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In many industrial applications that involve solvents, the knowledge of both thermodynamics properties and
transport properties play an important role in the design, sustainability, and optimization of processes in
different fields of study. However, it is a fact that there is a lack of data and predictive models for the develop of
future applications.

Taking this into account, in this work we studied the physical properties of carbonates and pentanol isomers as
well as their mixtures due to the versality of these solvents in many processes. We present measurements of
densities (p) and excess molar volumes and enthalpies (VE, HE ) at 298.15 K for the systems dimethyl or diethyl
carbonate + pentanol isomers; and specifically for the systems with diethyl carbonate the surface tensions (¢ )
and the surface tension deviations (80) at 298.15 K and the viscosities (1)), dynamic viscosity deviations (An),
refractive indexes (np) and the changes in the refractive index (Anp) at 298.15 and 308.15 K. Different theo-

retical models were applied to obtained data for surface tensions and refractive indexes.

1. Introduction

Nowadays, the ecological transition and change of economic para-
digm towards a sustainable consumption boost the development of ac-
tions that reduce our environmental impact. This implies an energy and
industrial transition where the key point is the development of efficient,
sustainable, and environmentally friendly processes.

The concept of sustainable development gives rise to the search for a
“green chemistry” in which solvents play an important role. Chemical,
chemical engineering and biological processes require the use of sol-
vents that in their majority are or become to be hazardous substances
with an important environmental impact. In this regard, different stra-
tegies are being adopted to minimize their impact, from the design of
solvent-free processes to looking for alternatives to recover, reuse and
recycle solvents as well as to substitute traditional solvents for less
pollutant alternatives [1-3].

The replacement of the current solvents implies both the discovery of
new materials or substances and the modification of existing ones by
means of their mixtures with other solvents or additives. Considering
that the number of solvents available is enormous, the resulting mixture
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should have at least similar or better properties than the original solvent
and, in turn, be environmentally friendly. It becomes necessary to have
an experimental database of physicochemical properties both of pure
components and their mixtures to help us not only in the selection of
solvents but also in the development of theoretical models that explain
and predict the behaviour of their mixtures.

In this context, we have selected for their study a pair of carbonates
dimethyl carbonate (DMC) and diethyl carbonate (DEC) and a series of
alcohols such as the 1-pentanol (1-ol) and their isomers 2-pentanol (2-
ol), 3-pentanol (3-ol), 2-methyl-1-butanol (2,1-0l), 2-methyl-2-butanol
(2,2-0l), 3-methyl-1-butanol (3,1-0l) and 3-methyl-2-butanol (3,2-ol).

DMC and DEC are one of the organic solvents most widely used not
only because of its high oxygen content but also for being considered as
replacements for other substances more harmful to the environment
such as methyl-tert-butyl ether in fuels or methyl halides and phosgene
in reactions of methylation and carbonylation. They can also be used as
solvents in paints and adhesives as well as chemical intermediates in
reactions of polycarbonates, polyurethanes, drugs, or as electrolytes in
batteries. In fact, both DMC and DEC are the organic solvents commonly
used in lithium batteries. Currently, there is no doubt about the
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Chemical name, molar mass, provenance, mass fraction purity, CAS number, and chemical structures of the compounds studied in this work.

Chemical name M/gemol ! Provenance Purity CAS number Chemical structure
Dimethyl carbonate (DMC) 90.08 Sigma-Aldrich 0.99 616-38-6 O
HsCO~ “OCHs
Diethyl carbonate (DEC) 118.13 Aldrich 0.99 105-58-8 (@)
AN J’J\ AN
H;C O O CHg
1-pentanol (1-ol) 88.15 Fluka >0.99 71-41-0 OH
H3C/\/\/
2-pentanol (2-ol) 88.15 Aldrich 0.98 6032-29-7 OH
Hsc/\)\CHs
3-pentanol (3-ol) 88.15 Aldrich 0.98 584-02-1
p Hsc/\ﬁoH3
OH
B -1- - 3 i >0. -32-
2-methyl-1-butanol (2,1-0l) 88.15 Aldrich >0.99 137-32-6 HaC/\|/\OH
CHs
2-methyl-2-butanol (2,2-0l) 88.15 Sigma-Aldrich >0.99 75-85-4 OH
o CHs
CH3
3-methyl-1-butanol (3,1-o0l) 88.15 Sigma-Aldrich >0.99 123-51-3 CHs
HsC OH
3-methyl-2-butanol (3,2-0l) 88.15 Aldrich 0.98 598-75-4 OH
HsC
CHg
CHj

importance of the development of this kind of batteries because of the
use of handheld devices such as laptops, mobiles phones, ... However,
although the carbonates are characterised by their stability with lithium
salts, these present several problems of safety due to their flammability
and volatility. For these reasons, many of the research efforts in this field
are directed at finding new electrolytes or improving the existing ones
with the inclusion of additives [4-18].

On the other hand, alcohols such as pentanol and its isomers are used
in the production of biofuels and as an additive in gasoline blends,
lubrication oil, plastics... as well as solvents or chemical intermediates
in processes of production for paints, coatings, pharmaceutical products,
cosmetics... [19-27].

The versatility and applicability of these substances as well as the
lack of experimental data in the literature make the study of the phys-
icochemical properties of their mixtures necessary. Properties such as
density, viscosity, and surface tension are particularly important
because they help us to understand the nature of the fluids under
different conditions of temperature, pressure, etc. In this way, we can
select the appropriate fluid for a given application and relate it to the
manufacturing processes with a view to optimizing and innovating
successful future designs.

In this work, we present the densities (p), excess molar volumes and
enthalpies (VE, HE) at 298.15 K for the systems dimethyl or diethyl
carbonate + pentanol isomers; the surface tensions (¢) and the surface
tension deviations (80) for the systems diethyl carbonate + pentanol
isomers at 298.15 K and viscosities (1), dynamic viscosity deviations
(An), refractive indexes (np) and their changes in the refractive index
(Anp) at 298.15 and 308.15 K for the systems diethyl carbonate +
pentanol isomers.

In the literature, there is a lack of published data on surface tensions
for all studied systems at 298.15 K. Also, we could not find data either
for p, 1, Vﬁ, and np for all mixtures of DEC + pentanol isomers at 298.15
K -except for those containing 1-pentanol- or for data on 1 and np at
308.15 K [28-31]. All values at atmospheric pressure.

In the case of the systems of DMC + pentanol isomers data of p and

HE at 298.15 K were missing while we did find density data on the bi-
nary systems DMC + 1-ol and DMC + 2-ol [32,33].

2. Experimental section
2.1. Chemicals

The compounds studied are shown in Table 1, where we indicate the
chemical name, the acronyms, the molecular weight, as well as their
provenance, mass fraction purity, CAS number, and chemical structure.
The compounds were used as they came from the dealer without any
additional purification in our laboratory. At the same time, these were
degassed by ultrasounds and dried in over 0.4 nm molecular sieve before
being used.

2.2. Apparatus and procedure

All binary mixtures were weighed using a Mettler AT 201 balance
with a relative standard uncertainty of 1 - 107%.

As a first step, we measured the density (p), and excess molar
enthalpy (HE) of the binary systems DMC or DEC + pentanol isomers (1-
ol, 2-ol, 3-ol, 2,1-0l, 2,2-0l, 3,1-0l and 3,2-o0l) at 298.15 K. The mea-
surements of viscosity (1)) and refractive index (np) of the binary systems
DEC + pentanol isomers were performed at 298.15 and 308.15 K,
whereas the surface tension was measured at 298.15 K. All measure-
ments have been performed at atmospheric pressure about 101 kPa.

The experimental measurements of the excess molar enthalpies (HE,)
were carried out using a Calvet heat flow microcalorimeter. The cali-
bration and the operating conditions were described by Verdes et al.
[34]. This microcalorimeter works with a calorimeter cell whose volume
is about 10 em® and is equipped with a device allowing operation in the
absence of the vapour phase. It is connected to Philips PM2535 multi-
meter and a data acquisition system. The microcalorimeter was cali-
brated electrically using a stabilized current source EJP 30 Setaram and
subsequently it was checked by determining excess enthalpies for the
standard system (n-hexane + cyclohexane) at 298.15 K. The uncertainty
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Table 2
Physical properties of the compounds used in this work with results available in the literature at 101 kPa®.
Compound p/g-cm n/mPa-s 6/mN-m~! np
Exp. Lit. Exp. Lit. Exp. Lit. Exp. Lit. Exp. Lit. Exp. Lit.
T =298.15K T =298.15K T =308.15K T =298.15K T =298.15K T =308.15K
DEC 0.96910 0.96906 [38] 0.7802 0.764 [40] 0.6885 0.664 25.62 25.43 1.38225 1.38240 [46] 1.37756 1.37769
[42] [44] [47]
0.96912 [39] 0.757 0.659 25.87 1.38252 [47] 1.3780
[41,42] [43] [45] [48]
DMC 1.06310 1.06310
[49,50]
1.06311 [51]
1-Pentanol 0.81101 0.8110 [52] 3.502 3.501 [54] 2.659 2.650 24.95 24.97 1.40797 1.4082 [52] 1.40392 1.40379
[53] [56] [59]
0.81100 [53] 3.505 [53] 2.648 24.89 1.40798 [58] 1.40388
[55] [57] [60]
2-Pentanol 0.80480 0.8047 [61] 3.386 3.381 [61] 2.330 2.340 23.34 23.30 1.40442 1.4044 [63] 1.39991 1.4002
[64] [65] [63]
0.80497 [62] 3.46 [63] 2.35 [63] 23.28 1.4042 [52] 1.40029
[66] [67]
3-Pentanol 0.81548 0.8155 4.543 4.69 [63] 2.787 2.7726 23.98 24.60" 1.40836 1.4081 [63] 1.40333 1.4037
[63,52] [68] [69] [63]
2.82 [63] 23.76° 1.40826 [70] 1.4029
[69] [71]
2-Methyl-1- 0.81504 0.81502 [72] 4.505 4.501 [54] 3.188 3.258 24.20 24.03 1.40861 1.40866 [73] 1.40434 1.40447
butanol [64] [65] [74]
0.81511 [53] 4.512 [53] 3.265 1.4086 [72]
[54]
2-Methyl-2- 0.80426 0.804257 3.463 3.4781 2.325 2.2151 22.51 22.77° 1.40261 1.4025 [81] 1.39749 1.3968
butanol [75] [771 [79] [79] [77]
0.80428 [76] 3.533 [78] 2.72 [80] 21.89¢ 1.4029 [82]
[791
3-Methyl-1- 0.80459 0.8046 [80] 3.681 3.63 [80] 2.745 2.72 [80] 23.02 23.71 1.40465 1.40469 [84] 1.40046 1.40051
butanol [85] [84]
0.80439 [83] 3.671 [84] 2.730 1.40451 [83] 1.4008
[84] [86]
3-Methyl-2- 0.81303 0.8128 [69] 4.159 3.161°¢ 2.652 3.161°¢ 23.07 23.0 [69] 1.40739 1.4074 [88] 1.40247 -
butanol [871] [871]
0.81375 [82] 3.163° 3.163° 1.4075 [69,82]
[69] [69]

# Standard uncertainty: u(T) = 0.02 K, u(P) = 1 kPa, u(p) = 0.02 kgem 3, u(c) = 0.02 mN-m~ . Combined expanded uncertainty: U(np) = 0.0005. Relative combined

expanded uncertainty u,(n) = 0.01.
> T=29315K.
¢ T=2303.15K.

of the excess molar enthalpies is estimated as better than 1 %.

Density (p) was measured with an Anton Paar DMA 60/602 vibrating
tube densimeter with a standard uncertainty about 0.02 kg-m™>. A
Schott-Geréte CT 1450 circulating water bath was regulated to maintain
the cell temperature with a standard uncertainty of 0.02 K that was
taken with an Anton Paar DT 100-20 digital thermometer. The cali-
bration was made with Milli-Q water and with heptane (Sigma > 0.99).

Dynamic viscosity (1) measurements were carried out in an Anton
Paar SVM 3000 Stabinger viscodensimeter, which was thermostated
with an internal Peltier cell with an uncertainty of 0.02 K. The procedure
of measurement was detailed previously [35]. The relative combined
expanded uncertainty of viscosity is 0.01 of the measured value. Also,
the viscosity value range goes from 0.2 up to 20,000 mPa-s, which is
enough to measure these substances in a wide temperature range. This
equipment is checked with reference chemicals recommended by the
supplier M114 and C117 SH Calibration Service GmbH.

Surface tension (c) was determined using a Lauda TVT1 automated
tensiometer, which employs the principle of the drop volume. The
technique consists of measuring the volume of a drop detaching from a
capillary with a circular cross section. Detailed instrument design and
experimental procedure have been described elsewhere [36]. The
standard uncertainty of the measurement is 0.02 mN-m . A Lauda RC6
CP thermostatic bath controlled the temperature to better than 0.2 K. We
need to know the density of the mixtures to calculate the surface tension
from the drop volume measured by the tensiometer. This density was
measured with an Anton Paar SVM 3000 Stabinger viscodensimeter. The

combined expanded uncertainty in the measurement with a coverage
factor, k, of 2 of density is about 0.5 kg-m~>. This viscodensimeter
automatically corrects the density value depending on the viscosity of
the sample.

Refractive index (np) was measured in an Anton Paar Abbemat
Automative refractometer which was thermostated with an internal
Peltier cell with an accuracy of +0.03 K. Details of the refractive index
measurement were published previously [37]. The combined expanded
uncertainty of the measurements of refractive indexes is 0.0005. The
reference fluids used to calibrate were Milli-Q water and cyclohexane
(Fluka > 0.995).

Before describing the behaviour of the studied systems, we will a give
a summary of the data processing. It is worth noting that unlike the
direct measurements of p, 1, 6, np and HE; VE, An, 8§ o and Anp were
calculated through the following equations.

VE M, (l_l) oM, (l_l) 6))
PP PP

AN =1N-—xi1; — XM, (2

86 = 6 — X,0, — X,0 3

Anp = np — X;np; — XoNpy 4

where p, 1, 6 and np are the density, viscosity, the surface tension,
and the refractive index in the mixture; x1 and x5 are the molar fraction



M. Dominguez-Pérez et al.

1-pentanol
® 2-pentanol
@ 3-pentanol
©® 2-methyl-1-butanol
©® 2-methyl-2-butanol
@ 3-methyl-1-butanol
3-methyl-2-butanol

3.000

()

1.000
500
0
0.0 0.2 0.4 0.6 0.8 1.0
Xpmc
1.1 - 1-pentanol
L (c) ® 2-pentanol
10 F @ 3-pentanol
L ® 2-methyl-1-butanol
09 | @ 2-methyl-2-butanol
3 @ 3-methyl-1-butanol
0.8 3-methyl-2-butanol
S 07
£
Lg)
g 0.6
<
2 05
=
P
0.4
0.3
0.2
0.1
00 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Xpmc

Journal of Molecular Liquids 386 (2023) 122516

2.700 1-pentanol
L (b) @ 2-pentanol
r @ 3-pentanol
2.400 [ ©® 2-methyl-1-butanol
L ©® 2-methyl-2-butanol
2,100 @ 3-methyl-1-butanol
i -methyl-2-butanol
1.800
£ 1500
=
= 1.200
w1
=
900
600
300
0
0.0 0.2 04 0.6 0.8 1.0
XpEC
08 r 1-pentanol
(d) ® 2-pentanol
@ 3-pentanol
0.7 @ 2-methyl-1-butanol
@ 2-methyl-2-butanol
@ 3-methyl-1-butanol
0.6 3-methyl-2-butanol
S 0.5
£
g
o 04
g
=
>
0.3
0.2
0.1
00 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0

XpEC

Fig. 1. Excess molar enthalpies and volumes of (a), (c) DMC + pentanol isomers and (b), (d) DEC + pentanol isomers at 298.15 K. The continuous lines correspond to

the fit of a Redlich-Kister equation (Eq. (5)).

of the component 1 (DMC or DEC) and component 2 (pentanol isomers)
and p 1, p 2, N1, N2, O 1, O 2, Np; and np;y are the properties of the corre-
sponding pure components.

3. Results and discussion

All measurements were carried out at atmospheric pressure of 101
kPa and standard uncertainty 1 kPa. The experimental values of the
compounds used and their comparison with those previously published
are given in Table 2. The experimental data show a percentage relative
deviations between 0.001 %-0.09 % for densities, 0.03 %-3 % for vis-
cosities, 0.08 %-3 %, and 0.0007 %-0.02 % for surface tensions and
refractive indexes, respectively. At 308.15 K the intervals of the per-
centage relative deviation are from 0.3 % to 5 % for viscosities and from
0.004 % to 0.05 % for the case of refractive indexes.

Fig. 1 (a) and (b) show the excess molar enthalpies (Table S1) and (c)
and (d) excess molar volumes (Table S2) of binary systems DMC or DEC
+ pentanol isomers at 298.15 K. The data of HE and VE for all the
studied mixtures were fitted to equation (5) proposed by Redlich-Kister

whose fit parameters are given in Table 3.

Both magnitudes are positive in the whole concentration range as the
result of the reorganization of intermolecular forces that occur in the
mixing process as well as the differences between the size and form of
their components. If we analyse the individual components of the mix-
tures, carbonate molecules DMC or DEC interact with each other
through dipole-dipole interactions whereas isomers of pentanol mole-
cules are attracted by hydrogen bonds between their hydroxyl groups.
When these two components are mixed the hydrogen bonds of the iso-
mers of pentanol are broken and dipole-dipole interactions between
alcohols and carbonates are formed [51,89]. The resulting energy bal-
ance between the formation and rupture of the interactions that take
place in this process leads to positive values for both HE, and VE which in
turn are influenced by the structural characteristics of the components of
the mixture.

The maximum values of the HE, of mixtures carbonate + alkanol are
all near to 0.5 M fraction of carbonate and vary between 2970 and 2371
J-mol ! for the case of DMC mixtures and 2500 and 1970 J-mol ! for the
mixtures with DEC whereas in the case of the V5, the maximum values
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Table 3
Coefficients Ay from equation (5) and standard deviations, s.

Ao Ay A,y As A4 As s
DMC + 1-pentanol (T = 298.15 K)
HE (J-mol™1) 9511 875.1 1742 681.8 5
VE (ecm®mol 1) 2.449 0.1715 0.5276 0.0092
DMC + 2-pentanol (T = 298.15 K)
HE (J-mol™1) 10,967 -32.83 2080 602.5 7
VE (ecm®mol 1) 3.417 -0.1729 0.7986 0.0049
DMC + 3-pentanol (T = 298.15 K)
HE (J-mol 1) 11,842 —512.4 2046 7
VE (em®mol 1) 3.961 -0.3194 0.7948 0.0094
DMC + 2-methyl-1-butanol (T = 298.15 K)
HE (J-mol 1) 10,587 438.8 1866 8
VE (em®mol 1) 2.564 -0.1169 0.3146 0.0021
DMC + 2-methyl-2-butanol (T = 298.15 K)
HE (J-mol 1) 10,312 —32.85 1318 7
VE (ecm®mol ™) 3.086 0.2035 0.1877 0.0048
DMC + 3-methyl-1-butanol (T = 298.15 K)
HE, (J-mol™1) 9658 600.9 1790 799.5 8
VE, (ecm®mol ™) 2.101 —0.1101 0.3483 0.0034
DMC + 3-methyl-2-butanol (T = 298.15 K)
HE (J-mol™1) 11,174 —-481.6 2395 182.0 —995.5 6
VE (ecm®mol ™) 3.588 —0.4791 0.6441 0.0043
DEC + 1-pentanol (T = 298.15 K)
HE (J-mol 1) 7930 1078 1669 6
VE (ecm®mol 1) 1.402 —0.0095 0.2433 0.0035
A1 (mPa-s) —4.004 2.298 —2.160 1.967 —0.389 0.0087
50 (mN-m™ 1) —-0.6778 0.0707 0.7253 1.1335 0.5273 0.0018
Anp —0.0076 0.0013 0.0003 —0.0004 0.00014
DEC + 2-pentanol (T = 298.15 K)
HE (J-mol 1) 9277 —277.4 2050 1302 20
VE (ecm®mol 1) 2.610 —0.2301 0.5173 0.0020
A1 (mPa-s) —4.393 3.241 —~1.960 0.739 —~1.933 2.266 0.0044
86 (mN-m™1) —0.5561 0.1185 1.0708 0.2948 0.014
Anp -0.0108 0.0025 —0.0022 0.0005 0.00007
DEC + 3-pentanol (T = 298.15 K)
HE, (J-mol™1) 10,119 -86.59 1482 —-489.3 8
VE (ecm®mol 1) 3.105 —0.4157 0.5710 0.0018
A1 (mPa-s) —6.660 5.305 —4.323 2.672 —3.366 4.113 0.0014
86 (mN-m™!) —~1.1445 —0.1703 —0.1636 0.0074
Anp -0.0128 0.0016 —0.0008 0.0025 0.00003
DEC + 2-methyl-1-butanol (T = 298.15 K)
HE, (J-mol™) 8896 554.3 2213 —~1080 —~1533 1974 5
VE (em®mol ™) 1.609 -0.0143 0.2981 0.0015
A1 (mPa-s) —6.126 4.222 —3.222 2.952 -1.205 0.013
86 (mN-m™!) —0.6151 0.0272 —0.0156 0.0039
Anp —0.0087 —0.0005 0.0033 0.00018
DEC + 2-methyl-2-butanol (T = 298.15 K)
HE, (J-mol ™) 8416 289.0 1165 808.4 —219.4 —~1099 3
VE (ecm®mol ™) 2.311 0.4132 0.1057 0.2219 0.0006
A1 (mPa-s) —4.384 3.075 —2.433 1.976 -0.878 0.0083
50 (mN-m™1) ~1.6501 —0.0753 —0.5919 0.0063
Anp —0.0098 —0.0010 —0.0030 —0.0001 0.00002
DEC + 3-methyl-1-butanol (T = 298.15 K)
HE, (J-mol™1) 8004 754.2 1615 402.5 5
VE (ecm®mol 1) 1.156 0.0823 0.2154 0.0015
A1 (mPa-s) —4.532 2.692 ~1.561 2.342 —~1.377 -1.016 0.0018
80 (mN-m™1) —0.3453 -0.0519 0.3993 0.2362 0.0043
Anp —0.0061 —0.0001 —0.0005 0.00003
DEC + 3-methyl-2-butanol (T = 298.15 K)
HE, (J-mol™1) 9490 —268.4 1562 4
VE (ecm®mol 1) 2.740 —0.2500 0.4739 0.0020
An (mPa-s) —5.790 4.329 —2.846 1.812 —3.523 3.594 0.011
806 (mN-m™1) —0.8535 0.0159 0.7290 -1.2738 0.5054 0.0066
Anp -0.0127 0.0029 —0.0022 —-0.0022 0.0026 0.00004
DEC + 1-pentanol (T = 308.15 K)
A1 (mPa-s) —2.806 1.437 —~1.690 1.627 0.012
Anp —0.0084 0.0020 —0.0021 0.0002 0.00016
DEC + 2-pentanol (T = 308.15 K)
A1 (mPa-s) —-2.715 1.883 —0.992 0.370 —-1.025 1.048 0.0034
Anp -0.0115 0.0019 —0.0030 0.0019 0.00007
DEC + 3-pentanol (T = 308.15 K)
An (mPa-s) —3.607 2.668 —2.133 1.101 -1.176 1.934 0.00064
Anp -0.0128 0.0002 —0.0009 0.0025 0.00002
DEC + 2-methyl-1-butanol (T = 308.15 K)
An (mPa-s) —4.033 2.483 —1.750 3.082 —0.978 —-1.924 0.0095

(continued on next page)
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Ao Ay Ay As Ay As s
Anp —0.0093 —0.0016 0.0040 0.00013
DEC + 2-methyl-2-butanol (T = 308.15 K)
An (mPa-s) —2.599 1.723 —1.422 0.889 —0.052 0.0077
Anp —0.0107 —0.0006 —0.0004 —0.0019 0.00005
DEC + 3-methyl-1-butanol (T = 308.15 K)
An (mPa-s) —3.168 1.777 —0.868 1.395 —0.895 —0.668 0.0025
Anp —0.0068 —0.0005 0.00005
DEC + 3-methyl-2-butanol (T = 308.15 K)
An (mPa-s) —3.247 2.180 —-1.399 1.066 —-1.391 1.221 0.0085
Anp —0.0129 0.0020 —0.0017 0.00006
1-pentanol
® 2-pentanol (b) XpEC
@ 3-pentanol 0.0 T . . . n
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Fig. 2. Viscosities and dynamic viscosity deviations of DEC + pentanol isomers (a) and (b) at 298.15 K and (c) and (d) at 308.15 K. The continuous lines in the
viscosities correspond to a polynomial fit. The continuous lines in the dynamic viscosity deviations correspond to the fit of a Redlich-Kister equation (Eq. (5)).

are at mole fractions ~ 0.5 except for the systems DMC + 3,2-ol, DEC +
2,2-ol and DEC + 3,1-ol which are shifted to xpyc < 0.5 and to Xpgc >
0.5 respectively. These latter show maximum values between 1 and
0.53 cm®mol ™! for the DMC and between 0.78 and 0.29 cm®-mol ! for
the DEC. The differences obtained between the values of both carbon-
ates can be attributed to the fact that the dipole interactions are larger
for the DMC than for the DEC [89].

If we pay attention in the influence of the OH position in the isomers
of pentanol on the results, according to whether the OH is on a primary
(2,1-0l, 3,1-0l, 1-ol) secondary (3,2-ol, 2-ol, 3-ol) or tertiary carbon (2,2-
ol) we observe that the values for HE for the binary systems for both
carbonates are as follows 3-ol > 3,2-0l > 2-0l > 2,1-0l > 2,2-0l > 3,1-0l
~ 1-ol whereas the behaviour of the V& is very similar but with two
small differences on the one hand we observe an inversion in the order
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Fig. 3. Surface tensions (a) and surface tension deviations (b) of DEC + pentanol isomers at 298.15 K. The continuous lines in the surface tensions correspond to a
polynomial fit. The continuous lines in the surface tension deviations correspond to the fit of a Redlich-Kister equation (Eq. (5)).

between the mixtures of carbonate with 2-1,0l and 2-2,0l and the other
hand the values of the mixtures 3,1 ol and 1-ol do not coincide. Likewise,
the values of VE, are <1 % because of this we can consider the behaviour
of these mixtures quasi-ideal.

These values are quite similar between the different isomers,
showing the smallest values those pentanol isomers having a hydroxyl
group connected to a primary carbon such as 1-pentanol and 3-methyl-
1-butanol. As it was explained in previous work [90], the small differ-
ences in effective dipole moment, 1, of the isomers of pentanol suggest
that the influence of dipolar interactions is less important than steric
hindrance in the values obtained. Thus, the less branched the alcohol
chain is, the better the packing and the smaller the distance between
molecules and therefore the lower HE, and V&, [28,91].

In the literature, no published data was found about HE of the
mixtures with DMC while data exist for the systems DEC + pentanol
isomers which are in good agreement with those given in the literature
[28]. Thus, we found differences of around 1.5 % for systems 1-ol, 2,1-
ol, 2,2-ol and 3,1-ol and 5 % for systems 2-ol, 3-ol and 3,2-ol. Regarding
VE we have found a data set for densities and excess molar volumes for
DMC or DEC + 1-0l [32,29,31] and DMC + 2-o0l [33]. If we compare our
data with those published, these show differences of 0.2 % for the
densities and 2 % and 45 % for the excess volumes for the systems DMC
+ 1-ol and DEC + 1-ol respectively.

Moreover, the excess molar volumes and enthalpies, were measured
for the mixtures of DEC + pentanol isomers, the surface tension at
298.15 K, the viscosity, and their refractive indexes at the temperatures
of 298.15 K and 308.15 K.

The experimental dynamic viscosity data (n) for the compounds
studied are shown as a function of the mole fraction of carbonate in
Table S3 and illustrated in Fig. 2 (a) and (c) at 298.15 K and 308.15 K. As
commonly observed, viscosity values decrease markedly with mole
fraction of carbonate increases in a polynomial trend. As regards the
dependence of the viscosity with the temperature, the values of the
viscosity decrease markedly with temperature increases. Like the excess
molar volumes and enthalpies, the viscosities are related to the inter-
action of the components of the mixture as well as the size and shape of
the molecules that make up the mixture. Thus, the calculation of dy-
namic viscosity deviation (An) can give us an idea of the strength of the
interactions in the mixing process. Fig. 2 (b) and (d) show the An versus
the molar fraction of the carbonate at 298.15 K and 308.15 K. The data
were fitted to Redlich-Kister equation whose fit parameters are given in

Table 3. Negative values of the An mean weaker interactions carbonate-
alcohol in contrast to the stronger alcohol-alcohol and carbonate-
carbonate interactions [92,93]. Positive VE and negative An are indic-
ative of the disruptive effect of the carbonate in the self-associated al-
cohols leading to an increase in the volume and a decrease of the
viscosity [92,94].

The maximum values of An to both temperatures are shifted towards
alcohol rich mole fractions xpgc & 0.3. The distribution of the absolute
values of An in relation to the different isomers of pentanol is as follows:
3-o0l > 2,1-0l > 3,2-0l > 2,2-0l > 2-0l > 3,1-0l > 1-ol at 298.15K and 2,1-
ol > 3-0l > 3,2-0l > 3,1-0l > 1-0l > 2-0l > 2,2-0l at 308.15 K. From these
results it is worth noting that at the temperature 298.15 K the systems
3,2-ol and 2, 1-ol show similar values as do the systems 2-ol, 2,2-ol and
3,1-0l. However, these values are no longer similar at 308.15 K. In
contrast to the enthalpies and volumes, we cannot establish a relation-
ship with the type of the isomer of pentanol.

The values of the system DEC + 1-pentanol at 298.15 K have been
previously published [29,30]. The difference between these values and
ours is of 2 % for the viscosities and 5 % for An.

The surface tension values and their calculated surface tension de-
viations of DEC + pentanol isomers at 298.15 K are shown in Table 54,
Fig. 3 (a) and (b). The surface tension deviations were fitted to Redlich-
Kister equation (Eq. (5) whose parameters are given in Table 3.

The collection of data of surface tension obtained gives us informa-
tion about the distribution of molecules between the internal volume of
liquid, bulk, and the vapor-liquid interface and therefore the tendency
of the components to adsorb on the surface of the liquid, that in the case
of the mixtures corresponds to the components with the lowest surface
tension [95]. It is likely that in the case of our samples, it is the pentanol
isomers that are arranged on the surface of the liquid.

In all the systems studied, we observed that the increase of the car-
bonate mole fraction increases the mixing surface tension. The highest
and lowest values were obtained for the DEC + 1-ol and DEC + 2,2-ol
systems respectively. This could be because the linear alcohol molecules,
such as 1-ol, show higher intermolecular interactions (dispersion forces)
than those that show the branched-chain alcohols, such as 2,2-0l [96].

The § o of all systems studied in this work show negative values
except for the DEC + 1-ol, DEC + 2-o0l, and DEC + 3,2-ol systems, which
present a sigmoidal curve. In the case of 1-ol and 2-ol positive values are
observed for rich concentrations of DEC (xpgc > 0.8) while for 3,2-ol
positive values are obtained at low carbonate mole fractions (xpgc <
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Fig. 4. Refractive indexes and changes in the refractive index of DEC + pentanol isomers (a) and (b) at 298.15 K and (c) and (d) at 308.15 K. The continuous lines in
the refractive indexes correspond to a polynomial fit. The continuous lines in the changes in the refractive index correspond to the fit of a Redlich-Kister equation

(Eq. (5)).

0.2). If we analyse the order of the & o, the maximum values —0.17 and
—0.41 mN-m'are found towards carbonate-rich mole fractions (XpEC ~
0.6). The values obtained for the different isomers, in absolute value, are
as follows 2,2-0l > 3-ol > 3,2-0l > 1-0l > 2,1-0l > 2-0l > 3,1-0l, being the
highest values obtained for the DEC + 2,2-ol mixture due to the great
difference that exist between the surface tension of their pure compo-
nents but it should be noted, that the values of both carbonate and
pentanols are very similar and this does not allow any conclusion to be
drawn.

The measured refractive index values and the calculated changes in
the refractive index are shown in Fig. 4 (Table S3), where in (a) and (b)
DEC + pentanol isomers at 298.15 K and in (c) and (d) DEC + pentanol
isomers at 308.15 K. The refractive indexes are fitted to a Redlich-Kister
type equation (Eq. (5) whose parameters are given in Table 3. As shown
in Fig. 4 (a) and (c) the refractive indexes decrease nonlinearly with the
increase of carbonate concentration.

The refractive index value is a measure of molecular electronic
polarizability and its variation with concentration provides information

on the London dispersion forces of the molecules [52].

All the systems studied in this work at both temperatures show
negative values of the change in the refractive indexes, that means that
dispersion forces between the components of the mixtures are weaker
than those of the pure components.

The behaviour of the isomers of pentanol, in absolute value, is the
same at both temperatures 3-ol ~ 3,2-ol > 2-ol > 2,2-0l > 2,1-0l > 1-0l
> 3,1-ol. Thus, the highest and the lowest values are obtained for the
secondary and primary alcohols respectively. The maximum values of
the changes in the refractive indexes —0.0032 y — 0.0015 are shifted to
fraction molar of DEC of 0.36 and 0.55 at the temperatures 298.15 K and
308.15 K. As can be seen we found little differences between the values
obtained to both temperatures.

Previously, DEC + 1-pentanol values at 298.15 K have been pub-
lished [31]. Comparing our refractive indexes with those published the
difference of 0.05 % between the results is observed. In the case of the
changes in the refractive index the difference found was of 10 %.

The derived excess functions of the binary systems were fitted by a
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Table 4
Standard deviations, s, of the surface tension deviations, § &, (mN-m~!) from the
predicted ones using the HSIS, HSEG, and Sugden equations.

HSIS HSEG Sugden
DEC + 1-pentanol 0.13 0.11 0.13
DEC + 2-pentanol 0.05 0.08 0.33
DEC + 3-pentanol 0.23 0.26 0.30
DEC + 2-methyl-1-butanol 0.11 0.14 0.14
DEC + 2-methyl-2-butanol 0.29 0.35 0.04
DEC + 3-methyl-1-butanol 0.01 0.05 0.11
DEC + 3-methyl-2-butanol 0.12 0.15 0.29

Redlich-Kister type equation which was optimized by applying the F-test
[97,98]

Qb =xi% Y Ax(2x — 1)f )
k=0

where sz represents HE, VE, An, 8 6 or Anp. The coefficients Ay of
the equation (5) and the standard deviations, s, defined by equation (6),
are given in Table 3.

(6)

where N is the number of data points, Y, the calculated value and
Yexp the experimental value.

In addition, we compare our values of surface tension with those
obtained from the theoretical models of Hildebrand and Scott (HSIS,
HSEG) and Sugden.

The HSIS model [99] is based on Guggenheim’s ideal solution
equation [100]. It applies when the size of the molecules in the mixture
is similar and assumes that both the bulk liquid and the surface layer
form ideal solutions. The equation for HSIS model can be written as:

Ay
80 = (G] — 02)2)(1 (1 — X[) (7)

" 2RT

where § o is the surface tension deviation, x; the mole fraction of
DEC, ¢ 1 and ¢ 3 the surface tension of pure components, DEC and
pentanol isomers respectively (Table 2), R the gas constant, T the tem-
perature and Ay the molar surface area which will be defined as

A = XA XA ®

The molar surface area of the pure compounds can be defined using
different expressions [101-104] for our case we will use the most usual
expression [101,103], which assumes that molecules in the liquid are
close-packed spheres:

A= (V2eN)”? ©

where N is Avogadro’s number and V; is the molecular volume of
compound i that is obtained experimentally from their molecular mass
and density. The standard deviations, s, defined by equation (6), are
given in Table 4.

Another of the models applied is the HSEG which like the previous
model is based on Guggenheim’s ideal solution equation [100] but
considering the different sizes of the molecules of the mixture. The
expression for ¢ in the HSEG model can be written as [99,105]:

(61 — )’

6=Y,6,+Y,06,— RT

(Y1A +Y2A,)Y 1Y, (10)

In this expression, the parameter Y; gives the relationship between
the surface molar area for the molecule i and the total molar surface
area. Thus, Y; is defined by the following expression:

XiAi

o XA 1
X1A; 4+ XA, an
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Note that in equation (10) we have changed the original Boltzmann’s
constant kg into the gas constant R. This is because in original papers
[99,105] A; indicates the molecular surface area, but we will use the
molar surface area defined in equation (9). To obtain & ¢ we applied
equation (3) to the ¢ values obtained from equation (10). The standard
deviations, s, were calculated with equation (6) and showed in Table 4.

Finally, we analysed the theoretical model of Sugden [106] where a
parameter called parachor is defined as:

[P] = ci‘/‘% (12)

M,; is the molar mass of the pure compound i, p j its density and [P;] is
the parachor which is independent of the temperature and characteristic
of any liquid substance. This equation assumes that vapour density is
negligible, which is the case of our measurements. Assuming that the
parachor is mole-wise additive [95] we could define ¢ for a binary
mixture as

4

[P1] and [P3] are the parachor coefficients for, respectively, DEC (1)
and pentanol isomers (2), My, and p are the molar mass and the density
of the mixture. Once we know the parachor of the pure compounds
(equation (12) and the densities of the mixtures, it is possible to calcu-
late a semiempirical surface tension for any mixture. The standard de-
viations of the surface tension deviations were calculated with equation
(6), these values are shown in Table 4.

In general, the best results are obtained for the HSIS theory due to the
similarity of the size of the molecules of our systems. For the HSIS and
HSEG, the system DEC + 3,1-ol is that which obtained the smallest
standard deviation.

Finally, we have tested five empirical models to predict np from the
density and np values of their pure compounds. These models are those
of Lorentz-Lorenz (L-L), Wiener (W), Heller (H), Gladstone-Dale (G-D)
and Newton (N).

The Lorentz-Lorenz equation [107,108] is defined as

nl, — 1 n?—1 n3—1
= 1
n?, +2 ¢]<nf+2 s n?+2 a4
being n; and n; the refractive indexes of the DEC and pentanol iso-

mers, respectively, the njo the refractive index of the mixture and ¢ is
defined by the following equation:

¢, = wib2 as)
Pi
where p 12 is the density of the mixture, p ; is the density of
component i and w; is the mass fraction of component i given by the
following expression:

xiM;

_ 16
X]M] + XzMz ( )

Wi
where x; and M; are the mole fraction and molar mass of component i,
being DEC (1) and the pentanol isomers (2).
The expression of Wiener [109] that can be written as

H%2—l'l% :q)z(ng_n%) a7

2 2 2 2
ny, +2n) n; + 2nj

The next model applied was the Heller model [110]:

np,-n 3 (m’—1
P 52 (T m 2) (18)
where m is calculated by the following expression:
m="2 19)
n;
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Table 5

Standard deviations, s, of the experimental np, results from the predicted ones
using the Lorentz-Lorenz (L-L), Wiener (W), Heller (H), Gladstone-Dale (G-D)
and Newton (N) equations.

L-L w H G-D N

T =298.15K

DEC + 1-pentanol 0.0004 0.0009 0.0009 0.0002 0.0002
DEC + 2-pentanol 0.0004 0.0019 0.0019 0.0004 0.0005
DEC + 3-pentanol 0.0005 0.0021 0.0021 0.0002 0.0003
DEC + 2-methyl-1-butanol 0.0004 0.0010 0.0010 0.0003 0.0003
DEC + 2-methyl-2-butanol 0.0002 0.0016 0.0016 0.0001 0.0003
DEC + 3-methyl-1-butanol 0.0002 0.0007 0.0007 0.0002 0.0002
DEC + 3-methyl-2-butanol 0.0003 0.0021 0.0021 0.0003 0.0005
T =308.15K

DEC + 1-pentanol 0.0005 0.0011 0.0011 0.0004 0.0004
DEC + 2-pentanol 0.0006 0.0020 0.0020 0.0004 0.0005
DEC + 3-pentanol 0.0009 0.0021 0.0021 0.0005 0.0001
DEC + 2-methyl-1-butanol 0.0010 0.0011 0.0011 0.0007 0.0005
DEC + 2-methyl-2-butanol 0.0004 0.0018 0.0018 0.0002 0.0002
DEC + 3-methyl-1-butanol 0.0008 0.0008 0.0008 0.0006 0.0004
DEC + 3-methyl-2-butanol 0.0005 0.0022 0.0021 0.0002 0.0004

The Gladstone-Dale equation [111] has the form:
1'11271 :q)l(nl*l)ﬂ»(bz(nz*l) (20)

Finally, we applied the empirical expression known as Newton’s
equation [112], which is quite like that of Gladstone-Dale

nt :¢1(n%_1) +¢2(n§—1)+1

In Table 5, we give the standard deviations, s, (calculated with
equation (6)) for the empirical models applied at temperatures 298.15
and 308.15 K. As can be seen, in general, the best prediction is given by
Gladstone-Dale and Newton’s equations and the empirical models of
Wiener and Heller give very poor accuracy compared with the others,
although their standard deviations are similar. In conclusion, the models
of Gladstone-Dale and Newton could be used to estimate reliable n;5
data for other similar mixtures from the data of nj, ny and p 1.

(2D

4. Conclusions

In this work, we studied the physical properties of the mixtures the
carbonate (DMC and DEC) with different isomers of pentanol and their
deviation from the ideal behaviour through their corresponding excess
magnitudes. Analaysing these latter properties, we set out to establish a
relationship of the values obtained with the position of the —OH on the
different isomers of pentanol. Thus, the results of the different excess
properties (HE, VEL>O and An, Ac, Anp < 0) not only indicated that the
interactions of the like molecules are stronger that of unlike molecules
but also the steric effects including the free volume effects have an
important impact on the interactions of the unlike ones in the mixing
process. Thus, and taking into account that the isomers of pentanol have
similar dipolar moments but different geometry, it was difficult to
determine the influence of the position of the —OH in the obtained
results.

The increase of the temperature provokes a decrease in viscosities
and refractive indexes, although in these latter this increase is
insignificant.

In general, at 298.15 K the mixtures with 1-ol and 3,1-ol (where the
OH is on a primary carbon) show the best results for all studied
properties.

Several theoretical models were applied to these systems for the
surface tensions (HSIS, HSEG and Sugden) and the refractive indexes
(Lorentz-Lorenz, Wiener, Heller, Gladstone-Dale and Newton). The best
results were obtained for the model of HSIS in the case of surface ten-
sions and the Gladstone-Dale and Newton for the refractive indexes.
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