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DENSITY AND VOLUME PROPERTIES 
OF THE 2-METHOXYETHANOL + 

1,2-DIMETHOXYETHANE + WATER 
TERNARY SOLVENT SYSTEM 
AT VARIOUS TEMPERATURES 

MARINA COCCHI, ANDREA MARCHETTI, LAURA PIGANI, 
LORENZO TAW*,  ALESSANDRO ULRICI, 
GIULIA VACCARI and CHIARA ZANARDI 

Department of Chemistry, University of Modena, via G .  Campi, 183, 
41100 Modena, Italy 

(Received 10 October 1999) 

Densities (p) of the ternary mixtures 2-methoxyethanol+ 1 ,Zdimethoxyethane + water 
have been measured at 19 temperatures in the range -263.155 T/K<353.15. The 
experimental data were processed by empirical relations accounting for the dependence 
of p on temperature and ternary composition expressed as mole fraction of the compo- 
nents (0 5 xi 5 1). All checked equations seem to be suitable for correlation purposes, 
in order to obtain interpolated values in correspondence to experimental data gaps. 
Furthermore, the excess molar volume ( V E )  has been investigated to make evident the 
possibility of forming stable solventcosolvent adducts. The excess property has been 
interpreted on the basis of specific intermolecular interactions between the components. 

Keywordr: Density; Ternary mixtures; 2-methoxyethanol; Water 

1. INTRODUCTION 

In our efforts to establish some meaningful procedures for analysing 
and interpreting the temperature and composition dependence of 
volumetric properties of multicomponent hydroorganic liquids, our 

'Corresponding author. 
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152 M. COCCHI ef al. 

interest has focused on examining a number of binary [l -31 and 
ternary aquo-mixed solvent systems [4]. 

Though we have been in the past primarily interested in electro- 
analytical and conductometric studies of electrolytic solutes in binary 
mixtures of associated (structured) liquids [5,6], we could more re- 
cently realise the necessity of starting with further investigations about 
thermophysical properties of such mixed solvents, whose knowledge 
is essential for many applications in different research areas. We 
paid hence attention to elaboration and application of procedures 
that can be used to extract, from the dependence on composition of 
macroscopic properties of mixed solvents, information as about the 
nature of dynamic and structural characteristics of the homo- and 
for hetero-molecular aggregation patterns and about the structural 
organisation within hydro-organic mixtures. 

The solvent system chosen for the present study consists of 2- 
methoxyethanol (ME, component 1) + 1 ,Zdimethoxyethane (DME, 
2) +water (W, 3); densities were accurately measured at 19 differ- 
ent temperatures in the 263.15 5 T/K 5 353.15 range, employing 12 
three-component mixtures covering the whole miscibility [0 5 
xi  5 I(i= 1,2,3)]. To complete this study, we have re-analysed the 
whole of the previously published data on {ME(l)+DME(2)} [I], 
{ME(l) + W(2)) [2] and (DME(1) + W(2)) [3] binary subsystems, 
which were separately investigated in our previous works. 

2. EXPERIMENTAL 

2.1. Materials 

The solvents ME and DME (water content < 0.05% and < 0.10%, 
respectively, as found by Karl - Fischer titration) were high-purity 
grade reagents from Carlo Erba (Milan). ME was purified by passing 
it through a neutral alumina column. DME was further purified by 
double fractional distillation over LiAIH4 to eliminate traces of acids 
and peroxides and to reduce the total amount of water, only retaining 
the middle fraction (b.p. 356.15 K) for the measurements. The purified 
solvents were preserved over 0.3nm type molecular sieves for many 
days before use. The final purity was checked by gas chromatography 
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DENSITIES OF TERNARY MIXTURES 153 

(99.7% mass for both solvents), confirming the absence of other 
organic components to significant amount. The water used for the 
preparation of the mixtures was deionized by a Milli-Q-Plus appa- 
ratus (Millipore) up to a specific conductance 5 0.70 pS cm-' at 
298.15 K. 

2.2. Apparatus and Procedures 

All ternary mixtures were prepared, just before use, by weighting on 
a Mettler PM 480A-range balance, operating in a dry box to avoid 
any contact with the atmospheric moisture. The error in each mole 
fraction xi is estimated to be lower than 1.5 x 

Apparatus, procedures and experimental details for the density 
measurements have been described elsewhere [2]. 

3. RESULTS AND DISCUSSION 

Experimental values of p as a function of temperature and ternary 
composition for 12 new (ME(1) + DME(2) + W(3)} mixtures and the 
three pure species are listed in Table I. Because pure water was used as 
calibrating fluid for the instrumental equipment, the corresponding 
densities were taken from the literature [7,8] and are reported in italic 
characters, for comparison purposes, in the same table. These data 
were fitted at each composition to the polynomial expansion 

The ah adjustment coefficients are listed in Table 11, along with the 
standard deviations a(p)/g.cm-3. The recognition ability of Eq. (1) is 
established on the basis of an average uncertainty Ap% 

- 

- 100 
Ap% = - c I Pexptl - Pcalcd I N 

- 
where N (283) is the number of experimental points (see Tab. I). Ap% 
results equal to f 0.0019 g . cm-3, and the single Ap% values always 
fall within the range 0.0000 5 Ap% 5 0.0029. 
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156 M. COCCHI et al. 

The dependence of isothermal densities on ternary composition has 
been fitted by the relationship 

bm empirical coefficients are summarised in Table 111, together with 
the standard deviation ~ ( p )  at each fitting temperature. Equation (3) 
has been applied for the whole ternary solvent system, taking into 
account also the previously published data on the {ME + DME} [l], 
{ME+ W} [2] and {DME+ W} [3] binary systems. 

Equation (3) recalculates the initial p values within Ap% = 
f 0.0124 g ~ m - ~ ,  and the same uncertainty level is reasonably sup- 
posed to affect also the interpolated data, in the correspondence of 
the experimental data gaps. Obviously, the use of these model equa- 
tions must be avoided in the correspondence of the experimental data 
gaps in the Water-rich region, where phase separation occurs, in order 
to avoid extrapolated values without physical meaning. 

- 

3.1. Excess Molar Volume 

When dealing with completely miscible multicomponent systems, it 
seems very useful to examine how their excess properties depend on 
the composition of the liquid mixtures. Therefore, the densities were 
converted into the excess molar volumes ( VE/cm3 mol-') by applying 
the relationship: 

where Mi are the molar masses (Ml=76.096; M2=90.120; M3= 

18.015g.mol-'), and pi are the densities of the pure species at the 
different temperatures. The calculations performed with Eq. (4) pro- 
vide for V E  values which results, in general, negative under experi- 
mental conditions. 
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The obtained V E  data were smoothed by a least-squares methods by 
using the equation: 

which has been applied to each isothermal set of 42 values, i.e., by 
also taking into account the data previously published [l -31 (3 pure 
species, 27 binaries and 12 ternaries). 

An equation like (5) has been used by Katz et al. [7]. It should be 
noticed that Eq. (5) formally derives from the Redlich-Kister equation, 
generally applied for binary mixtures: 

with the polynomial degree truncated for K = 1 .  This procedure 
permits the evaluation of the V E  values for a ternary solvent system 
mainly as a sum of contributions due to the three binary subsystems: 

the overall ternary mixture effects (6123) being explicitly accounted 
for be c7 term of Eq. (5) alone. The fitting coefficients of Eq. (5) are 
given in Table IV, together with the relevant standard deviations 
u(VE)/cm3 mol-' at each investigated temperature in the 263.15 I 
TIKS353.15 range. 

Equation (5) recalculates the V E  values with an average uncertainty 
@ = f 0.014 cm3 mol-' (all AVE values in the range 0.000 to 0.022) 
over all the 714 input data related the whole set of ternary and binary 
systems together with the pure solvent [l -31. The trend of Eq. (5) is 
shown in Figure 1,  where the V E  quantity is plotted in the ternary 
composition domain {x,, x2, x3} at 298.15 K. 

First of all it should be noticed that the trend of the V E =  VE(xi) 
plots is only slightly sensitive to temperature, so that the plots in the 
figure are well representative of the situation in any experimental 
conditions. 
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FIGURE la Pictorial view of the V E  - composition surface for {ME(l) + DME(2)+ 
W(3)) ternary solvent system at 298.15 K. 

FIGURE 1 b Computer generated contour diagram showing lines of constant V E  on a 
liquid mole fraction grid {ME(]) + DME(2) + W(3)} at 298.15 K. 
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In the literature, negative excess molar volumes have been attrib- 
uted to the presence of attractive specific intermolecular interactions 
between different units, such as hydrogen bonding and dipolar 
network of any kind (structure making effects). In addition to this 
effect, on according to Horta et al. [lo], the V E  quantity can be 
interpreted in terms of different effects such as: (i) dissociation of 
self-associated hydroxilated pure species (structured breaking effects); 
(ii) increase in dipolar hetero association of the components when 
mixing species of relatively high dipole moment (pME = 2.36 D; 
~ D M E  = 1.17 D; pw = 1.85 D); (iii) differences in molecular size and 
shape (geometrical effects) of the components, which favour the reci- 
procal interstitial accommodation of the species. Generally, the two 
factors (i) and (ii) should contribute to volume expansion ( V E  > 0), 
while structure making effects and factor (iii) may lead to a volume 
contraction (vE < 0). 

For this ternary solvent system, the obtained values of the excess 
molar volumes indicate that the factors responsible for contraction in 
the mixing process prevail in all the experimental conditions. Turning 
now to Figure 1, a careful examination of these plots does not provide 
for any evidence of stable three-component adducts in this ternary 
solvent system, singular points (related to the maxima deviations) 
other than those observed along the binary axis being absent in the 
graphs. For comparison purposes, Figure 2 shows the plots of V E  
against the binary composition of (ME(1) + DME(2)}, (ME(1) + 
W(2)) and (DME(1) + W(2)) subsystems, respectively, at 298.15 K. 
In the present case, the V E  M. xf curves exhibit a well defined mini- 
mum, which becomes deeper and deeper along the sequence (ME+ 
DME) < (ME + W) < (DME + W ). Furthermore, the minimum 
seems to be centred at ~~20.35 for ME+DME (2ME:lDME), and 
at xi= 0.65 for the two aquomixed solvent systems, indicating the 
probable existence of stable complexes [l 1,121 at stoichiometric ratios 
1ME : 2W and lDME : 2W, respectively. Therefore, in cases similar to 
this one, we can assert that no particularly stable three-component 
aggregate is present in these mixtures. However, the presence of the 
upper limit of the V E  function suggests that the most stable solvent- 
cosolvent adduct is represented by the lDME :2W species, observed 
under all experimental conditions. 
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165 

B 

0 0.2 0.4 0.6 0.8 1 

x2 
FIGURE 2 Plots of  the excess property V E  with changing mole fraction x, of binary 
subsystems at 298.15K: *{ME(I)+DME(2)}; A{ME(l)+ W(2)}; m{DME(l)+ W(2)}. 

A very intriguing strategy to gain further insight about the 
behaviour of various mixtures involves the generation of plots of 
partial excess molar volumes of the relevant components, v. These 
quantities have been calculated by applying the relationship [ 131: 

avE vi" = V E  + (1 - X i )  - 
- 

axi (7) 

from which: 
- 
V j = v p + T  (8) 

where is the molar volume of the pure i-th component at each 
temperature. From the Eq. (5 )  and using the coefficients in Table IV at 
298.15 K for the ternary system, ( (aVE)/ (axi ) )  is calculated and by 
using the Eq. (7) the partial molar volumes are determined. Figure 3 
shows these trends for the three components. The values of are 
always negative at the chosen temperature. However, as it is evident 
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-2 

-6 

-8 

FIGURE 3 Partial excess molar volumes (v) for {ME(l)+DME(2)+ W(3)} ternary 
mixtures at 298.15 K: (a) ME(1); (b) DME(2); (c) W(3). 
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FIGURE 3 (Continued). 

from Figure 3(b), the greatest values have been detected for DME 
component, while increasingly negative values are found for the 
cosolvents, according to the sequence W < ME < DME. 
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