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Thermodynamics of Acrylic Ester—Organic Solvent
Mixtures. V. Viscosities and Excess Viscosities

of Alkyl Acrylates—1-Alcohol Binary Mixtures

at 298.15 and 308.15 K

N. V. Sastry'> and M. K. Valand'
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The viscosities for 12 binary mixtures of methyl acrylate (MA), ethyl acrylate
(EA), and butyl acrylate (BA)-I-heptanol, -l-octanol, -l-decanol, and
-1-dodecanol were measured at 298.15 and 308.15 K. The excess viscosities were
calculated from the results. The typical variations in the viscosities and excess
viscosities of the mixtures as a function of ester mole fractions were explained
in terms of structure-breaking dispersion and ester-ester-like interactions.
The viscosities can be reasonably correlated in terms of Grunberg-Nissan,
McAllister, and Auslander equations.

KEY WORDS: acrylic esters: 1-alcohols, viscosity; excess viscosity.

1. INTRODUCTION

Acrylic esters are important industrial chemicals and are used primarily as
precursors in the production of technically important specialty polymers.
The production of acrylic esters from lower to higher alkyl homologues is
done by either direct esterification with the corresponding alcohol or trans-
esterification reaction in an inert solvent medium. Thus the measurements
involving the changes in the various physical properties upon mixing
acrylic esters with alcohols or alkanes and all three components together
provide valuable information for the optimization of various process
parameters for the efficient design of reactors for the transesterification
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process. In addition, the derived excess properties and their dependence on
the composition of ester species help in understanding the molecular inter-
actions between the binary acrylic ester-alcohol or acrylic ester-alkane and
ternary acrylic ester—alcohol-alkane mixtures.

A literature survey of thermodynamic studies involving liquid mixtures
containing acrylic esters as one of the components revealed that only a few
measurements on excess enthalpies and volumes have been reported for
methyl methacrylate—ethanol or —propanol [ 1] and methyl methacrylate—
alkanes [2-4]. Data on the viscosity of liquid mixtures containing either
acrylic esters or aliphatic esters as one of the components are scarce. This
prompted us to embark on a research program involving extensive
measurements of volumetric, transport, acoustic, and dielectric properties
of binary, as well as of ternary mixtures, involving combinations of
acrylic ester, alcohol, and aliphatic or aromatic hydrocarbons. In previous
papers the densities, speeds of sound, excess volumes, and isentropic com-
pressibilities [ 5-7], viscosity functions [ 8, 9], and dielectric functions { 10]
involving binary mixtures of alkyl methacrylates (methyl, ethyl, or butyl)-
l1-alcohols or —alkanes have been reported. The results presented in this
paper are part of our effort to create an extensive database for various
physical properties of the above mixtures and use them for understanding
the complex molecular interactions and also for developing the group
contribution parameters for a quantitative prediction of such properties.
The dynamic viscosities of the methyl, ethyl, and butyl acrylate-1-heptanol,
—l-octanol, -1-decanol, and -1-dodecanol were measured at 298.15 and
308.15 K. The excess viscosities were computed from the data. An attempt
is also made to give a qualitative interpretation of the dependence of the
excess viscosity on the alkyl chain length of both components.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

Methyl acrylate was obtained from Aldrich, while ethyl acrylate and
butyl acrylate of purum grade were obtained from Fluka. The purity of
these chemicals is stated to be more than 99% on a mole basis and they
were used as such without any further treatment. The acrylic esters were,
however, stabilized with about 0.002% hydroquinone monomethyl ether.
The l-alcohols were the same as used in our earlier work [11]. A com-
parison of our measured densities and viscosities of the pure components
with the literature values as presented in Table I shows a good agreement
of our data with the literature values.
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2.2. Methods

The binary mixtures were prepared in stoppered glass vials on a mass
basis with an estimated mole fraction precision of +0.0001 U. The mixing
of the components was done in hermetically scaled glass vials to prevent
any evaporation losses during solution preparation.

Dynamic viscosities, #, were measured with Ubbelhode-type visco-
meters. The viscometers were calibrated with triple-distilled water and cyclo-
hexane for estimating the calibration constants 4 and B at both temperatures
by solving simultaneous equations of the form

n=p[At—(B/1)] (1)

where # is the dynamic viscosity in mPa -s, p is the density in g-cm ~* and
t is the flow time in s. The densities of the pure components as well as those
of the mixtures were determined with the aid of a precalibrated bicapillary
pyknometer. The flow times were measured with a stopwatch capable of
registering the time with a precision of +0.1 s. The measured densities
and viscosities are accurate to +0.0001 and +0.001 U, respectively. The
following density and viscosity data for triple-distilled water ( p,; =0.9970,
p1:=0.9940 g-cm ~*; 7,s =0.8937, n,5=0.7225) and cyclohexane ( p.s=0.7737,
P =0.7640 g.cm *; 5.5 =0.8876, 7,5 =0.7546 mPa.s) were employed.
The pyknometer and viscometer were placed vertically in a thermostated
water bath maintained at the measuring temperature with an overall preci-
sion of +0.01°C.

3. RESULTS AND DISCUSSION

The experimental data for the densities and viscosities at 298.15 and
308.15 K for all the binary mixtures are presented in Tables II and III,
respectively. The dependence of the mixture viscosities on the ester mole
fraction is also shown graphically in Fig. 1. It is interesting to note from the
figure that there are three distinct regions in all the curves. In the first
region, the viscosities were observed to decrease sharply (up to x, = 0.3),
followed by a continuous decrease (second region). The third region is
characterized by very close values (above x, ~0.8). Large variations in the
viscosities were observed for a given ester with the increase in the carbon-
chain length of alcohols from 1-heptanol to 1-dodecanol in the initial ester
mole fraction range. The mixture viscosities in the higher ester mole frac-
tion range were, however, found to be very close to each other and they
were almost independent of the chain length of the 1-alcohols for a given
ester.
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Fig. 1. Dependence of the viscosity of the binary
mixtures on the acrylic ester mole fraction at 298.15 K: (a)
methyt acrylate-, (b} cthyl acrylate~. and (¢} butyl
acrylate-{ +) I-heptanol, (M) l-octanol. (@) l-decanol,
and { &) 1-dodecanol.
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The observed large dilution of the l-alcohol viscosities in the initial
additions of the acrylic esters suggests the dominance of structure-breaking
dispersion interactions. However, at high ester mole fractions ester—ester-
like interactions seem to be more predominant over ester -I-alcohol disper-
sion interactions as indicated by the lower viscosities as described above.
To gain further insight into these interesting changes in the mixture
viscosities, the excess viscosities, n" were evaluated as

’II{=’7mix_(xI’7l +'\‘2’72) (2)

where 7, is the mixture viscosity, and x, and 7, are the mole fractions and
viscosities of ester (1) and l-alcohol (2) components, respectively. The "
data at 298.15 and 308.15 K for all the mixtures are presented in Table IV.
The excess viscosities are also represented mathematically by an equation
of the form

i =x,(1—x)) i a,(2x,—1) (3)

i=0

where x, is the ester mole fraction and g, a coefficient. The values of the
coefficients, «,, were estimated by a multiple regression analysis based on
the method of least squares and are summarized in Table V along with the
standard deviations o.

A graphical comparison of the dependence of #" on the ester mole
fraction for methyl, ethyl, and butyl acrylate-1-alcohols is shown in Fig. 2.
It can be seen that the »" values for all the mixtures were negative over the
entire ester mole fraction range. A steep decrease in the excess viscosities
was noted in the initial ester mole fractions. The decrease in the ester-rich
regions was gradual, however, the curves were skewed toward ester mole
fractions of about x, x0.3-04. The latter range is denoted the second
region in Fig. 1. A further striking feature in Fig. 2 is that the »" value for
a given l-alcohol was found to show very little variation with the ester
alkyl chain length from methyl to butyl acrylate. The »" values were found
to become more negative with an increase in the carbon-chain length of
1-alcohol for any given ester mixture. Large negative values were noted for
ester—1-dodecanol mixtures at both temperatures. A comparison of our pre-
viously measured 5" data at 303.15 K for methyl methacrylate-1-alcohol
(methanol to 1-hexanol) mixtures [8] reveals that the magnitude of the
present #" values for MA-higher 1-aicohols is more negative than that of
similar data for lower l-alcohols. A rise in temperature was found to
reduce the magnitude of #" in all mixtures. However, the trend in the 7" —
vs — X, curves appears to be same at 298.15 and 308.15 K.
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Table V. Coeflicients, «,;. and Standard Deviation, a. for Representation of the Excess
Viscosities of Ester + t-Alcohols at 298.15 and 308.15 K

298.15K 308.15K
dy y as a ay a, s G

MA +

i-Heptanol —7.1537 50418 —3.1425 0.002 —4.9237 31662 1.8477 0.002

1-Octanol —9.2349 52184 24744 0.002 —6.2044 26680 —0.5492 0.002

1-Decanol — 153842 113541  -7.0676 0.002 —9.9650 6.2464 —3.0839 0.002

1-Dodecanol —222701 103430 —1.7785 0.002 — 147942 62549 —0.2459 0.001
EA +

1-Heptanol —7.5624 437566 —1.3851 0.001 —4.9353 34336 —2.1825 0.001

1-Octanol —9.6494  7.3467 —4.0859 0.001 —6.4380 38669 —1.5778 0.001

I-Decanol — 159742 10.6561  —5.3041 0.001 —10.2540 65117 —3.2563 0.001

1-Dodecanol —21.3541 146507 —8.2470 0.00! — 142118 103640 —6.4914 0.001
BA +

1-Heptanol —6.4973 59573 —4.6403 0.001 —4.4330 37120 —3.2841 0.00!

1-Octanol —9.1286 69272 —3.7273 0.003 —6.1887 37138 —1.6037 0.001

1-Decanol —15.0664 12.0935 —8.0038 0.001 ~-9.7053 66885 —4.0185 0.001

1-Dodecanol —20.3336 12,6673 —6.3382 9.001 —-137169 8.7673 —45284 0.001

The observed large negative 5" values in general indicate a high dilu-
tion of 1-alcohol viscosities in the presence of the ester species as already
noted in Fig. 1. The decrease in viscosity values can be ascribed to the
breaking-up of 1-alcohol associates by unlike ester molecules. This type of
interaction seems to be dominant when the share of ester in the mixture is
small. In the ester-rich mixtures dispersion interactions are expected to be
replaced by ester—ester-like interactions as indicated by the closeness of the
viscosity values in Fig. 1 and by the gradual decrease in the n" values in
Fig. 2 in this range.

3.1. Correlation of Mixture Viscosities

The estimation of mixture viscosities by semiempirical approaches is of
great industrial utility. The viscosities of binary liquid mixtures are often
represented by equations of the form

Inp=xInnp +x,Inn,4+x,X,G> (4)
In 7o = X7 In 7, + 3x3x5(In M5) +3x,x3(In M)
+x3In 72 4 33, In((G+ Mo /3M ) + 3x,53 In((5 +2M,/3M )
+x3In(M,/M,)—In(x, +(x; M2)/M)) (5)

840 18 6.5
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and
XX+ B X o) i — 1) + A2 Xo( By Xy 4+ X ) ix —12) =0 (6)

Equations (4)-(6) are known as Grunberg-Nissan, McAllister, and
Auslander equations, respectively. the x, terms are the mole fractions, #,,
is the mixture viscosity, and #; is the viscosity of pure ester (1) and of
lI-alcohol (2). The terms G,», M., M,,. A-,. B>, and B,, are adjustable
parameters representing the binary interactions and were determined by
experimental fits of the viscosities through a nonlinear regression analysis
using Marquardt algorithm. The values of the parameters along with the
standard deviations, o, between the experimental and the correlated
viscosities are given in Table VI. The estimated smaller ¢ values indicate
that the present mixture viscosities can be correlated by all three equations
equally well.

4. CONCLUSIONS

Structure-breaking dispersion interactions are dominant in the initial
ester mole fraction range for acrylic ester-1-alcohol binary mixtures.
However, the forces between like molecules seem to be more pronounced
than between unlike molecules in the ester-rich regions. The balance of
these two forces is expected to be dominant in the intermediate mole
fraction range. The acrylic ester-l-alcohol mixture viscosities can be
reasonably well represented by the Grunberg-Nissan, McAllister, and
Auslander equations.
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