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ABSTRACT: Room temperature ionic liquids (RTILs) have been ascribed as
alternative solvents in separation processes or chemical reactions. This research
is concerned with the study of density, p, viscosity, #, and surface tension, o,
over the mole fractions of (0.1000 to 1.000) mol and temperature from
(293.15 to 333.15) K for ternary mixtures of 1l-ethyl-3-methylimidazolium
diethylphosphate (EMIM DEP)/1,3-dimethylimidazolium dimethylphosphate
(MMIM DMP), water, and 1-propanol/2-propanol. As the temperature in-
creased, surface tension and density results for all the multicomponent
mixtures show a linear descending trend. Adversely, viscosity results indicate
polynomial descending trend. At the whole ranges of temperature, the density,
surface tension and viscosity data show a significant gap between mole
fractions of ionic liquid. These experimental results have been evaluated and
the most prominent polynomial or linear regressions were obtained. The most
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prominent correlation for density and surface tension for all four systems were obtained using a linear equation. In contrast, the
best correlation for viscosity data was obtained using a second order polynomial equation. On the other view, the experimental
density and surface tension data decrease linearly with mole fraction of ionic liquid. The Jouyban—Acree model was used to
correlate the density, surface tension, and viscosity of the studied mixtures at different temperatures. The accuracy of the model

was evaluated and the absolute percentage error (APER) for each correlation was less than 6%.

1. INTRODUCTION

Room temperature ionic liquids (RTILs) possess a number of
special characteristics such as nonvolatility, thermal and chemical
stable, low vapor pressures, encouraging solubility, and many
more"” which may contribute in their application as separating
agents in liquid—liquid extraction processes. These features play
a 31gn1ﬁcant role in liquid—liquid extraction,®” carbon dioxide
adsorption,®'? electrochemistry,' ™' and other areas."*™'°
Azeotropic mixtures such as aqueous solutions of 1-propanol
and 2-propanol have many uses in major industries but pre-
dominantly they are used as solvent media for an array of
separation processes and also in homogeneous and heteroge-
neous extractive rectification.'” As it is known, an azeotropic
mixture is one tough solution to be separated from one to
another. Hence forward, based on the number of paper
published,'®™*° dialkyl-phosphate based ionic liquids are a
probable separating agent for the separation process. However,
in order to introduce the ionic liquid as an entrainer into
both azeotropic aqueous solutions, the demand of fundamental
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physicochemical properties such as density, viscosity, and surface
tension and their dependency upon composition and temper-
ature of ternary mixture is very important.

Nowadays, studies on separation of organic solvents in
mixtures using an ionic liquid have become a great part in the
research world.* 7>* These physicochemicals behavior could
significantly effect the mass transfer or energy across the
interface. In addition, the study of physicochemical behaviors
of RTIL binary or ternary mixtures are more widely used and
appropriate compared to pure ionic liquid for some applications.
For example, Dong et al.** reported that mixed electrolytes
formed by the combination of ionic liquids and standard liquid
electrolyte improved the thermal stability in lithium-ion battery.
In another field, Anderson et al.?® studied binary mixtures of two
ionic liquids as gas chromatography stationary phases. Based on
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their observation, the enrichment of the IL-mixture with chloride
anion produced a stationary phase with improved dipole-type
and hydrogen bond basicity interactions. On the other hand, the
separation selectivity of a mixture of alcohols and aromatic
analytes was enhanced by tuning the composition of the binary
ILs stationary phase mixture.

Physicochemical data for azeotropic systems such as in this
work, i.e., I-propanol + water and 2-propanol + water containing
ionic liquids are very important in order for us to have a better
understanding in designing separation mechanism. In this study,
1-propanol + water and 2-propanol + water were chosen as the
azeotropic mixtures based on the reported observation by Zhang
et al.* at which their result indicated that the used ionic liquid
was able to reduce the vapor pressure of water, 1-propanol, and
2-propanol, making it a potential azeotropic mixture to be extracted
from one another. Dialkyl phosphate anions are anticipated for
practical applications as it can be processed in a single reactor
under gentle conditions and still can give a very high yield. On
the other hand, this type of ionic liquid is ecological friendly
compared to other ionic liquids.”’

Hence, in this research we have measured the surface tension,
density, and viscosity of the four systems, ie., l-ethyl-3-
methylimidazolium diethylphosphate (EMIM DEP)/water/
1-propanol, 1-ethyl-3-methylimidazolium diethylphosphate
(EMIM DEP)/water/2-propanol, 1,3-dimethylimidazolium
dimethylphosphate (MMIM DMP)/water/1-propanol, and
1,3-dimethylimidazolium dimethylphosphate (MMIM DMP)/
water/2-propanol over the whole concentration range at temper-
atures from (293.15 to 333.15) K. The trending of density, surface
tension and viscosity toward temperature and RTIL composi-
tions of these two types of imidazolium-phosphate based RTILs
and primary and secondary alcohol were observed. In an almost
similar study, Li and Wang®® measured vapor—liquid (VLE)
including 1-propanol + EMIM DEP, 2-propanol + EMIM DEP,
water +1-propanol + EMIM DEP, and water +2-propanol +
EMIM DEP. The experimental data were then regressed using
UNIFAC model with the maximum average relative deviation
(ARD) of 2.7%. In their study, EMIM DEP was divided into
MMIM DMP. Based on the reported result, both EMIM DEP
and MMIM DMP were able to separate and break the azeotropic
behavior of alcohols and water mixtures. As an addition, MMIM
DMP is a better separating agent for the azeotrope mixture
studied than EMIM DEP.

Regardless of all the experimental efforts for physicochemical
studies, there are numerous mathematical methods®*>* that
were reported to compute physicochemical data. The density,
viscosity, and surface tension of these ternary mixtures are
correlated using the Jouyban—Acree model; and the accuracy of
the model is evaluated using absolute percentage error (APER)
of the correlated and experimental values.

2. EXPERIMENTAL SECTION

The analytical commercial grade chemicals, ie.,, 1—propanol,
2-propanol, 1-ethyl-3-methylimidazolium diethylphosphate
(EMIM DEP), and 1,3-dimethylimidazolium dimethylphos-
phate (MMIM DMP) were supplied by Merck Chemicals and
used without further purification. The water content for all four
commercial grade chemicals was determined using Karl Fischer.
The purity and water content results for all chemicals used are
represented in Table 1.

Density, p, measurements were carried out using an Anton Paar
DMA 4500. The densitometer is precise within 1.0-10™* g-cm™
and the uncertainty measurement was estimated to be better

Table 1. Purity and Water Content of the Commercial Grade
Chemical Used

water
content

reported mole

chemical name source fraction purity  (w/w %)
1-ethyl-3-methylimidazolium Merck Chemicals 0.952 0.34
diethylphosphate
1,3-dimethylimidazolium Merck Chemicals 0.967 0.28
dimethylphosphate
1-propanol Merck Chemicals 0.986 0.41
2-propanol Merck Chemicals 0.985 0.44

Table 2. Mole Fraction of Each Component for EMIM
DEP/Water/1-Propanol or 2-Propanol

EMIM DEP/water/1-propanol

XEMiM DEP Kt Kot
0.1033 0.4497 0.4470
0.2025 0.3985 0.3990
0.3039 0.3491 0.3470
0.4020 0.3040 0.2940
0.5051 0.2429 0.2520
0.6056 0.1954 0.1990
0.7013 0.1487 0.1500
0.8026 0.0994 0.0980
0.9033 0.0487 0.0480

EMIM DEP/water/2-propanol

Xgnmiv DEP Xvater 26 et
0.1000 0.4510 0.4490
0.2000 0.4000 0.4000
0.3005 0.3505 0.3490
0.4010 0.3000 0.2990
0.5013 0.2497 0.2490
0.6002 0.2008 0.1990
0.7002 0.1498 0.1500
0.8012 0.0998 0.0990
0.9001 0.0499 0.0500

than + 1.0-107 g-em™. The instrument is equipped with a
maximum temperature range of 363.15 K and a minimum of
273.15 K. Calibration of the densitometer was performed at
atmospheric pressure using dry air and 1-propanol or 2-propanol.

On the other hand, surface tension, 6, measurements were
carried out using KRUSS Processor Tensiometer K100 using Du
Noiiy ring method at temperature from (293.1S to 333.15) K.
The tensiometer has a surface tension range of (1—1000) mN-m™"
with 0.01 resolutions. The instrument is equipped with a maximum
temperature range of 403.15 K and a minimum of 263.15 K.
Calibration of the tensiometer was performed at atmospheric
pressure using dry air and pure alcohol (1-propanol or
2-propanol). The reproducibility of the surface tension is
0.50 %. In general, each surface tension value reported was an
average of ten measurements.

Viscosity, 77, measurements were carried out using Brookfield
R/S+ Rheometer. The rheometer has a dynamic viscosity range
of (0.002—19) Pa-s. The instrument is equipped with a maximum
temperature range of 453.15 K and a minimum of 293.15 K.
Calibration of the rheometer was performed at atmospheric
pressure using dry air and pure alcohol (1-propanol or 2-propanol).
The viscosity was measured with an accuracy less than 1 %.

The mixtures of water, alcohol, and RTIL were prepared by
weighing on an AND GR-200 balance covering the complete
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Table 3. Mole Fraction of Each Component for MMIM DMP/
Water/1-Propanol or 2-Propanol

MMIM DMP /water/1-propanol

Xvmiv pMP Xoyater D]
0.1089 0.4411 0.4500
0.2062 0.3938 0.4000
0.3059 0.3441 0.3500
0.4022 0.2978 0.3000
0.5059 0.2451 0.2490
0.6002 0.1998 0.2000
0.7002 0.1498 0.1500
0.8002 0.0998 0.1000
0.9028 0.0472 0.0500

MMIM DMP/water/2-propanol

Xmmiv DMP HKgsten X5 propanol
0.1000 0.4450 0.4450
0.2000 0.4030 0.3970
0.3005 0.3525 0.3470
0.4010 0.3050 0.2940
0.5013 0.2507 0.2480
0.6002 0.1998 0.2000
0.7002 0.1518 0.1480
0.8012 0.0988 0.1000
0.9130 0.0430 0.0440

composition range; the precision in mass fraction being
estimated as + 107* g. The experimental mole fractions for
each component are represented in Tables 2 and 3. The mixtures
were placed into stoppered bottles and stirred for 1 h at room
temperature. All the samples prepared and the pure liquids were
measured at (298.15 to 333.15) K for density, viscosity, and
surface tension reading. The measured values of surface tension,
viscosity, and density for pure 1-propanol, 2-propanol, and water
over the temperature range of (293.1S to 333.15) K are shown
in Table 4. Table S represents the surface tension, density and
viscosity experimental values of pure ionic liquids used in this
work.

3. RESULTS AND DISCUSSION

The density, surface tension, and viscosity data for all the ternary
mixtures, EMIM DEP/water/1-propanol or 2-propanol and
MMIM DMP/water/1-propanol or 2-propanol, at IL mole
fraction from (0.1000 to 0.9000) and at temperature from
(293.15 to 333.15) K are tabulated in Tables 6—11.

Density. Figures S1 to S4 (in the Supporting Information)
illustrate linear trending for density measurements of all the
ternary mixtures as a function of temperature and composition.
The results indicate that the density values decrease linearly with
temperature and composition of ionic liquid. The density for
EMIM DEP + water + 1-propanol is slightly lower than that for
EMIM DEP + water + 2-propanol. This shows that the secondary
alcohol has a slightly higher density compared to the primary
alcohol even in mixture form. The same behavior was observed
for MMIM DMP + water + l-propanol and MMIM DMP +
water + 2-propanol ternary mixtures. The density results were
then correlated and the test correlation was obtained (R? > 0.99)
using linear equation. This linear trend between density of
imidazolium and pyridinium chloroaluminate and tempera-
ture shows the same trend that was observed and reported by
Siodtak et al.*’

The experimental densities of ternary mixtures of EMIM DEP
and MMIM DMP with aqueous 1-propanol and 2-propanol
at different temperatures as a function of mole fractions are depicted
in Figure SS to S8 (refer Supporting Information). As shown, the
density increases with increasing of mole fractions of ionic liquids.
This observed result has been quite consistent by the existing result
reported by Hofman et al** According to their observation, the
density increased due to stronger intermolecular interactions
between the two components in the studied binary mixture.

Surface Tension. In all systems studied, surface tension
generally decreased with increasing temperature for any given
concentration or mole fractions of IL. Figures S9 to S12 (in the
Supporting Information) show the linear trending of surface
tension values with the temperature for EMIM DEP + water +
1-propanol/2-propanol and MMIM DMP + water + 1-propanol/
2-propanol. This declining trend shows that the molecular

Table 4. Experimental and Literature Values of Density, Surface Tension, and Viscosity of Pure 1-Propanol and 2-Propanol®

1-propanol
T p p/gem™ 6/mN-m™! n/mPa-s
K atm exp. lit. exp. lit. exp. lit.
293.15 0.987 0.804 0.804° 23.67 23.71¢ 220 220"
298.15 0.987 0.8001 0.800° 2331 23.337 1.99 1.95°
303.15 0.987 0.796 0.796" 22.81 22.93¢ 173 1.73%
313.15 0.987 0.788 0.789% 22.19 22.15° 1.38 1.38%
323.15 0.987 0.780 0.781° 21.34 21.38° 1.12 1.11°
333.15 0.987 0.764 0.773% 20.66 20.60° 091 091”
2-propanol
T P p/gem™ 6/mN-m™! n/mPa-s
K atm exp. lit. exp. lit. exp. lit.
293.15 0.987 0.786 0.785% 21.28 21.32¢ 241 2417
298.15 0.987 0.781 0.781° 20.94 20.90° 2.06 2.07°
303.15 0.987 0.777 0.777% 20.54 20.53¢ 1.79 1.79%
313.15 0.987 0.768 0.769* 19.97 19.74° 135 1357
323.15 0.987 0.759 0.760” 18.87 18.96° 1.03 1.03%
333.15 0.987 0.750 0.750° 18.11 18.17¢ 0.82 0.81°

“Standard uncertainties, %, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(6) = 0.15 mN-m™". Relative standard uncertainties, u,, are u,(p) =
0.001 and u,(n7) = 0.01. bReference 33. “Reference 34. “Reference 35. “Reference 36.

C

dx.doi.org/10.1021/je400576e | J. Chem. Eng. Data XXXX, XXX, XXX—XXX



Journal of Chemical & Engineering Data

Table 5. Experimental and Literature Values of Density, Surface Tension, and Viscosity of Pure (EMIM DEP) and (MMIM DMP)“

EMIM DEP

plgem™

1

6/mN-m~ n/mPa-s

K atm exp. lit.
293.15 0.987 1.151 1.147°
1.141¢
298.15 0.987 1.146 1.146°
1.1497
1.140¢
1.1457
1.149°
303.15 0.987 1.141 1.140°
1.132°¢
1.1429
313.15 0.987 1.130 1.134°
1.125¢
1.1357
323.15 0.987 1.116 1.126°
1.118°
1.129¢
333.15 0.987 1.103 L111¢
1.122¢

exp. lit. exp. lit.
34.78 36.10° 537.03 580"

34.46 35.58° 320.89 410"

37.1°

34.19 35.43° 284.34 300

33.54 35.07° 150.96 168"

33.15 34.55¢ 90.02 10

32.81 33.88° 58.02 66"

MMIM DMP

plgem™

1

6/mN-m~ n/mPa-s

K atm exp. lit.

293.15 0.987 1254 1262
1.244¢
298.15 0.987 1.250 1.258%
1.242°¢
1.253¢
303.15 0.987 1247 1255
1.234¢
12538
313.15 0.987 1.240 1.248°
1.230°
1.2468
323.15 0.987 1233 1242%
1.224¢
12328
333.15 0.987 1.230 1.219°
12328

exp. lit. exp. lit.
47.78 47.42° 381.22 NA

46.98 47.09° 336.74 NA

48.4°

46.21 47.11° 22141 NA

44.89 45.11°¢ 178.66 NA

42.67 43.01° 147.95 NA

41.99 41.88° 133.73 NA

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(c) = 0.15 mN-m™". Relative standard uncertainties, u,, are
u,(p) = 0.001 and u,(r) = 0.01. bReference 37. “Reference 38. “Reference 39. “Reference 40. "Reference 41. ®Reference 42.

interaction between the liquids is weaker. The alcohol hydrogen
bond is the main contribution for association between two
molecules which are very weakly bound. Therefore, the bond can
be easily broken upon increasing temperature leading to lower
surface tension values.

Similar to density, the surface tension value for MMIM
DMP /water/1-propanol is higher compared to that for
MMIM DMP/water/2-propanol. The same goes for the
EMIM DEP mixture. MMIM DMP shows a very distinct
result unlike EMIM DEP where the gap in the surface tension
results between each composition is closer. This shows that
the surfactant effect is distinctive in systems containing
MMIM DMP rather than EMIM DEP. The experimental
results were then correlated, and the best correlation was
obtained (R* > 0.99) using linear equations. This linear trend

behavior of surface tension is in agreement with Coutinho
et al.** and Zobeydi.*

Figures S$13 to S16 (in the Supporting Information) depict the
surface tension of all four studied mixtures in different
temperatures as a function of mole fraction. It shows from the
trend that ternary mixtures with EMIM DEP as an ionic liquid
have lower surface tension values compared to mixtures with
MMIM DMP. This behavior has been proven by Khanjari et al.*’
where the surface tension varied strongly on the alkyl chain
length of quaternary ammonium-based ionic liquids.

Viscosity. Figures S17 to S20 (in the Supporting Information)
show the variation in viscosities of EMIM DEP + water +
1-propanol/2-propanol and MMIM DMP + water + 1-propanol/
2-propanol with composition and temperature. The viscosity
decreases nonlinearly with temperature. At a fixed temperature,
the dynamic viscosity values of the ternary mixtures decrease
with increasing mole fraction of ionic liquid. Similarly to density
and surface tension, the viscosity for EMIM DEP + water +
2-propanol is distinctively lower than that for EMIM DEP + water +

dx.doi.org/10.1021/je400576e | J. Chem. Eng. Data XXXX, XXX, XXX—XXX
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Table 6. Density, p (g:-cm™*), of EMIM DEP/Water/1-Propanol and EMIM DEP/Water/2-Propanol at 0.987 atm*

density, p/ g'cm_3

T Xenvm pep in EMIM DEP /water/1-propanol

K 0.1033 0.2025 0.3039 0.4020 0.5051 0.6056 0.7013 0.8026 0.9033
293.1S 0.937 0.954 0.973 0.992 1.015 1.041 1.067 1.089 1.108
298.15 0.933 0.950 0.967 0.988 1.009 1.033 1.060 1.084 1.103
303.15 0.930 0.946 0.961 0.982 1.002 1.027 1.053 1.079 1.098
313.18 0.923 0.938 0.952 0.971 0.993 1.013 1.041 1.067 1.088
323.15 0914 0.929 0.943 0.962 0.981 1.001 1.029 1.055 1.077
333.15 0.904 0.920 0.935 0.950 0.972 0.991 1.018 1.043 1.065

T Xenvim pep in EMIM DEP /water/2-propanol

K 0.1000 0.2000 0.3005 0.4010 0.5013 0.6002 0.7002 0.8012 0.9001
293.15 0.939 0.958 0.985 1.006 1.033 1.061 1.088 1.118 1.137
298.15 0.936 0.955 0.981 1.002 1.028 1.056 1.082 1.112 1.122
303.15 0.933 0.951 0.977 0.997 1.021 1.050 1.076 1.106 1.116
313.15 0.925 0.944 0.967 0.989 1.012 1.038 1.065 1.095 1.108
323.1S 0918 0.936 0.957 0.979 1.001 1.025 1.083 1.085 1.101
333.18 0910 0.928 0.949 0.969 0.990 1.012 1.040 1.071 1.092

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(c) = 0.15 mN-m™". Relative standard uncertainties, 1, are

u,(p) = 0.001 and u,(n) = 0.01.

1-propanol. The viscosity decreases quicker for a secondary alcohol
than for a primary alcohol. This could be due to the branch alcohol,
i.e,, 2-propanol becomes a linear alcohol and readily linear alcohol’s
molecules, i.e., 1-propanol becomes stronger than it usually does.
Higher viscosity values were observed for mixtures containing
MMIM DMP compared to mixtures containing EMIM DEP. The
best correlation values for all mixtures were obtained using a second
order polynomial ecauatlon (R*>0.99). The results corresponded to
those of Maik et al.

Figures S21 to S24 (in the Supporting Information) present
the viscosity data of ternary mixtures of EMIM DEP + water +
1-propanol/2-propanol and MMIM DMP + water + 1-propanol/
2-propanol at different temperatures as a function of mole fraction.
At higher mole fraction of ionic liquids, the gaps between each
mole fraction of ionic liquids are more obvious and clear compared
to those for lower ionic liquids mole fraction. It is understandable
that the mobility of the ions is higher when the mixtures have lower
viscosity. Th1s phenomenon is in agreement with Laskowska and
Domanska*’ where their study showed a decrease of viscosity with
an increase of alcohol content that is significantly strong in dilute
solutions of an alcohol in studied ionic liquids.

Data Correlation Using the Jouyban—Acree Model.
The experimental density, surface tension, and viscosity data
were then correlated using Jouyban—Acree model. The model
was provided reasonably accurate results for various physico-
chemical properties of the mixtures.>

Density. The Jouyban—Acree model for representing the
density of ternary mixtures is

In Pot = %1 In Prt X In Py T X In Pyr

2| Ax, — xz)j

+ xx, z 4 + xx5
- T
j=0
2 ' 2 j
B(x, — x,) Cxy — ;)
A" 3 A2 3
x 2 xy 2 T
j=0 j=0

j=0 (1)

where p, 1, P11y P2, and p; 7 are the densities of the mixtures
and solvents 1, 2, and 3 at tem 5perature T, respectively, and D;
represent the model constants.”>> These model constants are
computed by regressing (In p,, r — %, In p; 7 — %, In p, 7 — x5 In
P3r) against %12,/ T, 1, (%1 — %)/ T, 12y (%; — 2,)*/ T, 13/ T,
w2y (o0 — %3)/ T, xy003(y — x3)%/ T, 205/ T, s0y23(%, — 23)/ T,
w0, — %3)2/T, %0025/ T, x00%3(x; — %, — x3)/T, and
00003 (% — 26y — x3)2/ T using a no intercept least-square analysis.

The proposed model after excluding nonsignificant model
constants (p > 0.05), for

(i) EMIM DEP/water/1-propanol mixture:

In Pot = %1 In Pr % In Pyr t %3 In o
- 34. 106[ ] + 35. 221[ ]
T T )
(il) EMIM DEP/water/2-propanol mixture:
In Pot = %1 In Pr T % In Pyr + %3 In Psr

+ 79. 955[ ] + SS. 147[ ]
T T

—219. 836[ 1x2x3]
T

®3)
(iii) MMIM DMP /water/1-propanol mixture:
In Pot = %1 In Prt % In Py T X In Py
] ] ] 2]
T T
+ 549242[ 2 3]
T 4)
(iv) MMIM DMP/water/2-propanol system:
In Pot = %1 In prt X In Py T X In Pyr
-7 335[ ] + §7. 906[ ]
T T (s

E dx.doi.org/10.1021/je400576e | J. Chem. Eng. Data XXXX, XXX, XXX—XXX



Journal of Chemical & Engineering Data

Table 7. Density, p (g-cm™*), of MMIM DMP/water/1-propanol and MMIM DMP /water/2-propanol at 0.987 atm®

density, p/ g'cm_3

T Xyivivt pmp it MMIM DMP /water/1-propanol

K 0.1089 0.2062 0.3059 0.4022 0.5059 0.6002 0.7002 0.8002 0.9028
293.1S 0.965 0.988 1.017 1.044 1.071 1.096 1.123 1.148 1.193
298.15 0.960 0.980 1.010 1.037 1.062 1.087 1.116 1.139 1.182
303.15 0.953 0.974 1.002 1.030 1.054 1.080 1.107 1.131 1.174
313.18 0.942 0.963 0.989 1.016 1.042 1.067 1.094 1.117 1.162
323.18 0.934 0.952 0.976 1.004 1.031 1.056 1.083 1.108 1.150
333.15 0.925 0.941 0.964 0.990 1.020 1.043 1.071 1.094 1.137

T Xyivirv pmp in MMIM DMP /water/2-propanol

K 0.1000 0.2000 0.3005 0.4010 0.5013 0.6002 0.7002 0.8012 0.9130
293.15 0.955 0.975 1.003 1.038 1.069 1.108 1.142 1.176 1215
298.15 0.951 0.971 0.999 1.034 1.063 1.103 1.136 1.169 1.209
303.15 0.947 0.968 0.995 1.030 1.058 1.098 1.129 1.165 1.203
313.15 0.942 0.960 0.988 1.020 1.051 1.088 1.120 1.152 1.192
323.1S 0.936 0.953 0.979 1.012 1.042 1.076 1.108 1.141 1.181
333.18 0.932 0.948 0.974 1.003 1.034 1.067 1.098 1.130 1.171

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(c) = 0.15 mN-m™". Relative standard uncertainties, 1, are

u,(p) = 0.001 and u,(n) = 0.01.

Table 8. Surface Tension, 6/mN m™! of EMIM DEP/Water/ 1-Propanol and EMIM DEP in EMIM DEP/Water/2-Propanol

at 0.987 atm”

surface tension, 6/mN-m

=il

T Xenvim pep in EMIM DEP /water/ 1-propanol

K 0.1033 0.2025 0.3039 0.4020 0.5051 0.6056 0.7013 0.8026 0.9033
293.15 2275 24.15 2537 2639 27.51 2847 29.52 30.72 32.39
298.15 22.45 23.77 25.08 26.02 27.12 28.17 29.18 30.43 31.89
303.15 22.14 23.49 24.76 25.76 26.78 27.85 28.84 30.16 31.49
313.18 21.71 23.06 24.16 25.24 26.32 27.33 28.15 29.53 30.87
323.15 21.31 22.63 23.77 24.89 25.89 26.78 27.62 29.03 30.35
333.18 21.07 22.25 23.57 24.49 25.37 26.28 2722 28.63 29.97

T Xenvv pep in EMIM DEP /water/2-propanol

K 0.1000 0.2000 0.3008 0.4010 0.5013 0.6002 0.7002 0.8012 0.9001
293.15 22.34 23.08 24.11 24.92 25.85 26.88 27.92 29.79 31.87
298.15 22.16 22.90 23.90 24.69 25.68 26.60 27.75 29.67 31.58
303.15 22.03 22.74 23.66 24.45 25.42 26.38 27.57 29.44 31.42
313.1S 21.76 22.52 2341 24.19 25.18 26.06 27.09 29.04 31.06
323.18 21.55 2223 23.05 23.95 24.92 25.74 26.83 28.74 30.77
333.15 21.22 21.92 22.85 23.66 24.72 25.57 26.59 28.24 30.47

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(5) = 0.15 mN-m™". Relative standard uncertainties, u,, are u,(p) =

0.001 and () = 0.01.

The calculated densities values using eqs 2 to 5 against the
experimental values are depicted in Figures 1 to 4. The correlated
data were then compared with the corresponding experi-
mental data by computing the absolute percentage error
(APER) using

APER = % lcomputed — experimentall

experimental (6)

in which N is the number of data points in each set. The
APER,, for EMIM DEP/water/1-propanol is 0.507 %,
0.427 % for EMIM DEP/water/2-propanol, 0.870 % for
MMIM DMP/water/1-propanol, and 0.509 % for MMIM
DMP /water/2-propanol.

Surface Tension. The Jouyban—Acree model for representing
the surface tension of ternary mixtures is

In Ot = %) In o, + %, In % In Oy 1

< Aj(xl - xz)j

+ xx, Z T + X%
j=0
i B (xl x3) e i Cj(x2 — x3)j
2%3
—o T
< D(x1 Xy xs)j

+ x5 Z

?)

where 6,1, 011, 6,7, and 031 are the surface tensions of the
mixture and solvents 1, 2, and 3 at temperature T, respectively,
and D; represent the model constants. 5% These model constants
are computed by regressing (In 6,7 — %, In 6,7 — %, In 0, 7 — x5
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Table 9. Surface Tension, 6/mN m~' of MMIM DMP/Water/1-Propanol and MMIM DMP/Water/1-Propanol 0.987 atm®

surface tension, 6/mN-m™~

il

T Xyivivt pmp it MMIM DMP /water/1-propanol

K 0.1089 0.2062 0.3059 0.4022 0.5059 0.6002 0.7002 0.8002 0.9028
293.1S 31.84 32.87 34.00 35.11 36.19 37.40 40.41 43.52 45.55
298.15 31.81 32.80 33.93 35.04 36.03 37.29 40.22 43.29 44.90
303.15 32.13 33.15 34.28 35.21 36.28 37.48 40.28 4341 44.61
313.15 30.77 31.64 32.79 33.70 34.72 35.84 38.48 41.61 42.74
323.18 29.15 29.96 31.16 32.01 33.11 34.08 36.56 39.71 40.51
333.15 28.45 29.27 30.34 31.26 32.26 33.32 35.67 38.68 39.57

T Xyivirv pmp in MMIM DMP /water/2-propanol

K 0.1 0.2 0.3008 0.401 0.5013 0.6002 0.7002 0.8012 0913
293.15 29.84 31.03 32.53 34.05 36.40 3893 40.84 42.94 47.16
298.15 29.80 31.03 32.51 34.04 36.23 38.58 40.40 42.50 46.62
303.15 30.16 31.29 32.74 34.24 36.36 38.65 40.41 4241 46.39
313.15 28.73 29.81 31.26 32.58 34.57 36.67 38.36 40.16 43.90
323.1S 27.10 28.07 2945 30.71 32.54 34.51 36.17 37.77 41.22
333.18 26.28 27.18 28.55 29.86 31.62 33.38 34.95 36.45 39.56

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(c) = 0.15 mN-m™". Relative standard uncertainties, 1, are
u,(p) = 0.001 and u,(n) = 0.01.

Table 10. Viscosity, 77/mPa‘s of EMIM DEP/Water/2-Propanol and EMIM DEP/Water/2-Propanol at 0.987 atm®

viscosity, #7/mPa-s

T Xenvv pep in EMIM DEP /water/1-propanol

K 0.1033 0.2025 0.3039 0.4020 0.5051 0.6056 0.7013 0.8026 0.9033
293.18 47.13 65.39 89.84 117.28 151.28 199.74 248.83 305.27 372.97
298.1S 39.45 53.86 73.29 98.03 120.37 151.11 182.76 224.07 273.36
303.15 29.97 44.62 61.48 78.39 100.27 128.36 158.23 197.74 241.36
313.15 22.23 31.71 40.29 49.38 62.35 76.06 93.10 110.22 133.26
323.15 16.07 22.49 28.37 33.28 42.25 S1.19 5824 69.73 80.42
333.15 12.13 17.46 21.61 23.69 30.19 34.77 41.36 47.48 52.04

T Xemm pep in EMIM DEP /water/2-propanol

K 0.1000 0.2000 0.3005 0.4010 0.5013 0.6002 0.7002 0.8012 0.9001
293.15 41.39 50.05 67.74 101.54 156.95 235.33 336.61 436.52 484.35
298.15 34.20 41.77 54.82 79.18 119.79 176.24 257.14 322.01 351.83
303.15 26.35 31.23 46.19 67.26 108.28 151.76 215.37 278.08 306.72
313.15 17.86 23.23 30.26 41.83 62.37 89.58 124.24 153.24 167.94
323.15 12.64 14.49 20.12 29.25 41.28 55.23 75.66 94.26 101.23
333.15 10.12 12.13 16.61 20.72 28.19 38.71 52.01 61.12 66.53

“Standard uncertainties, u, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(6) = 0.15 mN-m™". Relative standard uncertainties, u,, are u,(p) =
0.001 and u,() = 0.01.

In 03 1) against x,x,/ T, x,5,(x; — x,)/ T, x5, (%) — %)%/ T, 00,5/

(ii) EMIM DEP/water/ 2-propanol mixture:

T, xyx3(xy — 23)/ T, ay3(%; — xs)z/T; x,%3/ T, yx3(%, — 23)/ T,
x3)/T
and x,x,%5(%; — x, — x3)*/T using a no intercept least-square

2
x2x3(x2 - x3) /T, 'xlxsz/Tr xlxzxs(xl - X

analysis.

The proposed model after excluding nonsignificant model
constants (p > 0.05), for

(i) EMIM DEP/water/1-propanol mixture:

Ino,r=xIno r+x,In0yr+xIn0;
XX X%
- 6os.o9z[ﬁ] - 839.635[ﬂ]
T T

+ 887.654[%]
T (8)

X%

Ino,r=x1Ino r+x1In0,r +x;In0y . — 632236 T
X%3 xyy(x, — x3)

— 735.677 T + 12796.69 —

X1X,X
+ 587.154[M]
T

)
(iii) MMIM DMP/water/1-propanol mixture:
Ino,r=xIno r+x,In0yr+xIn0;1
- 217.262[%] - 312.669[%]
T T
XXX
- 367.672[&]
T (10)
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Table 11. Viscosity, 77/mPa's of MMIM DMP/Water/1-Propanol and MMIM DMP/Water/2-Propanol at 0.987 atm®

viscosity, #7/mPa-s

T Xpivivt pmp it MMIM DMP /water/1-propanol

K 0.1089 0.2062 0.3059 0.4022 0.5059 0.6002 0.7002 0.8002 0.9028
293.1S 34.12 43.14 53.55 7245 106.23 158.36 217.82 271.38 342.37
298.15 30.43 37.34 47.37 63.63 89.56 132.24 172.33 211.24 264.11
303.15 27.4S 33.26 41.84 55.44 75.73 110.11 148.87 168.61 208.15
313.18 214 25.77 30.99 40.81 53.38 76.25 109.24 123.28 154.33
323.15 16.12 19.23 24.25 30.24 41.26 58.75 81.12 100.26 126.64
333.15 12.33 15.27 19.74 24.11 32.44 45.24 62.11 84.92 102.32

T Xyivvt pmp in MMIM DMP /water/2-propanol

K 0.1000 0.2000 0.3005 0.4010 0.5013 0.6002 0.7002 0.8012 0.9130
293.18 42.35 53.89 63.53 76.22 100.18 123.72 161.76 248.62 355.63
298.1S 32.34 41.83 51.28 64.36 82.56 103.92 130.19 202.84 281.72
303.15 2543 32.83 42.14 54.19 69.14 87.37 109.24 163.64 225.57
313.15 17.24 23.12 30.62 39.23 48.62 62.34 80.52 113.08 153.22
323.18 13.29 17.66 24.88 31.73 38.82 46.55 58.48 79.62 112.64
333.15 1091 15.12 20.27 26.92 31.66 37.15 44.19 60.73 91.71

“Standard uncertainties, %, are u(T) = 0.01 K, u(x) = 0.0001, u(P) = 1 kPa, and u(6) = 0.15 mN-m™". Relative standard uncertainties, u,, are u,(p) =

0.001 and u,(7) = 0.01.
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Figure 1. Density values of EMIM DEP/water/1-propanol calculated
using eq 2 against the corresponding experimental values.
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Figure 2. Density values of EMIM DEP/water/2-propanol calculated
using eq 3 against the corresponding experimental values.

(iv) MMIM DMP /water/ 2-propanol mixture:

Ino,r=xInor+xInc,r+xln0;7

XX XX
- 140.120[ﬁ] - 359.944[ﬂ]
T T

- 444.851[%]
T (11)

The calculated surface tension values using eqs 8 to 11 against the
experimental values are depicted in Figures S to 8. From eq 6,
The APER e tension f0r EMIM DEP/water/1-propanol is
0.6696 %, 0.245 % for EMIM DEP/water/2-propanol, 1.396 %
for MMIM DMP /water/1-propanol, and 1.726 % for MMIM
DMP /water/2-propanol.

Viscosity. The Jouyban—Acree model for representing the
viscosity of ternary mixtures is

In Nor = % In nr + x, In Ny 1 + %3 In yr

: Aj(xl - xz)j

+ xx, Z T + xpxg
j=0
2 B.(x, — x,)/ 2 [ Cx, — x)
AN 3 A 3
X 2 7T + xyx5 Z —T
j=0 j=0
5 .
D(x, — x, — x3)
AN 2 3
+ xx,%5 Z f
j=0 (12)

where 1., 1, 111 1, 2,1, and 773 1 are the viscosities of the mixture
and solvents 1, 2, and 3 at temperature T, respectively, and D;
represent the model constants.’>>* These model constants are
computed by regressing (In 7, r — %, In 17, 7 — %, In 77,7 — &3 In
137) against x,x,/ T, x,%, (), — )/ T, %y, (%) — %,)>/ T, w3/ T,
xyx3(x — x3)/ T, xy23(%y — x3)2/T, x,%3/ T, 2yx3(%, — 23)/ T,
wxy (%, — %3)%/T, %203/ T, wyxx3(%; — %, — x3)/T and
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Figure 3. Density values of MMIM DMP/water/l-propanol

calculated using eq 4 against the corresponding experimental
values.
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Figure 4. Density values of MMIM DMP /water/2-propanol calculated
using eq S against the corresponding experimental values.
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Figure S. Surface tension values of EMIM DEP/water/1-propanol
calculated using eq 8 against the corresponding experimental values.
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Figure 6. Surface tension values of EMIM DEP/water/2-propanol
calculated using eq 9 against the corresponding experimental
values.

x1x2x3(x1 - X — x3)2/T using a no intercept least-square
analysis.

The proposed model after excluding nonsignificant model
constants (p > 0.05), for

(i) EMIM DEP/water/1-propanol mixture:
Inp =xlnn, +xnn, +x0nn,

X%y XoX3
+ 2112.568] —= | + 3618.064] —
T T

X1%,X5
+ 1197.071| ——
T

(13)
(ii) EMIM DEP/water/2-propanol mixture:
In Hor = %1 In N+ % In Ny + % In Ny r
XX X9X3
+ 4314.520] —= | + 3778.940| —
T T
- 7994.452[%]
T (14)
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Figure 7. Surface tension values of MMIM DMP/water/1-propanol
calculated using eq 10 against the corresponding experimental
values.
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Figure 8. Surface tension values of MMIM DMP/water/2-propanol
calculated using eq 11 against the corresponding experimental
values.
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Figure 9. Viscosity values of EMIM DEP/water/1-propanol calculated
using eq 13 against the corresponding experimental values.
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Figure 10. Viscosity values of EMIM DEP/water/2-propanol calculated
using eq 14 against the corresponding experimental values.
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Figure 11. Viscosity values of MMIM DMP/water/1-propanol
calculated using eq 15 against the corresponding experimental values.
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Figure 12. Viscosity values of MMIM DMP/water/2-propanol
calculated using eq 16 against the corresponding experimental values.

(iti) MMIM DMP/water/1-propanol system:
In Hor = %1 In 0+ % In Ny + % In fyp

XX XX3
+ 2736.178 T + 3800.763 T

- 4081.101[%]
T

(18)
(iv) MMIM DMP/water/2-propanol system:
In N1 = %1 In n + x, In 7 + %5 In My
XX P
+ 1619.312[¥] + 3589.888[ﬂ]
T T (16)

The calculated viscosity values using eqs 13 to 16 against the
experimental values are depicted in Figures 9 to 12. From eq 6,
The APER ;o for EMIM DEP/water/1-propanol is 3.300%,
3.392% for EMIM DEP /water/2-propanol, 5.8480% for MMIM
DMP /water/1-propanol and 6.070% for MMIM DMP/water/
2-propanol.
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4. CONCLUSION

Density, surface tension, and viscosity of ternary mixtures EMIM
DEP + water + 1-propanol, EMIM DEP + water + 2-propanol,
MMIM DMP + water + 1-propanol, and MMIM DMP + water +
2-propanol have been measured over the entire concentration
range at temperatures from (293.15 to 333.15) K. Density and
surface tension of ternary mixtures decreased linearly with
temperature. However, viscosity for all ternary mixtures
decreased nonlinearly with temperature. The ternary mixtures
containing primary alcohol or EMIM DEP have lower
physicochemical values. The most prominent correlation for
density and surface tension for all four ternary mixtures was
obtained using a linear equation. In contrast, the best correlation
for viscosity data was obtained using a second order polynomial
equation. As reported previously, the experimental density,
surface tension, and viscosity data for all ternary ternary mixtures
studied were also greatly affected by mole fractions of ionic
liquids used.

As an addition to this study, the Jouyban—Acree model
presented fairly reasonable precise results to calculate the den-
sity, surface tension, and viscosity of the four studied mixtures.
The overall APER of the studied ternary mixtures are below
0.9 % for density, 1.7 % for surface tension, and 6.1 % for
viscosity. Hence, from the APER values, the Jouyban—Acree
model is reasonably represents the physicochemical data.
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