1344 J. Chem. Eng. Data 2004, 49, 1344—1349
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In the present work, the effect of pressure and temperature on the density, isobaric thermal expansivity,
0y, isothermal compressibility, «r, and internal pressure, & of monoethylene glycol methyl ether (MEGME),
monoethylene glycol ethyl ether (MEGEE), and monoethylene glycol isopropyl ether (iso-MEGPE) has
been determined. New density data (273 experimental points) have been obtained with a vibrating tube
densimeter at temperatures between (293.15 and 353.15) K and pressures up to 60 MPa. The trend of
the volumetric properties with the number of methylene groups in the monoethylene glycol alkyl ether
molecules has been analyzed. The ability of different equations of state to predict the volumetric properties

of these molecules has been tested.

Introduction

A knowledge of thermophysical properties is very im-
portant in many practical problems concerning heat trans-
port and fluid flow. Our research concerning polyalkylene
glycol polyalkyl ethers aims to create a complete database
of thermodynamic and transport properties for these fluids,
which could be used to develop models able to represent
accurately the behavior with both temperature and pres-
sure of the thermophysical properties of these interesting
compounds. As a part of our studies on polyalkylene glycol
polyalkyl ethers, the density and dynamic viscosity of
several poly(ethylene glycol) dimethyl ethers!=¢ (mono-
ethylene glycol dimethyl ether, diethylene glycol dimethyl
ether, triethylene glycol dimethyl ether, and tetraethylene
glycol dimethyl ether) are reported up to (60 and 100) MPa,
respectively. Moreover, densities for several diethylene
glycol monoalkyl ethers” (diethylene glycol monomethyl
ether and diethylene glycol monoethyl ether) up to 25 MPa
and the speed of sound of triethylene glycol dimethyl ether
and tetraethylene glycol dimethyl ether up to 100 MPa?
have recently been published.

The present work was undertaken with the aim to
complete our database. The volumetric behavior of mono-
ethylene glycol methyl ether (MEGME), monoethylene
glycol ethyl ether (MEGEE), and monoethylene glycol
isopropyl ether (iso-MEGPE) is analyzed. The influence of
the chain length (number of methylene groups) is consid-
ered. These products have been actively studied for various
applications. For example, the phase equilibrium behavior
of high-molecular-weight alcohols, such as monoethylene
glycol ethyl ether, with CO, is essential to process develop-
ment in the food and cosmetic industries.®10

Density measurements for monoethylene glycol alkyl
ethers at atmospheric pressure have previously been
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reported by several authors, but a survey of the literature
shows a lack of thermodynamic data for pressures higher
than atmospheric. Concerning the studies at atmospheric
pressure, Cocchi et al.’1 have reported density values for
MEGME from (263.15 to 353.15) K; Ferrari et al.,’? from
(288.15 to 318.15) K; Kinart et al.,*® between (291.15 and
308.15) K; Pal and Sharma,* at (298.15 and 308.15) K;
and George and Sastry,!® between (298.15 and 313.15) K.
The density values for MEGEE have been published by,
among other authors, George and Sastry?® from (298.15 to
313.15) K and Tamura et al.1® at (298.15 and 303.15) K.
Finally, for iso-MEGPE Pal and Bhardwaj'"18 and Tamura
et al.’® reported the density from (298.15 to 318.15) K and
at (298.15 and 303.15) K, respectively.

In this paper, density data for MEGME, MEGEE, and
iso-MEGPE are reported at temperatures between (293.15
and 353.15) K and at pressures up to 60 MPa. From the
density data, the isobaric thermal expansivity, a,, the
isothermal compressibility, «t, and the internal pressure,
7, have been determined, and an analysis of the trends in
these properties with respect to the temperature, the
pressure, and the number of methylene groups in the
monoethylene glycol alkyl ether molecules has been per-
formed.

Experimental Section

Materials. Monoethylene glycol methyl ether, MEGME,
(CAS number 109-86-4, principal name 2-methoxyethanol,
and M,, = 76.10 g-mol~') and monoethylene glycol isopropyl
ether, iso-MEGPE, (CAS number 109-59-1, principal name
2-iso-propoxyethanol, and M,, = 104.15 g-mol~1) were
obtained from Aldrich with purities of 99.3% and 99%,
respectively. Monoethylene glycol ethyl ether, MEGEE,
(CAS number 110-80-5, principal name 2-ethoxyethanol,
My = 90.10 g-mol~1) was obtained from Riedel de Haén
with a purity of 99%. These chemicals were subjected to
no further purification.
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Measurement Technique. Densities as a function of
pressure and temperature were determined using an Anton
Paar DMA 60/512P vibrating tube densimeter. All of the
devices used for both the filling of the densimeter cell and
the measurements have been presented previously.> The
temperature of the vibrating tube is controlled with a
thermoregulated liquid bath (Julabo Paratherm). The
temperature is measured inside the cell block with an AOIP
5207 thermometer that was calibrated to within £0.05 K
(ITS-90). The pressure was measured with a Hottinger
Baldwin Messtechnik (HBM) manometer with an uncer-
tainty of +£0.05 MPa. The calibration parameters of the
densimeter cell were determined using the better of the
two calibration methods proposed by Lagourette et al.1®
This procedure is based on water as a reference substance
and also requires a knowledge of the periods of the cell
under vacuum as a function of temperature. For water, the
density values reported by Kell and Whalley?® with an
uncertainty of 105 g-cm~3 have been used. Taking into
account the temperature, pressure, and water density
accuracies, we report the total uncertainty in our experi-
mental density to be 1 x 104 g-cm~3.

Concerning the reference density values of water re-
ported by Kell and Whalley, it is necessary to point out
that the temperature scale used by these authors was the
IPTS-68. A comparison of the IPTS-68 with the tempera-
ture scale that we used (ITS-90) has been performed over
the temperature range of our measurements, taking into
account the coefficients recalculated by Preston-Thomas?!
and by McGlashan.?? The differences between both tem-
perature scales, over the experimental temperature range
analyzed in the present work, range from 0.005 K at 293.15
K up to 0.019 K at 353.15 K. These differences are lower
than the used thermometer accuracy. Then, the density
reference values of water from the data reported by Kell
and Whalley were recalculated, introducing the correction
in temperature from IPTS 68 to ITS 90. The result was
that the differences between both scales cause a difference
in water density of 6 x 107¢ g.cm=3. The calibration of the
densimeter has been done using the new reference density
values for water, and an uncertainty of 6 x 1076 g-cm™3
has been found in the experimental density of MEGME,
DEGEE, and iso-MEGPE. Therefore, the uncertainty due
to the correction in the temperature scale is markedly lower
than the estimated experimental uncertainty of the mea-
surements, +1 x 1074 g-cm™2.

In addition, the differences between the density water
reference values proposed by Span?® and those of Kell and
Whalley?® show an average deviation between both data
sets of 4 x 1076 g-cm~3 over the entire temperature and
pressure intervals analyzed in this work. If the water
density values obtained from the equation of state of Span
are used to perform the densimeter calibration, then the
experimental densities of MEGME, DEGEE, and iso-
MEGPE agree with the values obtained by using the Kell
and Whalley data within an average deviation of 4 x 10-6
g-cm~3. In conclusion, the uncertainty that introduces the
use of the values due to Span? instead of the values
reported by Kell and Whalley is markedly lower than our
densimeter technique uncertainty.

Results and Discussion

The measured densities of MEGME, DEGEE, and iso-
MEGPE are reported in Table 1 along isotherms between
(293.15 and 353.15) K at pressures up to 60 MPa. To
correlate our values over the entire temperature and

pressure interval, as in previous work,2 the following Tait-
like equation has been used:

Ay +AT+AT?+AT?®
B+ B, T+B,T?+p

B, + B,T + B,T >+ 0.1 MPa 0
1

p(T, p) =
1—-Cln

where the A; parameters for each monoethylene glycol alkyl
ether are obtained by correlating the density values at
atmospheric pressure against the temperature and then
the C and B; coefficients are calculated by adjusting, for
each compound, the density values against both the tem-
perature and the pressure (which are different from the
atmospheric values).

To compare the experimental density values with those
obtained with the Tait-correlation, either reported by other
authors or predicted with several equations of state, we
have used, as in previous work,> the absolute average
percentage deviation (AAD), the maximum percentage
deviation (DMAX), and the average percentage deviation
(Bias), which are defined as

1008 o = o™
AAD = —Y ———] 2)
N& o
p(_axp _ theo
DMAX = max|100 Tp ©)
Pi
100 257 = o
1 1
bias=—Yy ———— (4)
NE&

The parameters of eq 1, obtained for the Tait correlation
of the three monoethylene glycol alkyl ethers and the
standard deviation, o, AAD, DMAX, and bias are shown
in Table 2. Notice that the standard deviation is of the same
order as the experimental uncertainty. Equation 1 permits
interpolation to determine the density at other tempera-
tures and pressures. As already indicated, no study about
density at high pressures has been found in the literature
for these substances. However, some comparison with the
literature data at atmospheric pressure can be made.

Our experimental values for MEGME at atmospheric
pressures present an average deviation of 0.06% with the
data reported by Cocchi et al.}* and 0.04% with both the
data of Ferrari et al.’?2 and of Kinart et al.’® The comparison
with the data of Pal and Sharma!* gives an AAD of 0.06%,
whereas the comparison with the data of George and
Sastry®® gives relative deviations of —0.03%, —0.03%,
—0.31%, and —0.05% at (298.15, 303.15, 308.15, and
313.15) K, respectively. The largest deviation (—0.31%) is
found at 308.15 K with the last authors, but in this sense
it must be pointed out that the density data of Cocchi et
al.’ and Pal and Sharma!* at 308.15 K also present high
relative deviations (—0.26% and —0.22%) with the experi-
mental values of George and Sastry.

For MEGEE, the experimental values at atmospheric
pressure reported in this work present relative deviations
of 0.02% and —0.01% with the data reported by Tamura
et al.’® at (298.15 and 303.15) K, respectively. Moreover,
the relative deviations with the density values of George
and Sastry!® are —0.01%, —0.06%, —0.26%, and —0.04%



1346 Journal of Chemical and Engineering Data, Vol. 49, No. 5, 2004

Table 1. Experimental Densities as a Function of
Temperature, T, and Pressure, p

T
p K
MPa 293.15 303.15 313.15 323.15 333.15 343.15 353.15
o
g.cm*?»

Monoethylene Glycol Methyl Ether
0.1 0.9645 0.9554 0.9459 0.9363 0.9267 0.9171 0.9071
5 0.9675 0.9584 0.9493 0.9402 0.9309 0.9212 0.9117
10 0.9707 0.9618 0.9527 0.9439 0.9346 0.9253 0.9161
15 0.9738 0.9651 0.9563 0.9474 0.9384 0.9293 0.9201
20 0.9766 0.9680 0.9595 0.9508 0.9419 0.9329 0.9240
25 0.9795 0.9711 0.9625 0.9540 0.9453 0.9369 0.9279
30 0.9823 0.9740 0.9656 0.9572 0.9488 0.9402 0.9315
35 0.9851 0.9769 0.9685 0.9605 0.9520 0.9436 0.9349
40 0.9877 0.9796 0.9715 0.9633 0.9550 0.9468 0.9387
45 0.9903 0.9823 0.9744 0.9663 0.9580 0.9500 0.9418
50 0.9929 0.9848 0.9770 0.9691 0.9610 0.9531 0.9451
55 0.9953 0.9875 0.9795 0.9719 0.9639 0.9562 0.9482
60 0.9977 0.9899 0.9822 0.9746 0.9668 0.9590 0.9512

Monoethylene Glycol Ethyl Ether
0.1 0.9296 0.9207 0.9113 0.9018 0.8923 0.8826 0.8726
5 0.9329 0.9240 0.9149 0.9058 0.8965 0.8872 0.8776
10 0.9362 0.9274 0.9185 0.9097 0.9005 0.8914 0.8820
15 0.9393 0.9307 0.9221 0.9134 0.9045 0.8956 0.8865
20 0.9424 0.9339 0.9255 0.9169 0.9082 0.8994 0.8906
25 0.9452 0.9370 0.9287 0.9203 0.9118 0.9034 0.8948
30 0.9482 0.9399 0.9318 0.9236 0.9154 0.9069 0.8985
35 0.9511 0.9429 0.9349 0.9269 0.9187 0.9105 0.9020
40 0.9537 0.9458 0.9378 0.9300 0.9218 0.9138 0.9059
45 0.9565 0.9486 0.9407 0.9330 0.9250 0.9172 0.9088
50 0.9590 0.9513 0.9434 0.9357 0.9279 0.9204 0.9125
55 0.9616 0.9538 0.9461 0.9387 0.9311 0.9234 0.9157
60 0.9640 0.9563 0.9489 0.9414 0.9339 0.9265 0.9187

Monoethylene Glycol Isopropyl Ether
0.1 0.9040 0.8950 0.8855 0.8759 0.8664 0.8568 0.8468
5 0.9073 0.8984 0.8892 0.8801 0.8710 0.8615 0.8519
10 0.9108 0.9021 0.8932 0.8843 0.8752 0.8661 0.8567
15 0.9141 0.9055 0.8969 0.8882 0.8794 0.8705 0.8616
20 0.9173 0.9088 0.9004 0.8919 0.8833 0.8747 0.8658
25 0.9204 0.9121 0.9037 0.8954 0.8870 0.8786 0.8700
30 0.9236 0.9152 0.9072 0.8990 0.8907 0.8825 0.8741
35 0.9264 0.9182 0.9102 0.9023 0.8942 0.8861 0.8778
40 0.9292 0.9212 0.9133 0.9054 0.8974 0.8895 0.8816
45 0.9320 0.9240 0.9162 0.9085 0.9007 0.8931 0.8852
50 0.9345 0.9270 0.9191 0.9114 0.9036 0.8964 0.8883
55 0.9371 0.9297 0.9219 0.9145 0.9069 0.8994 0.8917
60 0.9396 0.9321 0.9248 0.9173 0.9100 0.9025 0.8949

Table 2. Parameters and Deviations for Density
Correlation by Using Equation 1

MEGME MEGEE iso-MEGPE

coefficients

Aolg-cm=3 1.1447 1.0829 1.0709
Alg-cm 3-K™1 —2.0371 x 1074 —3.1530 x 1075 —1.0915 x 10~*
Aslgrem3-K™2 —1.7568 x 1076 —2.0634 x 1076 —1.9698 x 107°

As/g:em~3-K=3 1.2145 x 107° 1.3221 x 107° 1.3650 x 107°
C 0.085549 0.084198 0.083257
Bo/MPa 559.4085 458.9998 470.1058
Bi/MPa-K-1  —2.0968 —1.5862 —1.7540

B/ MPa-K=2 21192 x 1073 1.3995 x 1073 1.7251 x 1073
deviations

olg.cm~3 1x 10 1x 104 1x 10
AAD/% 1 x 1072 1 x 1072 1x 1072
DMAX/% 2 x 1072 4 x 1072 3 x 1072
bias/% 2 x 107 7 x 107° 5x 1074

at (298.15, 303.15, 308.15, and 313.15) K, respectively. The
largest deviation is also found with the data of George and
Sastry at 308.15 K.

Finally, for iso-MEGPE the average deviations with the
data of Tamura et al.’6 and Pal and Bhardwaj'”:*8 are 0.03%
and 0.19%, respectively.

The isobaric thermal expansivity, a, = —(1/p)(3p/dT),, the
isothermal compressibility, «r = (1/p)(dp/dp)T, and the
internal pressure, m = T(ap/kt) — p, for the three mono-
ethylene glycol alkyl ethers were determined from the Tait-
like correlations p(T, p) using the parameters of Table 2.
The estimated uncertainties are 0.2 x 1074 K™ for the
isobaric thermal expansivity, between +0.05 x 1074 MPa™!
and +0.10 x 10~* MPa~! for the isothermal compressibility,
and 1% for the internal pressure. Table 3 summarizes the
calculated values for the isobaric thermal expansivity and
the isothermal compressibility. As shown in Figure 1, at
fixed pressure the isobaric thermal expansivity and the
isothermal compressibility increase with increasing tem-
perature and at a fixed temperature decrease with increas-
ing pressure. Both thermophysical properties have their
lowest values for MEGME and their highest values for iso-
MEGPE (i.e., these properties increase when the number
of methylene groups increases). Similar behavior has been
found for several diethylene glycol monoalkyl ethers.”

As shown in Figures 2 and 3, contrary to the isobaric
thermal expansivity and the isothermal compressibility,
the internal pressure has its lowest values for iso-MEGPE
and the highest ones for MEGME. Similar behavior has
been found for diethylene glycol monoalkyl ethers for which
Lopez et al.” have found higher values for diethylene glycol
monomethyl ether than for diethylene glycol monoethyl
ether. When the number of methylene groups (nonpolar)
increases, the internal pressure decreases. On the contrary,
it has been observed® for several poly(ethylene glycol)
dimethyl ethers that the internal pressure increases when
the number of ethylene glycol groups increases, that is, the
number of polar group increases. In Figure 3, the values
reported previously by Comufias et al.> for monoethylene
glycol dimethyl ether (MEGDME) have also been plotted,
being that their & values are lower than those of MEGME.
This is due to the fact that the monoethylene glycol alkyl
ether molecules exhibit a strong ability to form hydrogen
bonds because the molecule have hydrogen bond donors on
the hydrogen atom of the OH group and acceptors on the
oxygen atoms, whereas the polyethers as MEGDME do not
have any OH groups.

The capability of Soave—Redlich—Kwong with the vol-
ume translation of Peneloux (SRK—VT),2425 translation-
modified Peng—Robinson (t-mPR),%6 and Patel—Teja (PT)?%’
equations of state (EOS) for density predictions of these
compounds has been tested. The values of the critical
pressure, pe, critical temperature, T, and acentric factor,
w, have been taken from the literature or estimated. For
MEGME, the critical point, experimentally determined
(visual in glass tube) by Wilson et al.?® (p, = 5.285 MPa
and T.= 597.6 K) has been considered. Concerning the
acentric factor, it has been obtained from the experimental
vapor pressure values published by Pick et al.?° (w = 0.454).
For MEGEE and iso-MEGPE, no experimental values of
their critical properties have been found in the literature.
The experimental saturation curves have been reported in
the literature by Riddick et al.3° for MEGEE and by Dykyj
et al.3! for iso-MEGPE. To estimate the critical properties
of MEGEE and iso-MEGPE among different contribution
methods for the estimation of critical properties, the
Lydersen32 method is chosen for p. and the Klincewicz3?
method is chosen for T.. The reason for this choice is that
for MEGME the critical properties obtained with these
methods are closer to the experimental ones?® than other
estimation methods for critical properties. The obtained
values are 4.18 MPa and 611.27 K for MEGEE and 3.62
MPa and 604.52 K for iso-MEGPE. Concerning the acentric
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Figure 1. Variation of the (a) isobaric thermal expansion coefficient, ap, and of the (b) isothermal compressibility, «t, with pressure: O,
MEGME; A, MEGEE; and O, iso-MEGPE. Solid and open symbols are the values at (313.15 and 333.15) K, respectively.

45

0 20 40 60
p/ MPa

416
412
408
404
<
& 8
S 400 R
® N
396 )
392 \6
g (@ \b\\b
384 : :
77 78 79 81 82 83
Vo/ em’mol”!

1/ MPa

392

388
384

380 -

364

360 - :
94 95 9 97 98 99 100 101
V,,/ cm’mol™

v MPa

102

114

118

V/ cm’mol”!

120 122

Figure 2. Variation of the internal pressure, &, with molar volume at different temperatures and pressures for (a) MEGME, (b) MEGEE,

(c) and iso-MEGPE: m, 303.15 K; [0, 313.15 K; @, 323.15 K; 4, 333.15 K; <, 343.15 K; and
intervals.

, isobars from 5 to 55 MPa at 5 MPa

Table 3. Isobaric Thermal Expansivity, ap, and Isothermal Compressibility, kT, at Different Temperatures, T, and
Pressures, p

T
K
303.15 313.15 323.15 333.15 343.15
p 10% op 10% ket 10% op 10% ket 10% ap 10% ket 10% op 104 ket 10% op 10% k7
MPa K™t MPa~t K™t MPa~? K1 MPa~! K1 MPa~! K1 MPa~t
Monoethylene Glycol Methyl Ether
10 9.32 6.70 9.52 7.15 9.71 7.62 9.89 8.13 10.07 8.68
20 8.92 6.26 9.09 6.64 9.25 7.05 9.40 7.49 9.56 7.95
30 8.58 5.87 8.72 6.21 8.85 6.57 8.99 6.95 9.12 7.34
40 8.27 5.53 8.39 5.83 8.51 6.15 8.62 6.48 8.74 6.83
50 7.99 5.23 8.10 5.50 8.21 5.78 8.31 6.07 8.41 6.38
Monoethylene Glycol Ethyl Ether
10 9.48 7.27 9.71 7.75 9.94 8.28 10.16 8.86 10.37 9.50
20 9.05 6.74 9.24 7.15 9.43 7.60 9.60 8.09 9.76 8.63
30 8.67 6.29 8.84 6.65 9.00 7.04 9.13 7.45 9.25 7.90
40 8.35 5.89 8.49 6.21 8.62 6.55 8.73 6.91 8.82 7.30
50 8.06 5.55 8.19 5.83 8.29 6.13 8.38 6.44 8.45 6.78
Monoethylene Glycol Isopropyl Ether
10 9.79 7.85 10.01 8.40 10.22 8.99 10.42 9.64 10.61 10.34
20 9.31 7.23 9.49 7.69 9.65 8.19 9.81 8.73 9.95 9.30
30 8.90 6.71 9.04 7.11 9.18 7.53 9.30 7.98 9.41 8.46
40 8.54 6.26 8.66 6.60 8.77 6.97 8.87 7.36 8.96 7.76
50 8.22 5.87 8.33 6.17 8.42 6.49 8.50 6.83 8.57 7.18

factor, it has been obtained from the experimental vapor
pressure curves3%3! and gives o = 0.361 for MEGEE and
o = 0.454 for iso-MEGPE.

The deviations obtained for the ppT EOS prediction are
presented in Table 4. The best results are obtained with
the PT EOS for which the AADs are 0.6, 7.0, and 0.6% and
the DMAX are 1.4, 8.2, and 1.9% for MEGME, MEGEE,
and iso-MEGPE, respectively. For PT and t-mPR EOS, the
largest deviations are obtained for MEGEE. Notice that

the critical pressure and temperature of this compound
have been estimated because experimental data are not
available. The predicted densities over all of the analyzed
pT conditions are lower (AAD = bias > 0) than the
experimental ones for MEGME, MEGEE, and iso-MEGPE
with t-mPR and for MEGEE in the case of PT and SRK—
VT EOS. For MEGME and MEGPE in the case of PT EOS,
the calculated values are either above or below the experi-
mental values and AAD is different from bias.



1348

420

400
[

380

n/ MPa
>

360 +

340 -

320

p/ MPa

Figure 3. Variation with pressure of the internal pressure, 7,
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Table 4. Results for the ppT Prediction with Several
Equations of State

AAD % bias % DMAX %
liquid SRK-VT
MEGME 4.7 —-4.7 5.2
MEGEE 4.2 4.2 5.0
iso-MEGPE 4.1 —-4.1 5.2
t-mPR
MEGME 3.7 3.7 4.8
MEGEE 8.4 8.4 9.5
iso-MEGPE 4.2 4.2 5.6
PT
MEGME 0.6 -0.3 1.4
MEGEE 7.0 7.0 8.2
iso-MEGPE 0.6 0.4 1.9

Conclusions

The pressure and temperature trends in the volumetric
properties of MEGME, MEGEE, and iso-MEGPE have been
analyzed in the temperature range from (293.15 to 353.15)
K and the pressure range from (0.1 to 60) MPa on the basis
of density measurements. The isobaric thermal expansivi-
ties and the isothermal compressibilities increase when the
number of methylene groups in the hydroxyether molecule
rises. For the internal pressure, the sequence with the
chain is the opposite. This means that when the length of
hydroxyether rises the liquids become more expansible and
more compressible whereas the volume dependence of the
internal energy becomes lower. The prediction of the
density with SRK—VT, t-mPR, and PT equations of state
have been checked, obtaining for MEGME and iso-MEGPE
the best results with PT EOS and for MEGEE with SRK—
VT EOS.
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