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In  the preceding paper (l), it was noted that alcohols are unusually effective 
in the extraction of organic acids from water solution and it was postulated that 
the effectiveness is due to  the dual nature of their hydrogen-bonding processes. 
Alcohols can act as both acceptors and donors, an oversimplified version of their 
action being visualized as follows : 

0 --3 ROR’ 

Though it is difficult t o  prove such a postulate, it is profitable to  accept this 
mechanism of solubilization tentatively and investigate means of utilization. 
One application which has been found worthwhile is the use of mixed solvents, 
one a preferred hydrogen-bonding acceptor, another a donor, in partition studies. 
Enhanced solubility in the organic phase is anticipated when such a combina- 
tion of solvents is used.2 

Though no literature record of partition ratios using mixed solvents has been 
found,3 considerable information is available on the solubility of organic com- 
pounds in mixed solvents. Even these data include few examples involving low 
molecular weight compounds. Highfield (4) has reviewed the literature up to  
1926. The interesting solubility properties of picric acid are described by Duff 
and Bills ( 5 ) ,  of helianthine by Dehn (6), and of soaps in glycol-hydrocarbon 
solvents by Palit (7). Examples, involving high molecular weight compounds 
which have1 multiple points for solvent action and consequently more pro- 
nounced effects, are more abundant. Older theories of solubilization, such as 
those of Baker (8), Barr and Bircumshaw (9), and Byron (10) propose interac- 
tion of the two solvents to form a new species in which high molecular weight 
substances, such as cellulose derivatives, are more soluble. nlardles (11) points 
out that any important interaction between solvent molecules should actually 
lead to poorer solubility. The more recent theory, apparently the outgrowth of 
the work and discussions of Esselen (12), Marden and Dover (13), Highfield 
(4), Grinbergand Shulman (14), nIcBain (15), and Palit (7, 16), proposes a 
balanced action between polar and non-polar forces of the mixed solvent operat- 

1 From part of the thesis of Max Levine submitted t o  the Graduate School, Vanderbilt 

2 Herz and Kuhn (2) have found the solubility of most inorganic salts in mixed solvents 

3 Craig (3) alludes t o  such cases. 

University, in partial fulfillment of the requirements for the P h D .  degree, 1981. 

to  be an average of the solubility in each of the pure solvents. 
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WATER-SOLVENT 11 (K) 

TABLE I 

MIXED SOLVENT 
PARTITIOX RATIOS OF FORMIC  ACID^ I N  THE SYSTEMS, FvATER-PURE SOLVENT AND WATER- 

WATER-EQUAL 
VOLUXES O F  1 

AND 11 (9) 
WATER-SOLVEST 1 (K) 

Methyl isobutyl ketone (2.31), . . . . . . . . , 
Methyl isobutyl ketone (2.31) 
Methyl isobutyl ketone (2.31). . . . . . . . . . 

Methyl isobutyl ketone (2.31). . . . . . . . . . 

Methyl isobutyl ketone (2.31). . . . . . . . . . 

Pivalonitrile (4.39) . . .  . . . . . . .  

Isopropyl ether (7.1) . . . . . . . . . . . . . . . . . . . 
Mesityl oxide (1.22) . .  

Butyl acetate (2.88). . . . . . . . . . . . . . . . . . . . 

Chloroform (85) 

Cyclohexanone (0.91). . . . . . . . . . . . . . . . . . . 

Cyclohexanone (0.91) 
Methyl isobutyl keto 

Methyl isobutyl ketone (2.31). . . . . . . . . . 
Methyl isobutyl ketone (2.31) 
Methyl isobutyl ketone (2.31), . . . . . . . . . . 
Methyl isobutyl ketone (2.31). . . . . . , . . , 

Methyl isobutyl ketone (2.31) 
Methyl isobutyl ketone (2.31). . . . . . . . . . 

Xethylisobutyl carbinol (1.69). . . . . 
Methylisobutylcarbinol (1.69) . . . . . . . . . . 

Cyclohexanol (1.41) 
1-Hexanol (2.24) 
Methyldibutylcar- 

binol (2.91) 
1,2-Octanediol 

(1.59) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Methylisobutylcar- 

binol (1.69) 
Cyclohexanol (1.41) 
Cyclohexanone 

Mesityl oxide (1.22) 
Butyl acetate (2.88) 
Pivalonitrile (4.39) 
Isopropyl ether 

Chloroform (85) 
N , N-Dibut ylform- 

amide (0.30) 
N, N-Dibutylforni- 

amide (0.30) 
Cyclohexanol (1.41) 

(0.91) 

(7.1) 

1.01 
1.41 

I .80 
1.43 

1.29 

1.32 

1 .81  

1.05 

1.52 

2.48 

0.88 

0.84 
1.39 

1.78 
2.59 
2.94 
3.32 

11.3 
0.52 

0.73 

1.53 

3XCEPITRATIOX 
IXCREASE I 6  

ORGANIC 
PHASE, % 

72 
62 

43 
31 

51 

84 

51 

34 

48 

33 

40 

32 
- 6  

- 10 
0 
2 
4 

- 60 
2 

- 30 

0 

a Formic acid was 0.0977 N .  Partition ratios were also run a t  0.05 N and 0.025 N ,  but  
these data  illustrated no further point and are not recorded. * Direct comparison of parti- 
tion ratios is misleading. The theoretical concentration in the organic phase was calculated 
as follows (for first example) : 2.31 g. of formic acid in mater is in equilibrium with 0.5 g. 
of formic acid in one-half the volume of solvent I; 2.31 g. of formic acid in water is in equi- 
librium with 0.82 g. of formic acid in one-half the volume of solvent 11; the theoretical 
concentration in the combined solvent is, therefore, 1.32 g.; Found, 2.28 g. in combined 
solvent in equilibrium with 2.31 g. of formic acid in water or 72% increase. 

ing directly on the solute. For example, alcohols would form a hydrogen bond 
with a cellulose derivative, aiding in dispersion and covering some polar parts 
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of the aggregates sufficiently to permit solubility in non-polar solvents. In  other 
words, the process of solubilization appears to be a dynamic, balanced action 
between polar and non-polar forces. 

Thus, the mixed solvent theory, as applied to partition ratios, is an extension 
of the more recent theory of solubilization. The solubilization theory proposes 
dual action of polar and non-polar forces, whereas the results of this paper sug- 
gest that, in some cases, the polar forces are of a dual nature in themselves - 
specifically, that two types of hydrogen bonding are involved in the solubiliza- 
tion of organic acids. Though no proof of this extension can be found in the ex- 
perimental section, the results are best explained on this basis. 

TABLE I1 
PA4RTITIOS RATIOS OB V~4llIOTJs SOLUTES IN \vATER-khXEU SOLVESTs  SYSTEMS 

 SOLUTE^ 

Succinic acidb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N-Acetyl-D-valine . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . .  

Dimethylaminee . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Trimethylaminef . . . . . . . . . . . . . . . . . . . . . . . . . .  

W I T  ER- 
DIETHYL 

ISOBUTYL 
KETOKE, K 

12.3 
24.1 
4.94 
2.83 
2.07 
0.58 
0.42 

20.1 
2.06 
8.4 
1.88 

:&:;; WATER-EQUAI 
ISOBUTYL- VOLUUES OB 

ARBIXOL, K I IT 

6.9 4.4 
1.93 2 21 
1.62 1.36 
0.59 0.87 
1.09 1.02 
0.32 0.30 
0.27 0.23 
9.1 9.5 
3.54 1.39 
1.59 2.70 
0.44 0.83 

CONCENTRA- 
TION 

INCREASE IS 
ORGAKIC 

PHASE, % 

100 
61 
81 
46 
40 
32 
43 
32 
87 
1 

- 13 

All solutes were about 0.1 N unless otherwise noted. 0.0489 N .  c 0.0717 X .  0.0609N. 
8 0.0836 N .  f 0.0661 N .  Other concentrations were also used but the results not recorded. 

EXPERIMENTAL 

The procedures of the preceding paper (1) were followed except as noted in the results. 
All mixed solvents vere purified separately by washing with sodium bicarbonate solution, 
drying, and fractionating. They were mixed in a 50-50 ratio by volume except as noted and 
then pressturated with water. The 50-50 ratio by volume was chosen on the basis of results 
obtained in the extraction of formic acid (0.05 Ai) using mixtures of methyl isobutyl ketone 
and methylisobutylcarbinol. The following partition ratios were obtained (% ketone by 
volume in carbinol given in brackets): 1.75 [ O ] ;  1.55 [lo]; 1.44 [20]; 1.33 [30]; 1.32 [40]; 1.28 
[5O]; 1.30 [ G O ] ;  1.38 [70]; 1.56 [SO]; 1.88 [go]; 2.39 [loo]. This experiment indicated maximum 
transfer t o  the organic phase a t  a 50-50 ratio by volume. The temperature of equilibration 
26" & Z0, did not seem to affect the relative maximum transfer on the basis of the following 
results (formic acid 0.05 N )  : methyl isobutyl ketone, 0" (K = 2.26) ; 25' (K = 2.31) ; 40" 
(K = 2.63); methylisobutylcarbinol, 0" (K = 1.76); 26' (K = 1.68); 40" (K = 1.80); equal 
volumes of methyl isobutyl ketone and methylisobutylcarbinol, 0" (K = 1.08); 25" 
(K = 1.28); 40" (K = 1.49). The results are recorded in Tables I and 11. 

DISCUSSION 

Table I summarizes the effect of various mixed solvents on the extraction of 
formic acid from aqueous solution. The solvents which show enhanced solubility 
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of formic acid in the organic phase (3144%) are always a combination of a hy- 
drogen-bonding acceptor and donor. Combinations of ketones with other ketones 
or with esters, nitriles, or ethers (all hydrogen-bonding acceptors) result in little 
or no enhanced solubility in the organic phase and, in some cases, less solubility 
than calculated. The combination of two alcohols likewise results in no enhanced 
solubility. These results were anticipated on the basis of the theory that organic 
acid solutes are solubilized by two independent types of hydrogen bonding as 
discussed in the Introduction. This theory can be further utilized in typing sol- 
vents whose characteristics are difficult to analyze by observation. For example, 
the data indicate that chloroform, an exceedingly poor solvent for the extraction 
of organic acids by itself, acts as a weak proton acceptor which is contrary to its 
behavior in non-aqueous solution (17). Also, the data indicate that K ,N-dibutyl- 
formamide is such a strong acceptor and donor molecule that admixture with 
other solvents does not enhance solubility in the organic phase. 

Table I1 records the partition ratios of various solutes in a given, mixed sol- 
vent system. The sequence in the water-mixed solvent syst'em: oxalic acid (100% 
increase in solubility in the organic phase), succinic acid (Sly,), formic acid 
(51%), acetic acid (40%), propionic acid (32%), is exactly the order to be 
expected from the opposing effect of van der Waals forces. In the series of amines, 
it is noted that neither trimethylamine nor dimethylamine shorn enhanced 
solubility in the mixed solvent. Certainly, an enhancement was not expected 
with trimethylamine since it has no hydrogen for donor action, and dimethyl- 
amine is such a relatively strong base that its hydrogen may not be available for 
similar action. 

Though the work of this paper refers to partition ratios, the theory is also ap- 
plicable to solubility. For example, the solubility of succinic acid (g./l.) a t  30" 
was as follows in : methyl isobutyl ketone (8.02 g.) , methylisobutylcarbinol 
(42.95 g.), equal volumes of ketone and carbinol (41.18 g.); the solubility of 
water (% by weight) a t  26" was as follows in: methyl isobutyl ketone (2%), 
methylisobutylcarbinol (6.5%), and equal weights of ketone and carbinol (5.5%). 

SUMMARY 

A study of the partition ratios of some organic acids and bases in water-mixed 
solvent systems has been made. Enhanced solubility in the organic phase of the 
order of 30-100% takes place whenever a hydrogen-bonding acceptor solvent 
and a hydrogen-bonding donor solvent are combined. The results are best ex- 
plained on the theory that the organic solute is solubilized by two types of hydro- 
gen bonding. 
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