
June, 1960] Partial Molal Volumes of Butyl Alcohols and of Related Compounds in Aqueous Solution 793

Partial Molal Volumes of Butyl Alcohols and of Related 
Compounds in Aqueous Solution 

By Koichiro NAKANISHI 

(Received December 4, 1959)

The excess function of any thermodynamic 

dquantities for liquid mixtures is symmetric in 

form with regards to the mole fraction of 

component, if the components are the " normal 
,liquids " which consist of the spherical mole-

cule with no specific interaction. However, 

this symmetry fails when the size and form 

of one component are different from those of 

another, or when a specific interaction plays an 

important role in intermolecular force. In the 
"associated solution"

, this specific interaction 
which is attributed to the formation of hydro-

gen bonding is predominant, and the anomaly 
in the behavior of the excess function is often 

.observed for a number of such systems').

 The same is true for the excess volume (the 
volume change on mixing). For binary mix-
tures of the normal liquids the excess volume 
is generally small and nearly symmetric in 
form, and the interrelationships with other 
thermodynamic properties and parameters of 
the intermolecular force have been also investi-
gated, both experimentally and theoretically, 
by many authors2). On the other hand, large 
negative excess volume is observed generally 
for the liquid mixtures containing water, alco-
hols or other associated liquids as one or both

 1) J. A. Barker, J. Chem. Phys., 20, 794, 1526 (1952); J. 
A. Barker and F. Smith, ibid., 22, 375 (1954).

 2) G. Scatchard, Trans. Faraday Soc., 33, 160 (1937); J. 
H. Hildebrand and R. L. Scott, " Solubility of Non-
Electrolytes", 3rd. ed., Reinhold Publ. Corp., New York 
(1950), p. 138; 1. Prigognie, " The Molecular Theory of 
Solution ", North-Holland Publ. Co., Amsterdam (1957), 

p. 176.
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TAVLE I. DENSITIES OF AQUEOUS SOLUTION OF BUTYL ALcoHoLs AT 20℃

components. The partial volumes of both com-

ponents show complicated behavior with the 
variation in the composition of the component. 

The case of water-ethanol system, which has 

often been cited in many text-books of chemical 

thermodynamics, is a well-known example. At 

present, we have no clear understanding of this 

phenomenon, although a qualitative explana-
tion3) accounts for it as the disintegration of 

structure in water by the solute molecule which 

is capable of forming the hydrogen bonding 

with water. 

 It seems to be natural to expect an anomaly 

similar to the above for the case of aqueous 

solutions of alcohols other than ethanol and 

of other compounds having the hydroxyl group. 

In the present study, we obtained the depend-

ence of partial molal volumes in water upon 

the composition for four isomers of butyl 

alcohol from the density measurement and 

compared them with that of other alcohols. 

For comparison's sake, the partial molal volume 

of ethylene glycol was also evaluated. In each 

case concerned, the general feature of partial 

volume vs. composition curve was the same as 

that for the case of ethanol in water.

Experimental 

Purification of Materials.-Normal, iso-, sec.-and 
tert.-butyl alcohols and ethylene glycol were prepared 
as follows. The best grade available was dried 
over dehydrating agents and then fractionally 

distilled. 
 n-Butyl alcohol was at first treated with dilute 

sulphuric acid and sodium bisulphate solution for 

the removal of ketones and aldehydes, and then 
heated under reflux with a small amount of sodium 
hydroxide solution for the removal of esters. After 
the removal of alkali, the material was dried over 
calcium hydroxide, refluxed with calcium oxide, and 

then fractionally distilled a few times. 
 Isobutyl alcohol and sec.-butyl alcohol were boiled 

under reflux over calcium oxide for a few hours, 
and then fractionally distilled. 

tert.-Butyl alcohol was dried over anhydrous 

potassium carbonate at 46C for a long time, and 
then fractionally distilled. 

 Ethylene glycol was distilled under reduced pres-
sure, and the middle fraction was dried over an-
hydrous sodium sulphate for a long time. The 

material was then redistilled. 
 Water was obtained by the repeated distillations 
of conductivity water. 
 All the sample liquid were stored in sealed glass 

containers and redistilled immediately before use. 
The densities of the sample liquids at 20C were 
within 0.00005 g./cc. of the values given in literature-

 3) For example, A. G. Mitchell and W. F. K. Wynne-
Jones, Discussion Faraday Soc., No. 15, 161 (1953).
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 Pycnometers.-The pycnometers used were of 
ordinary bicapillary type. Type A held slightly 
more than 25 cc. of liquid, while type B slightly 
less than 10 cc. The main body of the pycnometer 
was the usual flat-bottom type. The capillaries 
were calibrated with a travelling microscope by the 
conventional method of moving a small mercury 
column. In the middle of each capillary, a hori-
zontal razor mark was applied and the volume of 
pycnometer with meniscus on this mark was ob-
tained by the measurement with water. 
 Density Measurement.-The component liquids 

were mixed in a glass-stoppered weigh-bottle having 
a narrow mouthpiece. The mole fraction of the 
sample solution was determined from the weight of 
each component. 
 After being kept over night, the sample solution 
was transfused into the pycnometer by injection 
with a medical syringe until each of the two meniscus 
was near the horizontal mark on the capillary. 
The pycnometer was then placed into the thermostat
at 20土0.005℃, and when complete thermal equi-

Librium was attained, the height difference between

the meniscus and the mark was determined by

means of a travelling microscope reading to 土0.01

mm. 

 Immediately after the volume determination, the 
apparent weights of the pycnometer and the sample 
solution were determined with an analytical balance. 
The values were converted into true weights by the 

cnventional procedure in which the buoyancy cor-
rections were applied. 
 Thus, the densities of sample solutions were ob-
tained with a precision of±2×10-5.

Results and Discussion 

 Densities.-The density data of butyl alcohol-

water and ethylene glycol-water systems are 

summarized in two tables. Table I shows the 

densities of aqueous solution of four isomers 

of butyl alcohol, and Table II shows the den-

sities of ethylene glycol-water system at 20℃.

In all cases concerned, the densities of the

solution can not be expressed by the conven-

tional power series relation.

TA肌E II. DENSITIES OF AQUEOUS SOLUTION

OF ETHYLENE GLYCOL AT 20℃

 Volume of Mixing (Excess Volume).-Since 
the specific volumes of both components are 
known (except for tert.-butyl alcohol which
has the melting point above 20℃),the volume

of the mixing ΔV is easily calculated from

the present data. It is a common characteristic

that ΔV has large negative value in the whole

range of composition and that there is an in-
flection point below the alcohol mole fraction 
of 0.1. Fig. 1. shows the general feature 
schematically. 
 Partial Volumes.-Partial specific (molal) 

volumes of alcohols V2 are calculated from the 
density data directly by Eq. 1, or from the 
concentration dependence of apparent specific 
volume by Eq. 2,

(1)

(2)

where the apparent specific volume is defined 

as follows,

(3)

and die is the density of solution, di is the 

density of water and w2 is the weight fraction 

of alcohols. 

 As in the well-known example of ethanol-

water system, characteristic behaviors of partial 

molal volume vs. composition curves are ob-

tained with all systems investigated. Partial 

molal volume of alcohol decreases with in-

creasing its mole fraction, reaches a minimum 

value and then increases gradualy to the molal 

volume. In the whole range of composition, 

it is always smaller than the molal volume 

V02. Partial molal volume of water, on the 

other hand, increases slightly with increasing 

the alcohol mole fraction, reaches an indis-

tinct maximum and then decreases gradually.

Fig. 1. Schematic diagram of excess function 

 in alcohol-water systems.
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The general feature just described above can 
well be understood by the case of ethylene 

glycol-water system given in Fig. 2. 
 For the partial volumes of four isomers of 

butyl alcohol in water, the diagram is incom-

plete owing to the phase separation or high 
melting point. Fig. 3 shows the isomeric 
variation in the partial volumes of butyl 
alcohols in their low concentration region 
where the characteristic behavior is clearly 
observed. 

 For comparison's sake, the partial molal 
volumes of methanol, ethanol, propyl alcohols 
and glycerol in water are calculated and plotted 
in Fig. 4 together with the present data. The 
calculation is made with the ICT data4). In

Fig.3. Partial specific volume of butyl

alcohois in water at their low concentra-

 tion at 20℃.

Fig.2. Partial molal volumes of ethylene

 glycol-water system at 20℃.

Fig.4. Partial molal volume of alcohols

in water.

1 Methanol(15℃)

2 Ethanol(20℃)

3 n-Propyl alcohol(15℃)

4 1sopropyl alcohol(15℃)

5 sec.-Butyl alcohol(20℃)

6 tert.-Butyl alcohol(20℃)

7 Ethylene glycol(20℃)

8 Glycerol(15℃)

Fig. 5. Partial specific volume of ethanol in

water at different temperatures.

 1, 40℃;2, 25℃;3, 10℃;

addition, an interesting temperature dependence, 
which is found in ethanol, is shown in Fig. 5. 
 Summary of Experimental Observations.-

Partial volume behavior presented above may 
be summarized as in the following. 

 1) Partial volumes of alcohols take a mini-
mum value at a definite point. The position 
of this minimum shifts systematically to the 
lower concentration of alcohol in the order of 
BuOH, PrOH, EtOH and MeOH, as is shown 
in Table III. 

 2) Depth of the minimum in V2-V20 
depends on the kind of alcohol in a more4) International Critical Table, Vol. III, p.115--122.
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TABLE III. MINIMUM POINT IN THE VALUE

complicated manner than the above. The 
largest volume contraction is observed with 
tert-butyl alcohol. 

 3) Volume contraction of polyhydric alcohols 
in water is generally smaller than that of 
monohydric alcohols. Moreover, it is of interest 
that the partial volume of ethylene glycol has 
a minimum value near the glycol mole fraction 
of 0.06, while that of glycerol has no minimum 
(Fig. 4). 
 4) Partial volume V2 of ethanol at high 

dilution (below the alcohol mole fraction of 
0.04) has a small temperature coefficient nearly 
half the value of ethanol itself. Thus, with 
the raise in temperature, a) the increase in 
the depth of V2-V20 at high dilution is 
observed, although b) the value at the minimum 
point decreases gradually. 

Discussion.-Examination of all the experi-
mental data available leads us to the conclusion 
that the partial volume behavior of mono-and 
dihydric alcohol-water system has a common 
-characteristic. Qualitatively, the abrupt fold 
in the partial volume vs. composition curve 
would be interpreted3) as the disintegration of 
the hydrogen-bonded structure in water by the 
increased strain due to the invading alcohol 
molecule with increasing fraction of the alcohol. 
It may be that there are two kinds of con-
figuration of alcohol molecule in aqueous solu-
tion, one has a specific volume of alcohol itself, 
while the other has a small effective volume,

and the fraction of the two may change with 
composition in a complicated manner in an 
alcohol-water system. 

 In this connection, it is of interest to examine 
the other properties of aqueous solution of 
alcohols. For example, ultrasonic absorption 
in aqueous solution of alcohol has a marked 
maximum in some definite composition5). But, 
this maximum in absorption does not always 
correspond to the minimum in partial volume, 
and moreover the former is found in aqueous 
solution of acetone which has smoothed partial 
volume vs. composition curve6). 
 Another interesting result to be noted here 
is the partial volume behavior in dioxane-water 
system7) in which a similar anomaly is observed. 
In this case, however, partial volume of water 
has a minimum point instead of a maximum 
as in alcoholic solutions, and the partial volume 
of dioxan has a maximum. It is an interesting 
fact that the role of the OH-group in alcohol 
molecules contrasts remarkably with that of 
ether bond-O-in the formation of inter-
molecular hydrogen bonding in aqueous solution. 

 In conclusion, all the available data seem to 
comprise only indirect evidences and it is ob-
vious that more direct information about the 
inner, structure of solutions is desirable for the 
elucidation of this phenomenon. 

Summary 

 Partial molal volumes of four isomers of 
butyl alcohol and ethylene glycol in water 
are evaluated from the density measurement. 
They are compared with those of other mono-
hydric alcohols and all the available data which 
have a common characteristic in the dependence 
upon the alcohol fraction are summarized. 

 The author wishes to express his sincere grati-
tude to Professor Mikio Tamura and to Assist-
ant Professor Michio Kurata for their guidance 
and criticism 
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 5) 0. Nomoto, J. Phys. Soc. Japan, 11, 827 (1956); ibid., 
 12, 300 (1957). 
 6) V. S. Griffith, J. Chem. Soc., 1953, 860. 
 7) G. N. Malcolm and J. S. Rowlinson, Trans. Faraday 

 Soc., 53, 921 (1957).


