENE 
IN ETHANOL/WATER 
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VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 0.03 

0 . 1  0 . 0 1  

0.2 0.02 

0 . 3  0 . 0 6  

0.4 0.31 

0.5 1.07 

0 . 6  2 . 8 9  

0.7 6.93 

0.8 16.19 

0.9 33.23 

1.0 84.09 
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SOLUBILITY OF 1,3 , 5-TRICHLOROBENZENE IN 
ISOPROPIL ALCOHOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0.0 0.02 

0 . 1  0 . 0 1  

0 . 2  0 . 0 3  

0.3 0.17 

0.4 1.08 

0.5 3.28 

0.6 7.89 

0.7 14.41 

0.8 25.23 

0.9 42.30 

1.0 30.91 
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SOLUBILITY OF 1,3,5,-TRICHLOROBENZENE 
IN METHANOL/WATER 

VOLUME FRACTION CONCENTRATION 
COSOLVENT (MG/ML) 

0 . 0  0 . 0 2  

0 . 1  0 . 0 2  

0 . 2  0 . 0 3  

0.3 0.06 

0.4 0.17 

0.5 0.48 

0.6 1.34 

0.7 4.08 

0.8 9.54 

0.9 26.53 

1.0 73.62 



APPENDIX B 

PLOTS OF SOLUTE SOLUBILITIES 
GROUPED BY COSOLTENT SYSTEM 
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5.0 LEGEND 
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O 
P 2.0 

/ 

LEGEND 

— ANTHRACENE 

— NAPHTHALENE 

— 1.3,5-TCB 

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1 
FRACTION COSOLVENT 

ISOPROPANOL-WATER SYTEMS 



54 

LEGEND 
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APPENDIX C 

CALCULATED SLOPES AND 
MAXIMUM AND MINIMUM DEVIATIONS 
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SLOPES CALCULATED FROM AVERAGE RATIOS 

SOLUTE ACETONE ACETONITRILE 

COSOLVENT 

ETHANOL ISOPROPANOL METHANOL 

ANTHRACENE 5.18 4.67 4.47 4.34 4.21 

BIPHENYL 5.09 4.59 4.39 4.26 4.13 

NAPHTHALENE 4.37 3.94 3.77 3.66 3.55 

PYRENE 5.64 5.08 4.86 4.72 4.58 

1,3,5 TCB 4.60 4.14 3.97 3.85 3-85 
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SYSTEMS WITH MAXIMUM AND MINIMUM DEVIATION 

% DEVIATION FROM MODEL 
FRACTION — AVERAGE 
COSOLVENT PYRENE IN METHANOL ANTHRACENE IN IPA DEVIATION 

0.1 -23.9 -19.5 21.7 

0.2 -17.2 12.0 14.6 

0.3 -12.9 48.4 30.8 

0.4 -9.1 57.0 33.1 

0.5 0.4 43.0 21.7 

0.6 4.7 31.9 18.3 

0.7 4.0 25.3 14.6 

0.8 2.7 12.4 7.6 

0.9 0.7 7-0 3.9 

AVERAGE 8 . 1 8  28.5 18.5 



REFERENCES 

Abramowitz, R.A., Ph.D. dissertation, University of Arizona 
(in preparation). 

Karickhoff, S.W., Personal Communication (1984). 

Lewis, G.N. and Randall, M., Thermodynamics and The Free 
Energy of Chemical Substances, McGraw-Hill Book 
Company, Inc., New York and London, (1923). 

Rao, P.S.C., Hornsby, A.G., Kilcrease, D.P., and Nkedi-
Kizza, P., J. Environ. Qual., 14, 887 (1985). 

Rubino, J.T., "Solubilization of Some Poorly Soluble Drugs 
By Cosolvents," Ph.D. dissertation, University of 
Arizona, (1984). 

Yalkowsky, S.H. and Roseman, T.J., "Solubilization of Drugs 
by Cosolvents," in Techniques of Solubilization 
of Drugs, ed. by S.H. Yalkowsky, Marcel Dekker, 
New York (1981). 

Yalkowsky, S.H. and Valvani, S.C., "Partition Coefficients 
and Surface Areas of Some A1ky1benzenes," J. 
Medicinal Chemistry, 19, 727 (1976). 

Yalkowsky, S.H. and Valvani, S.C., "Solubility and Parti
tioning I: Solubility of Nonelectrolytes in 
Water," J. Pharm. Sci., 69, No. 8 (1980). 

/ 

58 


