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Refractive indices (n), densities (F), and surface tensions (σ) for {formic acid, acetic acid, propionic acid, or
butyric acid+ water} mixtures at 298.15 K and normal atmospheric pressure have been determined as a function
of mole fractions. From the experimental data, excess molar volumes (V E) and deviations of refractive index
from linear behavior (∆nφ) have been calculated. The magnitude of these experimental quantities is discussed in
terms of nature and type of intermolecular interactions in binary mixtures. Besides, the interpretation of the ratio
of molar volume to molar refractionV/R as a measure of the degree of free volume appears to be a useful tool
for qualitative considerations concerning volumetric and refractometric data. To analyze the behavior of surface
tensions, the Extended Langmuir (EL) model was used.

Introduction

Thermodynamic properties of carboxylic acids+ water are
of considerable theoretical and practical interest, and they have
been widely analyzed, especially in the case of formic and acetic
acid + water mixtures. Interactions between water and car-
boxylic acids are extremely complex, being the analysis of the
hydrogen bonding interactions of complexes of this kind of
systems of great interest.1-3

The easy with which the refractive index of a liquid can be
measured accurately and precisely has led to increased interest
in the theoretical and empirical correlations of this property with
others that are more difficult to measure directly, particularly
with excess properties in binary mixtures. Another thermody-
namic property that is also easy to measure and usually presents
a very strong dependence on both the compounds constituting
the mixture and their relative concentrations is the surface
tension. We placed special priority on the experimental deter-
mination in the diluted region of the binary mixtures. Our
research group has taken a keen interest in the analysis of surface
tension data in the diluted region because, based on these
measurements and taking into account the refractive indices and
density values, we can very precisely assess properties such as
standard energy of adsorption, parachor, molar refraction, or
the activity coefficient at infinite dilution of the mixture
components. None of the research literature that we analyzed
presents an acceptable density of experimental points in the
diluted region and that is what motivated us to study these
systems. The majority of the surface tension determinations that
we consulted (all very outdated) were conducted under non-
equilibrium conditions between the vapor and liquid phases.
The experimental technique that we used consists of a hermeti-
cally sealed cell allowing for the attainment of a saturated

atmosphere and preventing the solute loss at the concentrated
surface. This issue is particularly important when conducting
measurements in systems with high vapor pressures, which is
the case of the first of the members of the series of carboxylic
acids.

We have measured densities (F), refractive indices (n), and
surface tensions (σ) of {formic, acetic, propionic, or butyric
acid+ water} mixtures at 298.15 K and atmospheric pressure.
From the experimental data, excess molar volumes (V E) and
deviations of refractive index from linear behavior (∆nφ) have
been calculated. The discussion of results examines the influence
of the size of the carboxylic acid hydrocarbon chain on the
excess properties. Besides, the interpretation of the ratio of molar
volume to molar refraction (V/R) as a measure of the degree of
free volume appears to be a useful tool for qualitative
considerations concerning volumetric and refractometric data.
To analyze the behavior of surface tensions, the Extended
Langmuir (EL) model was used. The EL model is based on a
modification of the Langmuir isotherm combined with a mixing
rule and includes two adjustable parameters with clear physical
meaning.

Experimental Section
The source and purity of the chemical compounds are shown

in Table 1, together with the experimental densities, refractive
indexes, surface tensions, and values reported by other authors.4-9

The liquids were used without further purification other than
being kept over molecular sieves to remove water. The ultrapure
water was obtained by using an ELIX 3 system from Millipore.
The water surface tension value at 298.15 K was 71.89 mN‚m-1,
and the density and refractive index were taken asF ) 997.048
kg‚m-3 andn ) 1.33254, respectively. Liquid mixtures were
prepared by mass in airtight stoppered bottles, bearing in mind
the vapor pressures of the components when establishing the
filling sequence. The uncertainty in the mole fraction was
estimated to be<1‚10-4.
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Experimental densimetric and refractometric techniques have
been described in detail in previous works.10-12 Densities were
measured with a vibrating-tube densimeter from Anton Paar
(model DMA 60/602) operated in the static mode and calibrated
with bidistilled and deionized water and dry air on a daily basis.
The uncertainties ofF andV E are less than 10-2 kg‚m-3 and
4‚10-9 m3‚mol-1, respectively. For refractive index measure-
ments at the wavelength of the D-line of sodium, we have used
a Mettler Toledo refractometer (model RA-510M) having an
uncertainty of 10-5, calibrated with bidistilled and deionized
water. The solutions were prethermostated at 298.15 K before
the experiments in order to achieve a quick thermal equilibrium.
Surface tension of pure liquids and mixtures at the liquid-vapor
interface was determined using a Lauda drop volume tensiom-
eter, described in detail in a previous paper,12 which also
discussed procedure and handling of data. The temperature of
the measurement cell was controlled within 0.01 K by a water
thermostat. The uncertainty obtained inσ values is less than
0.03 mN‚m-1.

Results and Discussion

Table 2 contains the experimental results at 298.15 K forF,
V E, n, ∆nφ, andσ, in terms of the carboxylic acid mole fraction.
Deviations of refractive index from linear behavior,∆nφ, were
calculated by using

whereφi is the volume fraction of componenti in the mixture.
Excess molar volumes (V E) were calculated from the density
of the mixture (F), densities (Fi), and molar masses (Mi) of the
pure compounds and the corresponding molar fractions (xi) by
means of

V E and∆nφ were fitted with a function of the form

whereF is eitherV E or ∆nφ. The coefficientsAi and standard
deviationss(F) listed in Table 3 were estimated by the least-
squares method. These parameters were used to obtain the
calculated curves in Figures 1 and 3.

RefractiWe Indices.Figure 1 shows that for all systems studied
∆nφ is positive over the whole range of mole fractions and
becomes less positive as the length of the hydrocarbon chain
of the acid increases, with the exception of the binary mixture

{formic acid+ water}. This apparent anomaly can be explained
by taking into account the negative correlation between∆nφ

and the ratio of molar volume to molar refractionV/R,proposed
as a measure of the degree of free volume.13,14 The equation
defining the molar refractionR ) V(n2 - 1)/(n2 + 2) can be
rewritten in such a way that the correlation between the
refractive indexn and the ratioV/R appears unmasked:

It is remarkable that refractive index deviations show a similar
trend, although with opposite sing, that the ratioV/R for the
binary mixtures{acetic acid, propionic acid, or butyric acid+
water}. The excess volume of the system{formic acid+ water}
is much smaller than the corresponding values for the other
binary mixtures of this series, being responsible of the afore-
mentioned anomaly, shown in Figure 1. Figure 2 shows the
curves∆(V/R) versusx for the analyzed mixtures. The quantity
∆(V/R) was obtained by using the following equation:13,14

Excess Molar Volumes.The excess molar volumeV E in
aqueous solutions of carboxylic acids is always negative and
large in magnitude, as can be seen in Figure 3. Our results
compare well with the literature data;5,8,15-17 however, the results
of Apelblat et al.5 and Casanova et al.15 for the mixture{formic
acid + water} at the central part of theV E curve are more
negative than ours. These differences may be attributed to the
different purity of the formic acid utilized. The behavior of the
mixture {formic acid + water} does not follows the general
trend for the other members of the series.

In general, the sign ofV E depends on the relative magnitude
of contractive and expansive effects that arise on the mixing
process. The large negativeV E for these mixtures leads to the
conviction that the factors causing the volume contraction prevail
over the factors responsible for volume expansion, being the
hydrophobic hydration the most effective factor in volume
reduction, as recently pointed out by Motin et al.18

Surface Tension.Figure 4 shows the experimental surface
pressures (π ) σwater - σ) versus the carboxylic acid mole
fraction for the mixtures analyzed in this work. The surface
tension of all mixtures studied decreases as the acid concentra-
tion increases. This trend was nonlinear, the change in surface
tension caused by a change in acid concentration being larger
at low concentrations than at high. The binary mixture{butyric
acid + water} shows the typical behavior of a tensoactive
substance in water. As the hydrocarbon chain of the acid

Table 1. Source, Purity, Density (G), Refractive Index (n), and Surface Tension (σ) for the Pure Liquids at 298.15 K

10-3‚F (kg‚m-3) nD σ (mN‚m-1)

compound source purity/% this work lit. this work lit. this work lit.

formic acid Fluka g98 1.21129 1.214054 1.37459 1.369384 38.17 37.039

1.213465 1.369436

1.21386

acetic acid Fluka >99.8 1.04395 1.043924 1.36969 1.36984 27.08 27.129

1.043225 1.370466

1.04406 1.37077

propionic acid Fluka g99.5 0.98833 0.988084 1.38484 1.38434 26.15 26.179

0.987935 1.384796 26.24

0.99036 1.38507

0.9878478

butyric acid Fluka g99.5 0.95317 0.95324 1.39599 1.39584 26.19 26.24

1.39637

n2 - 1 ) 3
V
R
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decreases, this behavior is less evident. Fitting the equation9

to the experimental results for each system yielded theπ-x
curves shown in Figure 4. The values of the fitted parameters
a andb are shown in Table 4.

Theσ values obtained by AÄ lvarez et al.9 for {formic, acetic,
or propionic acid+ water} as well as those obtained by
Drucker19 for {formic or acetic acid+ water} agree well with
our experimental values. The values obtained by Glagoleva20

for {formic or acetic acid+ water} systems show much greater
deviations. Figure 5 shows the surface tension data atx ) 0.5
for the binary mixtures studied in this work together with
literature data9,19-22 for comparison.

The EL23 model was applied to these mixtures in order to
interpret the results obtained. The EL model allows for the

behavior analysis of binary systems that deviate either positively
or negatively from ideality.24-26 Briefly, it considers the surface
of a binary liquid mixture as a thin but finite layer and starts
by developing the following expression for the relationship
between the volume fractions of component B in the surface

Table 2. Experimental Densities (G), Excess Molar Volumes (V E), Refractive Indices (n), Deviations of Refractive Index from Linear Behavior
(∆nO), and Surface Tensions (σ) at 298.15 K

10-3‚F V E σ 10-3‚F V E σ

x kg‚m-3 cm3‚mol-1 n ∆nφ mN‚m-1 x kg‚m-3 cm3‚mol-1 n ∆nφ mN‚m-1

(x) Formic Acid+ (1 - x)Water
0.0007 0.99752 -0.0031 1.33265 0.00005 71.48 0.1098 1.05276 -0.2232 1.34454 0.00334 57.29
0.0015 0.99802 -0.0054 1.33269 0.00002 71.14 0.1539 1.06949 -0.2603 1.34829 0.00412 55.23
0.0028 0.99879 -0.0087 1.33271 0.00005 70.65 0.2040 1.08651 -0.2942 1.35223 0.00497 52.74
0.0067 1.00127 -0.0225 1.33343 0.00030 69.45 0.3004 1.11430 -0.3366 1.35863 0.00614 49.18
0.0106 1.00360 -0.0332 1.33440 0.00093 68.59 0.4178 1.14155 -0.3618 1.36478 0.00695 47.25
0.0154 1.00631 -0.0444 1.33496 0.00108 67.53 0.5101 1.15859 -0.3528 1.36885 0.00744 45.73
0.0277 1.01384 -0.0859 1.33633 0.00141 65.46 0.6133 1.17483 -0.3343 1.37220 0.00731 43.41
0.0442 63.13 0.7058 1.18706 -0.3034 1.37444 0.00681 41.42
0.0538 1.02693 -0.1308 1.33912 0.00209 0.8162 1.19840 -0.2245 1.37543 0.00491 40.12
0.0755 59.92 0.8967 1.20413 -0.1185 1.37543 0.00302 39.13

(x)Acetic Acid + (1 - x) Water
0.0001 71.79 0.0746 47.25
0.0005 71.18 0.1086 43.43
0.0007 0.99741 -0.0048 1.33285 0.00023 71.04 0.1108 1.03157 -0.4612 1.35281 0.00972 43.39
0.0008 70.84 0.1513 1.04090 -0.6205 1.35708 0.01109 40.12
0.0012 0.99788 -0.0118 1.33312 0.00044 70.37 0.1814 1.04655 -0.7255 1.36009 0.01218 39.24
0.0060 0.99892 -0.0182 1.33422 0.00098 66.17 0.2288 1.05246 -0.8401 1.36386 0.01328 38.17
0.0066 65.76 0.3053 1.05874 -0.9767 1.36818 0.01398 36.50
0.0119 1.00078 -0.0371 1.33576 0.00185 62.57 0.4129 1.06349 -1.0991 1.37230 0.01408 34.80
0.0138 61.57 0.5160 1.06454 -1.1285 1.37456 0.01333 33.23
0.0234 58.26 0.6068 1.06364 -1.0910 1.37543 0.01202 31.87
0.0257 1.00439 -0.0704 1.33874 0.00332 57.45 0.7035 1.06107 -0.9762 1.37543 0.01008 30.32
0.0404 53.14 0.8067 1.05700 -0.7710 1.37459 0.00750 29.32
0.0516 1.01191 -0.1577 1.34364 0.00562 50.64 0.9076 1.05189 -0.4811 1.37257 0.00403 28.42

(x) Propionic Acid+ (1 - x) Water
0.0008 0.99747 -0.0083 1.33292 -0.01117 68.52 0.0989 1.01717 -0.5322 1.35796 -0.53531 34.71
0.0016 0.99764 -0.0118 1.33304 -0.01466 66.47 0.2016 1.02207 -0.8521 1.37093 -0.85531 32.25
0.0029 0.99815 -0.0220 1.33367 -0.02493 63.66 0.3008 1.02151 -1.0351 1.37840 -1.03833 31.12
0.0044 0.99868 -0.0328 1.33422 -0.03574 60.98 0.4003 1.01887 -1.1315 1.38294 -1.13483 30.19
0.0064 0.99929 -0.0456 1.33485 -0.04850 57.91 0.5009 1.01433 -1.1158 1.38564 -1.11919 29.36
0.0103 1.00060 -0.0730 1.33606 -0.07588 53.54 0.6039 1.01012 -1.0691 1.38690 -1.07250 28.56
0.0179 1.00271 -0.1194 1.33850 -0.12237 48.16 0.7020 1.00503 -0.9173 1.38721 -0.92064 27.91
0.0272 1.00551 -0.1828 1.34145 -0.18581 44.12 0.7666 1.00283 -0.8552 1.38709 -0.85858 27.52
0.0470 1.00686 -0.2326 1.34689 -0.23564 38.89 0.8784 0.99668 -0.5506 1.38599 -0.55393 26.92
0.0618 1.00897 -0.2950 1.35074 -0.29808 36.93

(x) Butyric Acid + (1 - x) Water
0.00004 0.99714 -0.0019 1.33256 0.00001 71.12 0.0596 1.00055 -0.3202 1.35359 0.00552 28.35
0.0001 0.99728 -0.0046 1.33259 0.00001 70.47 0.0865 0.99876 -0.3933 1.35959 0.00635 28.23
0.0006 0.99735 -0.0080 1.33282 0.00008 66.32 0.1034 0.99768 -0.4366 1.36283 0.00674 28.15
0.0016 0.99739 -0.0127 1.33325 0.00020 60.32 0.2033 0.99250 -0.6788 1.37695 0.00848 27.92
0.0028 55.12 0.2997 0.98771 -0.8493 1.38524 0.00914 27.73
0.0056 0.99824 -0.0447 1.33514 0.00083 46.34 0.3810 0.98312 -0.9144 1.38923 0.00853 27.66
0.0075 42.12 0.5038 0.97720 -0.9632 1.39330 0.00755 27.56
0.0136 0.99983 -0.1084 1.33877 0.00204 35.88 0.5763 0.97362 -0.9346 1.39471 0.00669 27.42
0.0201 1.00084 -0.1553 1.34064 0.00209 31.94 0.7036 0.96747 -0.7977 1.39625 0.00509 27.13
0.0299 1.00179 -0.2170 1.34506 0.00388 29.24 0.8019 0.96235 -0.5775 1.39667 0.00360 26.90
0.0480 1.00161 -0.2932 1.35064 0.00508 28.48 0.9189 0.95718 -0.2946 1.39654 0.00163 26.51

π ) π0(1 +
a(1 - x)

1 - b(1 - x))x (6)

Table 3. Coefficients of Equation 3 and Standard Deviations (s)

A0 A1 A2 A3 A4 s

Formic Acid+ Water
∆nφ 0.0817 -0.231 0.321 -0.138 14‚10-5

V E -3.82 6.16 -3.93 0.0071

Acetic Acid + Water
∆nφ 0.1712 -0.2743 0.1527 12‚10-5

V E 0.708 -30.96 55.9 -31.8 0.015

Propionic Acid+ Water
∆nφ 0.166 -0.117 -0.566 1.059 -0.525 14‚10-5

V E -4.62 -10.9 29.7 -19.8 0.022

Butyric Acid + Water
∆nφ 0.1935 -0.522 0.572 -0.226 25‚10-5

V E -13.69 56.1 -122.8 120.3 -43.8 0.011
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and the bulk,φB
S andφB, respectively:

where the parameterâ ) (φB
S/φB)/(φA

S/φA) is a measure of the
lyophobicity of B relative to A. The second ingredient of the
EL model is a mixing rule with a Margules-type term:

whereσA andσB are the surface tensions of the pure components
A and B,π0 is the positive difference between them (A is the
component of higher surface tension), andλ is a parameter that
represents the effect of unlike-pair interactions on the surface
tension of the mixture and is zero when this effect is negligible.
From eq 8 the surface pressureπ can be written as

whereR ) λ + 1; and substituting forφB
S andφA

S() 1 - φB
S)

from eq 7 yields

Table 5 shows the values of parametersR and â obtained
after adjusting the experimental values of surface tension to the
above equation. For all the systems of this series except for the

one containing butyric acid,R ) 1 (or λ ) 0) andâ > 1, which
implies that the heteromolecular interactions do not affect
significantly the surface tension of the solution. A value ofâ
> 1 indicates that the concentration of the acid is higher at the
surface, in regard to the bulk concentration. The value of the

Figure 1. Plot of ∆nφ (eq 1) at 298.15 K for{(x) carboxylic acid+ (1 -
x) water} mixtures: O, formic acid;0, acetic acid;4, propionic acid;],
butyric acid.

Figure 2. Plot of∆(V/R) calculated by using eq 5 for the analyzed mixtures.

φB
S ) âφB/(1 - φB + âφB) (7)

σ ) φA
SσA + φB

SσB - λφA
S

φB
Sπ0 (8)

π ) π0
φB

S(RφA
S + φB

S) (9)

π ) π0â[â + R(φA/φB)]/[â + (φA/φB)]2 (10)

Figure 3. Plot of excess molar volumes,V E (eq 2), at 298.15 K for{(x)
carboxylic acid+ (1 - x) water} mixtures: O, formic acid;0, acetic acid;
4, propionic acid;], butyric acid.

Figure 4. Surface pressuresπ at 298.15 K for{(x) carboxylic acid+ (1
- x) water} mixtures: O, formic acid;0, acetic acid;4, propionic acid;
], butyric acid; black lines, calculated by using eq 6; gray lines, curves
obtained with the Extended Langmuir model, eq 10.

Figure 5. Plot atx ) 0.5 of surface tension,σ, against the C-atom number
of the carboxylic acid:O, this work;], ref 9;0, ref 21 (303.15 K);4, ref
19; 2, ref 22 (293.15 K);×, ref 20.
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parameterâ increases as the hydrocarbon chain of the acid
increases. For the mixture{butyric acid+ water}, λ is clearly
> 0 andâ > 1. This means that the interactions in the mixtures
decrease theσ value and that the compound prevalently adsorbed
is the acid. In Figure 4 the fitting curves corresponding to the
systems{formic or butyric acid+ water} are included as an
example of the ability of the EL model to describe the surface
tension behavior.
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Table 4. Values of the Parametersa and b Obtained by Fitting
Equation 6 to Surface Pressure Data and Standard Deviationss

a b s

formic acid+ water 0.606 0.922 0.42
acetic acid+ water 0.760 0.963 0.43
propionic acid+ water 0.873 0.9878 0.38
butyric acid+ water 0.998 0.9958 1.04

Table 5. Values of the Parametersr and â Obtained by Fitting
Equation 10 to Surface Pressure Data and Standard Deviationss

R â s

formic acid+ water 1 2.62 1.36
acetic acid+ water 1 4.73 1.96
propionic acid+ water 1 14.00 1.83
butyric acid+ water 1.74 22.50 0.80
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