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HE physical constants of the common fatty acids

and their monoesters are useful in the develop-

ment of processes, products, and in the design of
research experiments involving these compounds. It
is often desirable to know the change of a given con-
stant among members of the homologous series as well
as its exact numerical value. Despite the general
availability of the common fatty acids and their mon-
oesters and despite the relative ease and simplicity
with which many of their physical properties can be
measured, numerical data for surface tension, inter-
facial tension, viseosity, density, and refractive index
are relatively secaree.

Surface tensions have been determined more fre-
quently than some of the other physical constants.
Wachs, Umstatter, and Reitstotter (21) determined
surface tensions at 75°C. of the saturated n-fatty
acids from C,, through C,, and plotted them against
the number of ecarbon atoms in the acid chains.
Surface tensions for the saturated, even-numbered
n-fatty acids from C, to C,, over a wide range of
temperatures have been given by Hunten and Maass
(15). A few other determinations of surface tensions
of pure fatty acids have been reported at various
temperatures.

Vogel (20) measured the surface tensions of various
pure monoesters of fatty acids at several tempera-
tures. Since completion of the present experimental
work an article by Nevin, Althouse, and Triebold
(18) has appeared in which the surface tensions of
the methyl esters of the saturated, naturally occur-
ring fatty acids from C, through C,, are recorded.
There are practically no published data for the inter-
facial tension of the fatty acids or their monoesters
against water.

In a classical investigation of the relationship be-
tween the viscosity of liquids and their chemical
nature Thorpe and Rodger (19) determined the vis-
cosity of many ecompounds, including the lower mem-
bers of the normal aliphatic series of acids and their
methyl and ethyl esters. Later Dunstan and co-work-
ers (8, 9) determined the viscosities of some additional
fatty acids and methyl and ethyl esters of fatty acids,
A number of other investigators (4, 5, 11, 13, 15)
have measured the viscosity of fatty acids or their
methyl or ethyl esters, but apparently the viseosities

of some common methyl esters have never been re-.

ported. The viscosities of an extended series of the
common fatty acids and their methyl and ethyl esters
have never been compared at the same temperature.

Densities of the saturated fatty acids have been
reported at many scattered temperatures, and some
systematic investigations of density have been made
(7, 10, 15). Densities of the methyl esters of the
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n-fatty acids from caproic to stearic were determined
by Bonhorst et al. {(5). A number of other workers
have reported densities of methyl and ethyl esters of
saturated acids, but the values quite often are not
comparable owing to their determination at different
temperatures. Also it appears that values for certain
ethyl esters have never been reported.

Few systematic investigations have been made of
the refractive indices of the fatty acids and their es-
ters. The investigation by Dorinson et al. (7) is prae-
tically the only one of recent date concerned with
fatty acids. The refractive indices of the methyl es-
ters have been determined in three systematic investi-
gations (10, 16, 22), but none of the three included
the methyl esters of all the even-numbered n-fatty
acids from C, to C,,. Apparently no comparable in-
vestigation has been made of the refractive indices
of the ethyl esters.

In the present report values of surface tension, in-
terfacial tension against water, viscosity, density, and
refractive index, all at 75°C., will be presented for
the saturated, even-numbered, n-fatty acids from C,
through C,, and for their methyl and ethyl esters.
The change in the values of the various physical prop-
erties with chain length will be shown, and the values
of the physical properties for the acids, methyl esters,
and ethyl esters will be compared. The effect of tem-
perature on the various physical constants will be
shown for one of the acids.

Materials

The saturated, even-numbered, n-fatty acids from
C, through C,, used in the experimental work were
obtained in pure form from a commercial source.
Commercial reagent grade acetic acid was purified by
fractional crystallization. Palmitic and stearic acids
were prepared from commercial products of 90%
purity by repeated fractional erystallization from
acetone.

The fatty acids from caproic through stearic were
converted to the corresponding methyl esters by re-
fluxing one part of fatty acid with four parts of
anhydrous methanol for three hours in the presence
of 3% (on a fatty acid plus aleohol basis) of con-
centrated sulfuric acid. Most of the excess alcohol
was removed from the esters by evaporation, and the
mineral acid was removed by washing with distilled
water. Unesterified fatty acids were removed by first
washing with a dilute solution of sodium carbonate
and then with distilled water.

The methyl esters were dried by heating under
vacuum and stripping with hydrogen. The methyl
esters from caproate through myristate were distilled
through a fractionating column under a constant pres-
sure of 10 mm. of mercury. The column, which was
18 mm. in inside diameter, 56 em. long, and packed
with 34 g-in. single-turn, glass helices, was surrounded
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with hot circulating Arochlor?® in a double-walled
Thiele-tube insulating jacket (17) to maintain the
distillation as adiabatic as possible. The methyl ester
fractions, boiling at the temperatures established by
Althouse and Triebold (2), were used in making the
physical measurements.

The methyl palmitate and methyl stearate were
purified by repeated fractional crystallization from
acetone. Methyl butyrate and all of the ethyl esters
were obtained in the pure form from a commercial
supplier.

Purities of the acids and esters were estimated to
be 99% or higher. These estimations were based in
part on comparisons of the neutralization values of
the acids and the saponification values of the esters
{3) with their respective theoretical values. The melt-
ing points of those acids and esters which were solid
above 0°C. were determined and were found to check
closely with the accepted literature values. Also the
values for surface tension, refractive index, ete., de-
termined for the acids and esters agreed with the
accepted literature values where such were available.

Measurements

Surface and interfacial tensions were measured
with a Cenco-du Noily Interfacial Tensiometer® using
a platinum-iridium ring of 6.010 em. mean circum-
ference. The ratio of the radius of the ring to that
of the wire of the ring (R/r) was 52.0. Measure-
ments were made in 250-ml. beakers having an inside
diameter of approximately 7 em. For the surface ten-
sion measurements a relatively small amount of acid
or ester was placed in the beaker and, in order to sub-
merge the ring below the surface of the acid or ester,
the shaft connecting the ring to the tensiometer was
lengthened with a short piece of stainless steel tubing.

The beakers in which the surface and interfacial
tension measurements were made were immersed in a
constant temperature bath and each measurement was
made within == 0.5°C. of the desired temperature. All
experimental values obtained were corrected by ap-
plying the correction factors determined by Harkins
and Jordan (14). ‘

Coefficients of viscosity were determined in capil-
lary viscosimeters of the Ostwald-Cannon-Fenske tvpe
(6). The viscosimeters, of 5-ml. capaecity, were cali-
brated with carbonate-free water, which has a viscos-
ity of 0.3806 centipoise at 75°C. During the meas-
urements the viscosimeters and their contents were
maintained at the desired temperature in a thermo-
statically controlled water bath. An average value of
six to eight determinations on each compound was
used in the calculations. Corrections for the kinetic
energies of efflux were considered negligible.

Density determinations were made nsing Weld-type
specific gravity bottles of approximately 10-ml. capac-
ity. The filled bottles were suspended in a thermo-
statically controlled water bath, the temperature of
which was maintained at 75 == 0.1°C. All determina-
tions were repeated once or twice as a check on the
values obtained.

Indices of refraction were determined at 75°C. with
a Valentine Precision Refractometer® using a sodium
vapor lamp as the source of light. The prism temper-
ature was controlled to == 0.1°C. by eirculating water
from a constant temperature bath around the prism.

#The mention of trade products does not imply that they are en-
dorsed by the Department of Agriculture aver similar products ngt
wentigned, )

The refractometer was calibrated with the aid of a
test plate of known refractive index attached to the
upper prism by a film of monobromonaphthalene.
Values were read to = 0.0001 index unit.

The temperature of 75°C. was chosen for most
of the measurements because it was just above the
melting point of stearic acid, which was the highest-
melting compound under investigation. At this tem-
perature only methyl acetate (B.P., 57.1°C.) was too
volatile for measurements to be made.

Results and Discussion

Surface Tension. With the information presently
available the surface tension of a liquid can be re-
lated to its molecular structure in only a very general
manner. It is influenced by factors which include
temperature; the size, shape, and degree of associa-
tion of the molecules of the liquid; their degree of
mutual attraction; and their degree of orientation in
the surface of the liquid. The surface of a saturated
fatty acid, which is quite polar in nature, would be
predicted to be more highly oriented than that of its
methyl or ethyl ester; consequently the surface ten-
sion of the fatty acid would be greater than that of
its esters. This prediction is borne out by the data
plotted in Figure 1. The surface tension values for
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Fie. 1. Surface tensions at 75°C. of the n-fatty acids and

esters as a function of the number of carbon atoms in the fatty
acid chains.

the fatty acids are consistently about 2.0 dynes/cm.
higher than the values for the corresponding ethyl
esters. The difference between the fatty acids and
methyl esters is approximately 1.8 dynes/ecm. The
surface tensions for the methyl esters are from 0.2
to 0.4 dyne/em. higher than those for the correspond-
ing ethyl esters.

The surface tension values for the homologous
series of saturated even-numbered, n-fatty acids in-
crease from 19.65 dynes/cm. for acetic acid to 27.74
dynes/em. for stearic acid, but this increase is mnot
linear with the increase in the number of carbon
atoms in the acid chain. This behavior is also in
acecord with generally accepted theory. The carbon
chains of the fatty acids tend to orient themselves
so that the hydrocarbon ends of the molecules are
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TABLE 1
Physical Constants of Saturated, Even-Numbered n-Fatty Acids and Their Methyl and Ethyl Esters at 75°C.
Carbon Surface tension, In;ggﬁ:‘:;f{;imn Viscosity, Density, Refractive index,
atoms in dynes/cm. dynes/cm. centipoises g./cc. n
fatty acid e
chain Fatty | Methyl | Ethyl Fatty | Methyl | Ethyl [ Fatty | Methyl | Ethyl Fatty | Methyl | Ethyl Fatty | Methyl | Ethyl
acid ester ester acid ester | ester j acid ester ester | acid ester ester acid ester ester
2 196 | ... 178 | e ! | 0269 | 0.8978 | ... 0.8320 | 1.3505 | ... } 1.3442
4 21.6 19.0 | ... ST . 0.728 0.363 0.9043 | 0.8359 | 0.8205 | 1.3758 | 1.3608 ; 1.3658
6 23.0 21.0 20.8 2.1 13.9 14.6 1.279 0.537 0.8796 | 0.8313 | 0.8198 | 1.3944 | 1.3803 | 1.3849
8 24.2 221 21.9 5.8 17.2 18.2 1.855 0.716 0.8662 | 0.8287 | 0.8191 | 1.4069 | 1.3937 | 1.3946
10 25.1 23.3 23.1 8.0 20.0 21.2 2.563 0.999 0.8583 | 0.8271 | 0.8196 | 1.4149 | 1.4033 | 1.4041
12 259 24.3 23.9 8.7 220 | 229 3.836 1.230 0.8516 | 0.8259 | 0.8195 | 1.4208 | 1.4099 | 1.4107
14 26.8 25.0 24.9 9.2 235 . 243 5.060 1.643 0.8481 | 0.8252 | 0.8197 | 1.4251 | 1.4148 | 1.4148
16 27.3 25.7 25.7 9.2 25.5 | 25.5 7.082 2.003 0.8446 I 0.8247 | 0.8198 | 1.4288 | 1.4196 | 1.4190
18 7T 26.1 26.1 9.5 262 | 25.2 9.040 2.590 0.8431 ¢ 0.8244 | 0.8218 | 1.4318 | 1.4231 | 1.4225

toward the surface and the chains are perpendicular
to the surface. As the length of the chain inereases,
the disruptive effect of thermal agitation becomes
less pronounced and the surface tension increases. It
would be expected that the effect of increasing chain
length on surface tension would be more marked for
the shorter-chain acids.

Reasoning somewhat analogous to that used regard-
ing the fatty acids can also be applied to the homol-
ogous series of methyl and ethyl esters. The exact
numerical values of the surface tensions and other
physical constants of the saturated even-numbered
n-fatty acids and their methyl and ethyl esters are
recorded in Table 1.

The surface tension of a liquid generally decreases
with increasing temperature and, in many cases, this
decrease is approximately linear over long tempera-
ture ranges. The fatty acids and their methyl and
ethyl esters follow these general rules. The change
in surface tension per degree change in temperature
reported by Nevin ef ol. (18) for the methyl esters
from caproate through stearate was approximately
0.08 dyne/em. for the temperature interval 40° to
80°C. In the present investigation the surface ten-
sion of myristic acid at different temperatures is re-
corded in Table II. In the temperature range shown

TABLE II

Effect of Temperature on the Physical Properties of
Myristic Acid

Interfacial
Tempera-| Surface tension . . . Refractive
ture tension against Viscosity Density index
water
°@, dynes/ dynés/ centipoises g./cc n
em. em M k4
60 28.4 - 8.7 7.93 0.8584 1.4310
75 26.8 9.2 5.06 0.8481 1.4251
90 25.6 9.5 3.67 0.8394 1.4200

the surface tension of myristic acid decreases about
0.09 dyne/cm. for each degree increase in temperature.
Parachor values were determined for the fatty acids,
methyl esters, and ethyl esters from the surface ten-
sions and the densities given in Table I. The parachor
values found were generally in excellent agreement
with those calculated with the aid of Gibling’s para-
chor equivalents (12), which are the best currently
available. The experimentally found and the calcu-
lated parachors are recorded in Table ITI.
Interfacial Tension. The interfacial tension be-
tween two liquids is generally less than the larger
of their surface tensions because the mutual attrac-
tion across the interface between the molecules of one
liquid and those of the other tends to counteract the
inward pull of the molecules in the surface by those
of its own kind. The interfacial tension between water

TABLE III

Parachors of Saturated, Even-Numbered, n-Fatty Acids and
Their Methyl and Ethyl Esters

Parachor
Carbon
atoms in i fethyl ester Ethyl ester
fatty acid Fatty acid N Me ) ¥
chain | Cale. Found Cale. | Found Cale. | Found
1
2 260 256 177 ] e 217 218
4 415 | 420 254 | ... 294 296
6 572 578 333 328 373 373
8 T34 739 414 414 454 455
10 896 899 494 495 534 536
12 1056 1061 575 576 614 616
14 1221 1223 655 657 695 698
16 ’ 1384 1388 737 738 77 781
18 1548 1549 817 819 856 859

and a fatty acid should be quite low since fatty aecid
molecules contain a polar —COOH group which is
strongly attracted to water. It would be expected
that the methyl or ethyl ester of a fatty acid would
have a greater interfacial tension against water than
would the acid. In Figure 2 these relationships are
shown quantitatively for the saturated, even-num-
bered, n-fatty acids having six through 18 ecarbon
atoms in their chain and for the methyl and ethyl
esters of these acids.

This figure also shows the effect of increasing chain
length on the interfacial tension between water and
the fatty acids, methyl esters, and ethyl esters, re-
spectively. For the fatty acids the interfacial ten-
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Fig. 2. Interfacial tensions of the n-fatty acids and esters
against water at 75°C., shown as a function of the number of
carbon atoms in the fatty acid chains,
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sions which were determined at 75°C., increase from
2.1 dynes/em. for caproic acid to 9.5 dynes/em. for
stearic acid. For the methyl esters this inerease is
from 13.9 dynes/cm. for the caproate to 26.2 dynes/
cm. for the stearate; and for the ethyl esters the in-
crease is from 14.6 dynes/cm. for the eaproate to
25.2 dynes/em. for the stearate.

The curve for the fatty acids reveals that the inter-
facial tensions against water are almost identical for
myristie, palmitic, and stearic acids. These fatty acid
chains are apparently of sufficient length that solu-
bility in water and thermal agitation in water have
similar effects on the three fatty acids insofar as it
concerns the displacement of their —COOH groups
‘““‘anchored’’ at the oil-water interface. The concen-
tration of the hydrophilic —COOH groups at the in-
terface, which is a prime factor in establishing the
amount of interfacial tension, is determined by the
cross-sectional area of the hydrocarbon chains and
is independent of their length for the longer chain
length acids.

Interfacial tensions of acetic acid, butyrie acid,
and the methyl and ethyl esters of these acids against
water are not included in Figure 2 because these
eompounds were either miscible with or markedly sol-
uble in water.

The effect of temperature on the interfacial tension
between water and the fatty acids or their monoesters
is comparatively small. The surface tensions of the
fatty materials and water, which is a factor in their
interfacial tension, both decrease with increasing tem-
perature and their actual difference remains about
constant. Data presented in Table II show the effect
of temperature on the interfacial tension between my-
ristic acid and water. An increase in temperature
from 60° to 90°C. inereased the interfacial tension
only 0.8 dyne/cm.

Viscosity

The viscosity of each of the fatty acids together
with that of most of their methyl and ethyl esters
was determined at 75°C. The results obtained are
recorded in Figure 3. Viscosity measurements were
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Fia. 3. Absolute viscosities at 75°C. of the n-fatty acids and
esters as a function of the number of carbon atoms in the fatty
acid chains,
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F16. 4. Densities at 75°C. of the n-fatty acids and esters as
a funetion of the number of earbon atoms in the fatty acid
chains.

also made on myristic acid at different temperatures,
and these results are recorded in Table II.

It is shown in Figure 3 that the viscosities of the
fatty acids and esters inerease with increasing chain
length. For the fatty acids the viscosities increase
from 0.662 centipoise for acetic acid to 9.040 centi-
poises for stearic acid. For the ethyl esters the vis-
cosity increases from 0.269 centipoise for ethyl acetate
to 2.269 centipoises for ethyl stearate. The methyl
ester possesses a viscosity about 0.15 centipoise lower
than that for the corresponding ethyl ester.

The fact that the viscosity of a given fatty acid is
higher than that of its methyl or ethyl ester is, of
course, generally recognized and is attributed mainly
to hydrogen bonding. The carboxyl groups of the
fatty acid molecules tend to associate and form dim-
ers which impede flow to a greater extent than would
single molecules.

Work by Thorpe and Rodger (19) showed that in
an homologous series each additional CH, group con-
tributes an increment to the viscosity; but the incre-
ment is not constant, depending upon such factors
as the number of CH, groups already present, end
groups, and temperature. Beyond this generalization
little of a mathematical nature is known concerning
the relationship between molecular structure and
viscosity. )

In comparing the viscosities it must be recognized
that there is a fundamental difference between vis-
cosity and physical properties like surface tension,
interfacial tension, density, and refractive index.
The latter may be considered as approximately lin-
ear functions of the temperature when the acids and
esters are in the liquid state, but viscosity is an ex-
ponential funetion of the absolute temperature. The
relative differences in viscosity between the fatty
acids and their esters shown in Figure 3 will change
with temperature. At 75°C. the viscosity of stearie
acid is quite sensitive to changes in temperature, but
that of lower melting components like acetic and
butyric acid is not. However at all temperatures a
given fatty acid is more viscous than its ethyl ester,
which in turn is more viscous than the methyl ester.
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Density. The densities of the fatty acids and their
methyl and ethyl esters determined at a temperature
of 75°C. are plotted in Figure 4 as a function of
chain length. It is evident that the densities of the
fatty acids are greater than those for the correspond-
ing methyl esters, whose densities in turn are greater
than those for the corresponding ethyl esters. The
differences between the densities of the acids, methyl
esters, and ethyl esters are most marked at the shorter
chain lengths. The densities of the fatty acids decrease
relatively rapidly as the chain length increases, par-
ticularly at the shorter chain lengths. The ethyl ester
series shows perhaps-the most remarkable trend : there
18 no detectable decrease in density with increasing
chain length beyond ethyl butyrate.

The density of fatty acids and their methyl and
ethyl esters is a linear funetion of temperature. A
typical effect of temperature on density is shown in
Table II. Calculations based on the data recorded
in this table reveal that the density of myristic acid
decreases 0.0063 gram/ce. for each degree increase in
g%xggerature over the temperature range of 60° to

Refractive Index. The refractive indices deter-
mined at 75°C. for the fatty acids and their methyl
and ethyl esters are plotted as a function of chain
length in Figure 5. It is evident that in all cases
the refractive index increases rapidly with increasing
chain length, but the increase is most rapid for the
shorter chain lengths. The refractive index of a fatty
acid is greater than that for the corresponding methyl
and ethyl ester. The refractive indices for the methyl
and ethyl esters of a given fatty acid are quite similar
for the shorter chain lengths and are practically iden-
tical for the longer chain lengths.

The last column in Table II shows the variation
of refractive index of myristic acid with temperature.
The refractive index decreases in a linear manner as
the temperature increases for the temperature range
shown.

Summary

1. Determinations of surface tension, interfacial
tension against water, viscosity, density, and refrac-
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Fi6. 5. Refractive indices at 75°C. of the n-fatty acids and

esters as a function of the number of carbon atoms in the fatty
acid chains.

tive index were made at 75°C. for the saturated, even-
numbered, n-fatty acids from C, through C,, and for
the corresponding methyl and ethyl esters. The typ-
ical effect of temperature on the various physical con-
stants was demonstrated for one of the fatty acids,
myristic acid.

2. Surface tensions of the fatty acids were found
to increase from 19.6 dynes/em. for acetic to 27.7
dynes/em. for stearic as the length of the carbon
chain increased. Surface tensions for the ethyl esters
were about 2.5 dynes/ecm. lower than those for the
corresponding acids, while the surface tensions for
the methyl esters were about 2 dynes/cm. lower.

3. The interfacial tensions of the fatty acids and
esters against water increased with increasing length
of the fatty acid chain. The interfacial tension val-
ues for the acids were lower than those for the cor-
responding esters. For the longer chain length acids,
increase in chain length had very little effect on the
interfacial tension.

4. The viscosities of the fatty acids and esters in-
creased as the number of carbon atoms in the fatty
acid chain increased. Because of molecular associa-
tion the acids were most viscous, and their viscosity
inereased most rapidly with increasing chain length.
Only small and consistent differences were found in
the viscosities of corresponding methyl and ethyl
esters.

5. The densities of the fatty acids and esters de-
creased with increasing chain length, the decrease
being most marked for the fatty acids and least
marked for the ethyl esters. No decrease in density
of the ethyl ester series was detectable beyond the
butyrate.

6. The refractive indices of the fatty acids and
esters increased rapidly with increasing chain length.
The refractive indices of the acids were greater than
those for the corresponding esters, and at the longer
chain lengths the refractive indices for corresponding
methyl and ethyl esters were almost identical.
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