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Measurements of the densities, viscosities, and sound speeds at T=298.15 and
308.15 K for the binary mixtures of methyl methacrylate+propan-2-ol, +2-
methylpropan-1-ol, +butan-2-ol, and +2-methylpropan-2-ol are made over the
complete composition range. From the measured data, excess isentropic
compressibilities have been calculated. The mixture viscosities have been
correlated by the Grunberg–Nissan, McAllister, and Auslander equations, while
the sound speed in binary mixtures has been analyzed using free length and
collision factor theories, and Junjie and Nomoto equations. The excess isentro-
pic compressibilities, oE

s are fitted to a third degree polynomial equation. The
qualitative analysis of oE

s have been made in terms of bulk molecular interac-
tions. The conclusions drawn were supplemented by examining the variation of
relative association and solvation numbers over the complete composition
range.

KEY WORDS: binary mixtures; butan-2-ol; densities; excess isentropic
compressibilities; 2-methylpropan-1-ol; 2-methylpropan-2-ol; methyl methacryl-
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1. INTRODUCTION

Acrylic esters and alcohols are used together in trans-esterification reac-
tions to convert lower alkyl chain esters to their higher homologues. Thus,



when an acrylic ester of general formula, H2C:CHCOORŒ or H2C:
CRCOORŒ is reacted with Rœ-OH (where Rœ=simple alkyl, or branched
alkyl or alkoxy moiety, etc), the RŒ in the esters is replaced by Rœ of
alcohol. A knowledge of the thermodynamic, transport, acoustic, and
dielectric properties of binary mixtures of acrylic esters with alcohol species
is important in understanding the mixing process. The results from such
studies could have utility for the efficient design of trans-esterification
reactions on an industrial scale. In spite of their fundamental and industrial
importance, binary mixtures of acrylic esters+alcohols have been so far
studied to a limited extent. This is in stark contrast to the numerous litera-
ture reported investigations on various thermophysical properties of
alkylalkanoates+alcohols [1–3].

Therefore, we have undertaken a research program, which involves
systematic measurements of the thermodynamic, transport, acoustic, and
dielectric properties of binary and ternary mixtures consisting of acrylic
esters, alcohols, and hydrocarbons. The present paper reports measure-
ments of the density, r, viscosity, g, and sound speeds, u, for the binary
mixtures of methyl methacrylate (MMA)+propan-2-ol, +2-methylpropan-
1-ol, +butan-2-ol, and +2-methylpropan-2-ol over the entire composition
range at T=298.15 and 308.15 K. This study thus continues our ongoing
research work on acrylic esters+alcohols [4–7]. The mixture viscosities
were also correlated by semiempirical approaches. The sound speed in the
binary mixtures was analyzed using free length and collision factor
theories, and Junjie and Nomoto equations. The excess isentropic
compressibilities, oE

s , were calculated using the experimental results of u
and r at T=298.15 and 308.15 K.

2. EXPERIMENTAL

2.1. Materials

The methyl methacrylate was a purum grade chemical from Fluka. It
was stabilized with a 2.5 × 10−5 mass fraction of hydroquinone monomethyl
ether and used as such. Propan-2-ol, 2-methylpropan-1-ol, and 2-methyl-
propan-2-ol were locally acquired analytical reagent grade chemicals.
Propan-2-ol was further purified by drying it with calcium chloride, then
with barium oxide, and finally by three careful fractional distillations.
2-Methylpropan-1-ol and 2-methylpropan-2-ol were fractionally distilled
repeatedly, and the final fraction at their respective boiling points was
collected. Butan-2-ol was obtained from Koch-Light and used as such
without further purification. GLC analysis indicated a mole percentage
purity of 99.8, 99.6, 99.6, 99.5, and 99.8 for MMA, propan-2-ol,
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2-methylpropan-1-ol, butan-2-ol, and 2-methylpropan-2-ol, respectively.
Experimental results for the density, viscosity, and sound speed of the pure
liquids at T=298.15 and 308.15 K are compared with published data, and
such a comparison is presented in Table I.

2.2. Methods

The binary mixtures were prepared by mixing the pure components in
hermetically sealed glass vials. A set of eleven compositions was prepared
for each system. The pure components were degassed by double distillation
just before mixing. The various physical properties of the prepared mix-
tures were measured on the same day. The mixtures were prepared gravi-
metrically with mass measurements to an uncertainty of ± 0.01 mg using a
single pan balance (Dhona 100 DS, India). The reproducibility in mole
fractions was within ± 0.0001 units. Densities of pure liquids and their
mixtures were measured with a high precision vibrating-tube digital density
meter (Anton Paar DMA 5000). The instrument has a built-in thermostat
for maintaining desired temperatures in the range of 0 to 90°C. The tem-
perature of the measuring cell is displayed with three digits after decimal.
The repeatability of the temperature has been found to be ± 0.003 K and
± 0.002 K for a given session and two different sessions, respectively. The
uncertainty in temperature during the measurements, however, is ± 0.01 °C
since Pt 100 W sensors were used. The instrument was calibrated with air
and freshly degassed double distilled water at T=293.15, 313.15, and
333.15 K. The measured densities have an estimated uncertainty better than
± 5 × 10−6 g · cm−3 even though the instrument allows a sixth digit (after
decimal point) display. The viscosity, g of pure liquids and liquid mixtures
were determined using a Ubbelohde suspended-level viscometer [8]. The
viscometer was suspended in a thermostatted water bath maintained to
± 0.01°C. Four sets of readings for the flow times were taken using a Racer
stopwatch that can register time to ± 0.1 s, and the arithmetic mean was
taken for the calculation of the viscosity. The estimated uncertainty and
precision in viscosity measurements were found to be ± 0.002 and
± 0.001 mPa · s, respectively. The sound speeds, u, at 2 MHz were measured
using a multifrequency ultrasonic interferometer (Mittal Enterprises, New
Delhi, India, Model M-82). The temperature within the measuring cell was
maintained to 0.01°C by circulating water through the input and output
jacket chutes. The reproducibility in the measured sound speeds (as
estimated from repeated measurements on the same liquid (or mixture))
was better than ± 0.8 m · s−1. However, the uncertainty (as estimated from
the mean deviations of our experimental values with the reported literature
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data for the pure components as given in Table I) in the u values has been
found to be ± 0.9%.

3. RESULTS AND DISCUSSION

The results of measured densities, r, viscosities, g, and sound speeds,
u, of the four binary mixtures at T=298.15 and 308.15 K are given in
Table II. The mixture viscosities are also plotted as a function of MMA
mole fraction in Parts a and b of Fig. 1. The mixture viscosities were also
correlated by the Grunberg–Nissan [9] equation:

ln g12=x1 ln g1+x2 ln g2+x1x2G12, (1)

the McAllister [10] equation:

ln n12=x3
1 ln n1+3x2

1x2 ln M12+3x1x2
2 ln M21+x3

2 ln n2 − ln 1x1+
x2M2

M1

2

+3x2
1x2 ln 12

3
+

M2

3M1

2+3x1x2
2 ln 11

3
+

2M2

3M1

2+x3
2 ln 1M2

M1

2 , (2)

and the Auslander [11] equation:

x1(x1+B12x2)(g12 − g1)+A21x2(B21x1+x2)(g12 − g2)=0 (3)

The terms gi, ni, xi, and Mi represent the dynamic viscosity, kinematic vis-
cosity, mole fraction, and molar mass of the ith component (i=1 for
MMA and i=2 for branched alcohols), and mixtures are denoted by a
subscript 12. The terms G12, M12, M21, B12, A21, and B21 are treated as
adjustable parameters, and their values have been determined from the fits
of experimental data using a nonlinear regression analysis based on the
Marquardt algorithm. These equations are particularly selected because the
characteristic constant parameter G12 of Eq. (1) allows for positive and
negative deviations from the additivity rule, Eq. (2) is based on the Eyring
theory of absolute reaction rates with a three-body model, and Eq. (3)
involves three parameters. Table III summarizes the results of analysis. A
perusal of the standard deviation s values from columns 3, 6, and 10
reveals that both the Grunberg–Nissan and McAllister equations can be
used to fit mixture viscosities to within 0.001 mPa · s while the Auslander
equation reproduces viscosity ratios to a maximum uncertainty of
0.003 mPa · s. The Grunberg–Nissan correlated dynamic viscosities are also
shown along with the experimental values in Fig. 1.
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Fig. 1. Variation of experimental viscosities with ester mole fraction for
MMA+branched alcohols at (a) T=298.15 K and (b) T=308.15 K, MMA
(G)+propan-2-ol; (I)+2-methylpropan-1-ol, (N)+butan-2-ol, and (©)+2-
methylpropan-2-ol, ( · · · · · · ), Grunberg–Nissan equation correlated values.
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Table III. Adjustable Parameters and Standard Deviations (s) for the Correlation of
Mixture Viscosities of MMA (1)+Branched Alcohols (2) at T=298.15 and 308.15 K

G12 s M12 M21 s A21 B21 B12 s

298.15 K
MMA+

Propan-2-ol −1.801 0.001 0.545 0.878 0.001 0.360 −0.440 1.540 0.003
2-Methylpropan-1-ol −1.945 0.001 0.613 1.155 0.001 0.211 0.004 0.948 0.003
Butan-2-ol −2.229 0.001 0.543 0.998 0.001 0.244 −0.303 1.182 0.002
2-Methylpropan-2-ol −2.462 0.001 0.571 1.201 0.001 0.164 −0.112 0.853 0.002

308.15 K
MMA+

Propan-2-ol −1.603 0.001 0.482 0.751 0.001 0.401 −0.386 1.623 0.003
2-Methylpropan-1-ol −1.624 0.001 0.558 1.004 0.001 0.261 0.097 1.059 0.002
Butan-2-ol −2.281 0.001 0.456 0.830 0.001 0.243 −0.345 1.195 0.002
2-Methylpropan-2-ol −1.971 0.001 0.507 0.936 0.001 0.243 −0.126 1.090 0.002

The sound speeds in the binary liquid mixtures were calculated from
free length theory (FLT) [12], collision factor theory (CFT) [13], as well
as using the Junjie [14] and Nomoto [15] equations. The basic parameters
needed for the prediction of the sound speed, viz., the molar volume, VT;
the molar volume at absolute zero, V0; the available volume, Va; the free
length, Lf; the surface factor, Y; the collision factor, S; the actual volume,
Bi; and the molecular radius, rj, etc., were calculated by using the relations
described in the above references. The free length, Lf, was calculated from
the relation, Lf=2Va/Y, where Va is the available volume, i.e., Va=VT − V0

and Y is the internal surface area of all the molecules per mole. Y was
evaluated from the relation, Y=(36pNV2

0)1/3. The collision factor, Si was
calculated as Si=uVT/(Biua), where u is the experimental sound speed of
the respective pure components and ua=1600 m · s−1. The molecular
radius, rj, was calculated from the expression due to Schaaffs [16];
rj=a[1 − b{(1+1/3b)

1
2 − 1}]1/3 where a=(3VT/(16pN))1/3 and b=

(cRT/(Mu2)); and c, R, and M stand for the heat capacity ratio, Cp/Cv,
the gas constant, and the molar mass of a pure component, respectively.
The actual volume for a mole of a pure compound, Bi, was calculated as
Bi=4p/(3r3

j NA) [17], where NA is Avogadro’s number. These parameters
for the pure components at T=298.15 and 308.15 K are given in Table IV.
A representative plot to show comparisons between experimental and cal-
culated sound speeds as a function of MMA mole fraction for MMA+
propan-2-ol mixtures is displayed in Parts a (T=298.15 K) and b
(T=308.15 K) of Fig. 2. It can be seen from the figure that the trend in the
variation of the sound speed as predicted by CFT and the Nomoto
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Fig. 2. Variation of sound speed with ester mole fraction for binary mix-
tures of MMA+propan-2-ol at (a) T=298.15 K and (b) T=308.15 K, (N)
experimental, (+) FLT, (f) CFT, (G) Junjie, and (J) Nomoto.

1098 Sastry and George



equation is consistent with the experimental results. In general, for all four
mixtures, the standard deviations, s (in %) between experimental values
and CFT and the Nomoto equation calculated sound speeds are found to
lie in the 0.1 to 0.7% range. The FLT and Junjie equation fail to predict
not only the trend in u versus x1 variations, but also the calculated values
deviate from the experimental results by 2.5 to 7.9% (FLT) and by 8.1 to
9.5% (Junjie equation).

The excess isentropic compresssibility, oE
s in binary mixtures has been

calculated using the relation,

oE
s =os.12 − o id

s (4)

where os.12 is the isentropic compressibility of the mixture. o id
s was cal-

culated from the relation [18],

o id
s = C

2

i=1
fi[os.i+TVi(a2

i )/Cp.i] −3T 1 C
2

i=1
x iVi

21 C
2

i=1
fiai

22;C
2

i=1
xiCp.i

4 (5)

fi is the ideal state volume fraction and is defined by the relation,

fi=xiVi
;1 C

2

i=1
xiVi

2 (5a)

ai and Vi are the isobaric thermal expansion coefficients and molar volumes
of the pure components. The ai for each of the pure components was cal-
culated from the densities measured over a wide temperature range. The
molar heat capacities, Cp.i, for the pure components were taken from the
literature [19–21].

The compositional dependence of oE
s was mathematically represented

by an equation of the type,

oE
s /(TPa)−1=x1(1 − x1) C

j=2

j=o
aj(2x1 − 1) j − 1 (6)

where x1 is the MMA mole fraction and aj’s are the coefficients. The values
of the coefficients, aj, were estimated by multiple regression analysis based
on a least-squares method. The standard deviation, s, between the fitted
values and the values determined from experimental results were calculated
as

s=5; (oEexp
s − oEfitt

s )2

n − p
61/2

(7)
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Table V. Values of Coefficients of Eq. (6) and the Standard Deviations (s) for Mathemati-
cal Representation of Excess Isentropic Compressibilities (oE

s ) (in TPa−1) of the Binary Mix-
tures of MMA (1)+Branched Alcohols (2) at T=298.15 and 308.15 K

a0 a1 a2 s a0 a1 a2 s

298.15 K 308.15 K
MMA+

Propan-2-ol KE
s −49.9 31.2 −1.6 0.1 −33.0 63.2 −5.6 0.1

2-Methylpropan-1-ol KE
s −31.1 3.5 −3.4 0.1 −27.0 11.6 23.8 0.1

Butan-2-ol KE
s 17.1 −55.2 9.6 0.1 43.0 −26.5 4.4 0.1

2-Methylpropan-2-ol KE
s −7.9 1.0 −12.7 0.1 −21.1 1.5 2.5 0.1

where n is the number of experimental points and p is the number of coef-
ficients. The values of the parameters along with the standard deviations
are presented in Table V.

The variation of excess isentropic compressibilites as a function of
MMA mole fraction is shown in Fig. 3. The oE

s values are negative over the
entire composition range for MMA+2-methylpropan-1-ol and MMA+2-
methylpropan-2-ol mixtures at T=298.15 and 308.15 K. The curves for
MMA+propan-2-ol are characterized mostly by large negative values
except for a few positive points in ester-rich regions at 308.15 K. In con-
trast, the trend in the curves for MMA+butan-2-ol show large positive oE

s

values at T=308.15 K and positive regions followed by a negative dip (in
the ester rich region) at T=298.15 K. The observed positive and less nega-
tive oE

s values for MMA+butan-2-ol and MMA+2-methylpropan-2-ol
mixtures indicate the predominance of structure disruption upon mixing.
However, the observed negative oE

s values in MMA+propan-2-ol and +2-
methylpropan-1-ol indicate that structure-making interactions are also
present in addition to structure disruptions in these mixtures.

To gain further insight into the nature of the interactions, the acoustic
parameters, namely, the relative association, R.A. [22], and solvation
number, Sn [23], were calculated by using the relations,

R.A.=(L −

f/Lf)3 (10)

and

Sn=
n1

n2

11 −
oS.12

oS.1

2 (11)
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Fig. 3. Variation of excess isentropic compressibilities with ester mole fraction for
ester+branched alcohols at T=298.15 K, MMA (G)+propan-2-ol, (i)+2-methyl-
propan-1-ol, (J)+butan-2-ol, and (+)+2-methylpropan-2-ol; at T=308.15 K, (©)
+propan-2-ol, (I)+2-methylpropan-1-ol, (a)+butan-2-ol, and (N)+2-methyl-
propan-2-ol.

where L −

f is the free length calculated from the relation, log Lf=
(log os − log k)/p, log k and p are temperature dependent constants [12],
and their values in cgs units are 7.274, 2.106 and 7.629, 2.148 at T=298.15
and 308.15 K, respectively. n1 and n2 are the number of moles of the
respective components. Parts a and b of Fig. 4 present a graphical repre-
sentation of the variation of R.A. and Sn as a function of the MMA mole
fraction for all four binary mixtures. It can be seen from Part a of Fig. 4
that R.A. values for pure alcohols are larger than those for pure MMA. An
R.A. value of close to 1.00 is expected for a simple nonassociating liquid,
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Fig. 4. Variation of (a) relative association and (b) solvation number with
ester mole fraction for MMA+branched alcohols at T=298.15 and
308.15 K, legends same as Fig. 3.
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i.e., MMA in the present case. The R.A. values over the composition range
of this study for all four binary mixtures and at both temperatures of
298.15 and 308.15 K showed the following order,

2-methylpropan-1-ol > propan-2-ol > butan-2-ol > 2-methylpropan-2-ol

Furthermore, the trend in R.A. values with ester composition has been
found to be complex and rectilinear. The values for propan-2-ol and
2-methylpropan-2-ol containing mixtures, show a continuous decrease with
an increase in the ester mole fraction over the whole composition range and
at both temperatures. But, in MMA+butan-2-ol mixtures, the R.A. values
show a decreasing trend up to x1=0.55 and, thereafter, remained constant
at both temperatures. The same trend was also observed in MMA+2-
methylpropan-2-ol mixtures at T=308.15 K. The R.A. values for the
MMA+2-methylpropan-2-ol system at T=298.15 K, however, show a
decreasing trend up to x1=0.55, then remained constant up to x1=0.75,
and increased again in the ester-rich region. The initial rapid decrease in
R.A. values for MMA+propan-2-ol and +2-methylpropan-1-ol mixtures
at both temperatures confirms that disruptions in the associate structures
of branched alcohols are predominant at MMA-deficient compositions.
The larger R.A. values in MMA+2-methylpropan-1-ol and MMA+
propan-2-ol relative to the other two mixtures suggest that structure
disruptions are relatively weak in the former. This is consistent with the
fact that oE

s values are negative in these mixtures.
The Sn values as shown in part b of Fig. 4 are all negative over the

complete composition range for all mixtures. The Sn values show a steep
decrease up to x1 % 0.25 to 0.30 for all mixtures at both temperatures. The
values further decrease steeply for 2-methylpropan-2-ol and propan-2-ol
containing mixtures at T=298.15 and 308.15 K. The values become less
steep for MMA+butan-2-ol and +2-methylpropan-1-ol mixtures at T=
308.15 K and for MMA+2-methylpropan-1-ol mixtures at T=298.15 K.
However, for the system MMA+butan-2-ol, Sn values remain almost con-
stant beyond x1=0.75.
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