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17. Solubility Influences. Part V. The Influence of Aliphatic
Alcohols on the Solubility of Ethyl Acetate in Water.

By D. G. BEECH and S. GLASSTONE.

The three-component systems consisting of water, ethyl acetate, and each of the
following alcohols : methyl, ethyl, #- and iso-propyl, #-, iso-, sec.- and tert.-butyl, have
been studied at 0° and 20°. In each case a number of the conjugate solutions, i.e.,
aqueous and ester layers, were examined and their compositions determined; from
the results the distribution ratio of ethyl acetate between the two layers was calculated.
The addition of small amounts of alcohol to water appears to decrease the solubility of
ethyl acetate, especially at low temperatures, but the effect is due to the decrease in
activity (concentration) of the ethyl acetate in the ester layer because of the presence
of appreciable amounts of alcohol. The distribution ratio is a corrected solubility
which allows for the change in activity and shows no such decrease. By plotting the
distribution ratio against the molecular ratio of alcohol to water in the aqueous layer,
curves are obtained showing the influence on the corrected solubility of ethyl acetate
of replacing water molecules by an equal number of molecules of alcohol. In this way
the relative effects of the different alcohols can be compared and discussed. Four
main factors are shown to affect the solubility of ethyl acetate in alcohol-water
mixtures. At low concentrations of alcohol, complex formation between ester and
water and its modification due to depolymerisation of the water by the alcohol is most
important, but as the concentration is increased, first the relative areas of the non-
polar and polar parts of the alcohol molecules and then their relative internal pressures
become the dominant factors. Complex formation between alcohol and ester is shown
by the results to have an unimportant influence on the solubility of ethyl acetate in
aqueous-alcoholic solution.

AFTER an investigation of the factors influencing the solubility of esters had been
commenced, Kendall (Trans. Faraday Soc., 1937, 33, 2) gave an account of the freezing
points of solutions of ethyl acetate in aqueous ethyl alcohol. From the data the
conclusion was drawn that, at low temperatures at least, ethyl alcohol diminishes the
solubility of ethyl acetate in water, and a tentative explanation of the surprising result
was proposed by one of us (Glasstone, ¢b¢d., p. 8). In the course of experiments designed
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to confirm the observations and to test the hypothesis, it became evident that the decrease
of solubility was apparent rather than real. When excess of ethyl acetate is added to
water, the ester dissolves very little water and so the upper layer consists of almost pure
ester, but if instead of water an aqueous alcohol is used, the upper layer may contain
appreciable amounts of alcohol and water, with the result that the mol.-fraction of ester
is reduced considerably below unity. This is particularly the case with the higher
alcohols which have a limited solubility in water yet are completely miscible with ethyl
acetate. The decrease in solubility of the ester in the aqueous layer found under these
conditions is not remarkable, since the ethyl acetate with which it is in equilibrium is at
a much lower activity than in the pure state. It was clear, therefore, that reliable
information on the influence of alcohols on the solubility of ethyl acetate in water could
only be obtained by a complete investigation, involving the analysis of both liquid layers,
for a series of alcohols over a range of concentrations.

For this reason the liquid-phase equilibria in the three-component systems, con-
sisting of water, ethyl acetate, and an alcohol were studied at 0° and 20°, and the results
plotted on triangular diagrams. In each case a number of tie-lines, joining the points
giving the compositions of the conjugate layers, were determined. The results obtained
with methyl, ethyl, #- and éso-propyl, and #-, ¢so-, sec.-, and fert.-butyl alcohols are now
described and discussed.

EXPERIMENTAL.

Materials.—Ethy! acetate. In the preliminary experiments three different products were
employed : (i) A quantity of the ester was prepared from glacial acetic acid and absolute
alcohol by Roberts’s method (J. Soc. Chem. Ind., 1924, 43, 2951) ; it was dried over anhydrous
potassium carbonate, refluxed several times with fresh portions of phosphoric oxide, and then
fractionated over a small quantity of the latter substance. The fraction of b. p. 77-0—
77-2°/760 mm. was collected. (ii) A good commercial specimen was kept over calcium chloride
and distilled, the portion coming over between 74° and 78° being collected. This was treated with
phosphoric oxide and fractionated as described above. (iii) A similar specimen was washed
three times with an equal volume of half-saturated sodium chloride solution and twice with
water; it was then stood over calcium chloride and fractionally distilled. A number of
solubility determinations in water were made with the three products described, and in every
case the results were the same within the limits of experimental error; expressed in g. of ethyl
acetate per 100 g. of water, the solubilities were :

At 0° 10-70 + 0-05; at 20°, 840 4 0-04; at 40° 6-97 4+ 0-04.

The value for 20° is in good agreement with that (8-42 g.) obtained by Schlesinger and Kubasowa
(Z. physikal. Chem., 1929, 142, A, 27), although most of the results in the literature show a
considerable variation. Since the specimens described above had almost identical solubilities,
most of the measurements recorded in this paper were made with the third product.

Alcohols. Good commercial specimens were fractionated, and the portions distilling
within a narrow range of the recorded b. p.’s were collected and used. The densities agreed
very closely with the best values found in the literature (¢.g., Butler et al., J., 1933, 674; 1935,
280). tert.-Butyl alcohol was not distilled, but was cooled until partly frozen; the supernatant
liquid was poured off, and the remaining solid retained.

Method of Experiment.—The data for the solubility curves were generally obtained by the
synthetic method : known amounts of ethyl acetate and water were mixed and sufficient of
the appropriate alcohol was run in to make the system homogeneous. The addition of the
alcohol was carried out very slowly and the temperature was kept constant, although the
effect of a slight raising or lowering of temperature frequently proved useful as a test for
saturation. Many of the results were confirmed by analysis of the saturated solutions, the
ester being determined in the usual manner by hydrolysis with alkali. To obtain the tie-lines,
the general practice was to make up a mixture with known weights of the three components
and to determine the amount of ethyl acetate in the upper layer by analysis. These data,
together with the solubility curve, enable the position of the tie-line to be fixed. On account
of the shape of the curves, this method was found to be more reliable than determining the
ester concentration of both liquid layers. Measurements were made at 0° and 20°

Results.—The results obtained were plotted on triangular diagrams, portions of which are
shown in Figs. 1 and 2: all compositions are in terms of weight percentages. The data for
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the conjugate ternary liquids, as obtained from the extremities of the tie-lines, are given in

Table 1.
FiG. 1,
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In order to see more clearly the significance of the results in Table I, the distribution ratios
of ethyl acetate between the aqueous and the ester layer, with concentrations expressed in



97-2 0-0

2-8

Part V.
H,0. EtOAc. ROH.

Temp. 20°.
0-0

7-8

92-2

H,0. EtOAc. ROH.

Solubility Influences.

TABLE 1.

H,0. EtOAc. ROH.
0-0

97-7

Compositions of conjugate solutions expressed as weight %,.
2-3

Temp. 0°.

Beech and Glasstone :
0-0

9-6

90-4

H,0. EtOAc. ROH.

70

S—M®BOr OBEAV® HODIPA  HONILD PO HDD MDD OY U RO=D F R
— - - -l —r— e NN ~— e N DM LB IR R R e AN HIOO NN H IO
CODFOM  HNGI~ mOP@HS  FFDHFOW S¥oO WL CROM®DN  HOOEMO OHOWE®
W EIP =S HDAID A NO O O O DO QOO O WSO FHIO O A OO D O D DV NO WV Q0 D <H i 00 ~<H
Sy Sy 00 Q0 = L= S» 00 00 O I~ © SO I~ I~ 10 SO0 HMN W I~ HM Q0 © 1O H N~ [SANRI~RS N QW0 HN~
FHOBUS ©NOOYD QDFODO  AOPRIE O HFOL QOO BLFANnr  OCoano
M HHOOW oY1 I~ 00 o <H 1D 00 6\ Q0 © b~ e <H WO =i~ 1D WM I~ O O H O I~ COMOOD
] - ~ G ~— -G - O i G O r— -G O L e B W | Ll I N ]
NOEO®MIE OOYIIBI®  PEDODO® BN BEO@YE  O®mOoaYr DBEANSD L A0oan
~H 00— 10 O M HI=ONO D OO 00— <O NO=S— 10 MO VO NW NFHO VO™ NN OO ~ANNM O
— - O N L e R N — r— - i -
CYMBBY SFAL-OD POADHE  OOMOLOl ©BFIOD  AOBDAD DRDDOO DDDAHD
oo e o R=rX=0" ] OO M~ OO m D SOOI N -~ -~ OO HEN OO HMN OO H N e~
-G ] - -
BSOSV . —~O400e TLOouon TLoomoo 2 ooeeod C do0uoYn G RORoMT g 9o~AYo
MO I O XFOWON ..m842849 0N O VO Hm DI 0 DVOOIVM® £ OO0 o ANNNNM
WO & VODI=O G VOO~ I~D w WPWOOEI= O VPO~ § 000000 WD DD w SIS o ooooos
—
8 C c © d C c
G = = = = <
—

E & E: g g El e
wPQSE R moooad O @ronr  Si¥erny A LOORE® 2 OLSaed H 0OAED G D000
SHAaMm~ R OSAmMOdm A CVOHO o s T NSO Y 0o ] onANS M 1O H M~ N
P} - R - D_L — ey & - —“ARL G MM O — N HD TN S0 D

P N N I 2 ES

‘< B3 “
3ok VO=O=D AP FAD ©@oEno MBS 30RDRD DB HDOW D AOWmD
0 o~ WO MO H IO LR DOM — =0 - ) HIOSHO IO M 1) N = D 0N Q> <H o W1 M AN O <H
I SIS WL WO~ SHW PO~ © SO~ O H WOV~ O 1O H RO~ O H N~ W © H D~ =~ O <K N e
© a0 I PO O QYD D PAVSPS APPSO HESD QD HPDIB LCRH= O IV DD
NI~ NNM OO NHIODO H WO DO D MO O© NI~ 10 [lele ol NoriieR o] 1 00 H 10 © OCOMNOIOD
- ~— ~ &N ~ N ——a M — - ey
AR BEOPLDH OO PD® QLG oL aQ QOO - aao DHOV D
BHAIHOM MNOOMOD H - MN O MO W 1D NI~ i H O ~H ¢© 00 mi ~H QO AN <H I~ 00O NN HHO I~
- G ] r— — - - —
1910 A QD @@ QP rL--D ATPAN @O H S Q=P QUG > W=D O QP o0 R O L~
99mum 99999“ S 00 0 WO S SO Q0 00 Q0 I~ I~ I~ o O I~ © W M W~ 10 HM W= OO FHM
—

$ 00O H FRRBD SO YBR R ddn 100 6310 S 03 TR RD© Bt D AN
VOV ND O HO WO MO L= >0 = <t 6 00 ~<H - < N O 00O Y MANO I~ QW O~ > © DD
00 90 I~ I~ © Q0 00 00 I~ I~ © Q0 00 00 I~ I~ 00 00 O I~ I~ 00 00 00 O I~ b~ 00 00 00 Q0 O I~ Q0 Q0 G0 Q0 QO 00 G0 Q0 Q0 00 O



[1938]  Beech and Glasstone : Solubility Influences. Part V. 71

mol.~fractions, have been plotted in Figs: 3 and 4 against the molecular ratio of alcohol to
water in the aqueous layer for various concentrations of alcohol. The distribution ratio may
be regarded as a corrected solubility which allows for the decrease in activity of the ethyl
acetate in the ester layer; as an approximation this activity is assumed equal to the mol.-
fraction. The curves obtained permit of a direct comparison of the relative effects of different
alcohols; they show the influence on the corrected solubility of ethyl acetate of replacing
varying proportions of the total number of water molecules by an equal number of molecules
of alcohol.
FiG. 3. Fic. 4.
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Discussion.

It will be seen from the curves in Figs. 3 and 4 that there is no evidence of a
fundamental decrease in the solubility of ethyl acetate as a result of the addition of an
alcohol, although at low concentrations methyl and ethyl alcohols, especially, appear to
be little more effective than water as solvents in spite of the fact that they are miscible
with ethyl acetate in all proportions. At higher concentrations, however, all the
alcohols bring about a large increase in the solubility of the ester, particularly at the
higher temperature.

There are at least four factors, dependent on the nature of the alcohol and on
temperature, which will affect the solubility of ethyl acetate in a water—alcohol system :
these will be considered in turn.

(a) The unexpectedly large solubility of ethyl acetate in water, the negative
temperature coefficient, and the fact that the system is pseudo-ideal (Kendall and King,
J., 1925, 127, 1778) indicate that ester-water complexes, presumably involving a
hydrogen bond, are formed and these are the main cause of the relatively high solubility.
Since liquid water is now generally regarded as virtually a large associated molecular
structure (Bernal and Fowler, J. Chem. Physics, 1933, 1, 515; Sidgwick, Ann. Reporis,
1934, 31, 42), it is probable that only free single molecules will be able to take part in the
complex formation with the ester. When an alcohol is added to water, there result,
first, mutual depolymerisation [Jones and Murray, Amer. Chem. J., 1903, 30, 193; Jones
and Veazey, tbid., 1907, 87, 405; see also Butler, Thomson, and Maclennan, J., 1933,
674 (685)], and secondly, the formation of alcohol-water complexes, involving the simple
molecules to a great extent. The former of these two effects, by producing more single
water molecules, will tend to bring about an increase in the solubility of ethyl acetate,
but the latter, which would be operative even if there were no depolymerisation, will
decrease the solubility because the alcohol will compete with the ester for the free water
molecules. The net influence on the solubility of ethyl acetate will depend on the
relative magnitudes of the two effects, of which some indication may be obtained from
the measurements of Young and Fortey (J., 1902, 81, 717) on the thermal and volume
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changes resulting when water and various alcohols are mixed. Since depolymerisation
will be accompanied by the absorption of heat, and probably an increase of volume,
whereas complex formation will have the opposite effects, it appears that the influence
of complex formation, which tends to lower the solubility of the ester, should be greatest
with methyl alcohol but should become less as the hydrocarbon chain is lengthened.
Although chain branching also favours compound formation, as shown by the existence
of a stable solid hydrate of fert.-butyl alcohol, the thermal effect on mixing this alcohol
with water suggests that there is considerable depolymarisation, and so the influence on
solubility may not be marked. It may be noted that the conclusions drawn from thermal
and volume changes are in agreement with those reached from general considerations,
based on the probable influence of the electron-repelling tendencies of the alkyl groups
and the size of the alcohol molecule on complex formation and depolymerisation.

Increase of temperature would be expected to decrease the ccncentration of alcohol-
water complexes and possibly to increase the depolymerisation : hence the general effect
of the operation of these factors would be in the direction of causing a relative increase in
the solubility of ethyl acetate at 20° as compared with 0°.

(b) Since water and ethyl acetate are able to form a complex, it is reasonable to
suppose that the ester will unite in an analogous manner with an alcohol, although to a
smaller extent; evidence for this view has been obtained from infra-red absorption
measurements on mixtures of methyl alcohol and esters (Williams and Gordy, J. Amer.
Chem. Soc., 1937, 59, 817). The stability of the complexes is, however, probably not
very great (cf. Merriman, J., 1913, 103, 1774). The formation of such complexes probably
involves a hydrogen bond between the alcohol and the ester, thus R-O-H-:-0<,
consequently the presence of electron-repelling alkyl groups in the radical R of the
alcohol should result in a decrease of stability. The effect of combination between ethyl
acetate and the alcohol would be to increase the solubility of the ester, and this factor
will evidently become less as the length and branching of the hvdrocarbon chain of the
alcohol are increased. Increase of temperature will decrease the extent of complex
formation and any consequent influence on solubility will be diminished.

(¢) The more the internal pressures of two liquids approximate to one another the
greater will be their mutual solubility (Hildebrand, J. Amer. Chem. Soc., 1916, 38, 1452;
‘ Solubility,”” 1936). Water and ethyl acetate have internal pressures which are markedly
different, but the values for the alcohols, especially the butyl alcohols, are much closer
to those of the ester. Although the internal pressure of a mixture of water and an
alcohol is not exactly the mean of the values for the two constituents, nevertheless it will
be much nearer to that of the ester than is the internal pressufe of pure water (see
Westwater, Frantz, and Hildebrand, Physical Rev., 1928, 31, 135) : consequently, the
ester should be more soluble in the alcohol-water mixture. The relative extents of the
increase to be expected for the different alcohols may be assessed from their relative
internal pressures : the values given below have been calculated by means of the formula
(5280 4 24-5t) /v, where ¢ is the boiling point of the liquid on the Centigrade scale and v
is the molar volume (see Hildebrand, op. cit., p. 103). These may be compared with a
figure of 73 for ethyl acetate.

Relative internal pressures.

H,0. MeOH. EtOH. #»-PrOH. iso-PrOH. =n-BuOH. is0-BuOH. sec.-BuOH. fert.-BuOH.
429 161 116 94 88-5 80 78 76-5 71

It is evident, therefore, that as far as internal pressure is concerned all the alcohols should
enhance the solubility of ethyl acetate, the effect increasing approximately in the order
given. Raising the temperature, however, might be expected to bring about a relatively
greater increase of solubility for the lower alcohols, because the influence of internal
pressure differences is diminished as the temperature is raised.

(d) The relative areas of the polar and non-polar portions of a molecule have some
effect on its solubility (cf. Harkins, Brown, and Davies, J. Amer. Chem. Soc., 1917, 39,
354; Langmuir, Coll. Sym. Monographs, 1925, 3, 48; Butler, Thomson, and Maclennan,
loc. cit., p. 681), and this factor may have some influence on the extent to which ethyl
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acetate dissolves in the aqueous alcohol. Although ethyl acetate contains polar groupings,
it behaves virtually as a non-polar substance from the standpoint of solubility, as seen
for example by its complete miscibility with hexane; increasing the relative non-polar
area of an alcohol should thus result in an increase of solubility. Increasing chain length
should, therefore, have this effect, whereas branching of the chains would probably
operate in the opposite direction. .

An examination of the curves in Figs. 3 and 4 in the light of the above considerations
shows that at small concentrations of alcohol, especially for the lower members of the
series, complex formation between alcohol and water must be a very important factor,
since in no other way is it possible to account for the increase in solubility of ethyl acetate
being so small in the presence of these lower alcohols. That the same factor is effective
with the higher alcohols, although generally masked by other influences which act in the
opposite direction, is shown by the fact that the distribution ratio increases at first
slowly with increasing alcohol concentration, and especially by the crossing of the curves
for n-propyl and tert.-butyl alcohols at 0°. The greater tendency of the latter to form
a complex with water molecules may account for this result; at 20°, where the extent of
complex formation is diminished, the curves do not cross. Depolymerisation is, however,
a factor of importance, especially with the higher alcohols; otherwise fer¢.-butyl alcohol
would be expected to cause a much lower solubility than is actually observed, because of
the stability of the alcohol-water complex which is probably much greater than that for
ethyl alcohol. In fact, for the higher alcohols, depolymerisation is probably the
dominating influence in determining the solubility of the ester in alcohol-water mixtures.
Even for the lower alcohols, where the contributions of the internal pressure and relative
polarity factors are probably small at low concentrations, the effect of alcohol-water
complex formation cannot predominate, for otherwise the distribution ratio of ethyl
acetate would fall below the value for water alone.

As the concentration of alcohol is increased it is evident that the other factors already
discussed, all of which tend to increase the solubility of the ester, become more effective;
of these, the formation of alcohol-ester complexes may be ruled out as being relatively
unimportant, since its effect would decrease with increasing chain length. It is to be
expected that the influence of the internal pressure and relative polarity factors should
become more marked at higher alcohol concentrations, and these are probably responsible
for the rapid rise in the distribution ratio. The former of these would lead to the
solubilities of the ester in the alcohol-water mixtures containing the butyl alcohols
increasing in the order # < iso < sec. < fert., whereas the reverse is actually the case;
this implies that the relative polarity, which would operate in the observed order, is the
more effective. The direction of the curves for fert.- and sec.-butyl alcohols suggests that
they would cross at very high concentrations, which are actually beyond the solubility
limits, both at 0° and 20°; hence, under these conditions the internal pressure factor
seems to become the more important.
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