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The study presents the investigation of molecular interactions in blended mixtures of 1-butyl-3-methylimidazo-
lium tetrafluoroborate [BMIM][BF4] + propyl acetate from the measurements of density, p and speed of sound, u
of pure 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], propyl acetate and their mixtures across
entire mole fraction range at temperature from 298.15 — 323.15 K with an interval of 5 K and at pressure, p = 100
kPa. The excess properties for the mixtures, partial molar properties (volume/compressibility), excess partial
molar properties (volume/compressibility) of the components across entire mole fraction range; and at infinite
dilution were been calculated. The excess molar volumes of these mixtures were predicted theoretically using
PFP theory and the results were compared with experimental values. The density data of these mixtures was
modelled using PC-SAFT model, whereas a number of models were applied to predict the speed of sound
theoretically. Additionally, the FT-IR spectra of pure [BMIM][BF4], propyl acetate and their near equimolar
mixture were recorded and examined to validate the nature and extent of dominant intermolecular interactions.

1. Introduction

The study of molecular interactions by means of volumetric and
acoustic properties provides valuable insight into the behaviour of ionic
liquids in different solvent systems. This research focuses on 1-butyl-3-
methyl Imidazolium tetrafluoroborate [BMIM][BF4] a commonly used
ionic liquid and its interactions with propyl acetate, an organic ester.
Ionic liquids, like [BMIM][BF4] have gained attention owing to their
exceptional physicochemical properties, such as low volatility, high
thermal stability and tuneable solvation capabilities, which make them
ideal candidates for various applications in green chemistry, catalysis,
and separation processes [1-13].

Volumetric and acoustic studies, such as density, speed of sound and
derived excess parameters are essential for understanding the molecular
interactions between solutes and solvents. These properties help deci-
pher the nature of interactions like hydrogen bonding, van der Waals
forces, and dipole interactions between [BMIM][BF4] and propyl ace-
tate. Investigating how these interactions influence structural

* Corresponding authors.

arrangement and solvent behaviour at the molecular level provides
crucial information for optimizing the usage of ionic liquids in industrial
processes. This work aims to explore the thermodynamic properties of
[BMIM][BF4] + propyl acetate mixtures across entire concentration
range at different temperatures, offering a comprehensive view of the
interaction mechanism involved. By analysing the volumetric and
acoustic parameters, this study contributes to the understanding of ionic
liquid-solvent systems, potentially enhancing the design and application
of ionic liquids in various technological fields.

This study presents the densities, p and speeds of sound, u for the
blended mixtures of [BMIM][BF4] with propyl acetate, covering the
complete range of mole fractions at the temperatures, T = (298.15 —
323.15) K at 5 K increments at pressure, p = 100 kPa. Excess properties,
partial molar properties (volume/compressibility), and excess partial
molar properties (volume/compressibility) of the components have
been determined across the complete mole fraction range and at infinite
dilution. The parameters of these factors concerning composition and
temperature are discussed in terms of intermolecular interactions within
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these mixtures. The experimental values of p and u were correlated using
the Jouyban-Acree model [14,15] in order to establish their dependence
on composition and temperature. The perturbed chain statistical asso-
ciating fluid theory (PC-SAFT) equation of state (EoS) [16,17] was used
to calculate the compressed liquid density for these mixtures at various
molar compositions and temperatures. The u values of these mixtures
were theoretically computed from various theories and relations and the
outcomes are equated to the experimental data.

2. Experimental
2.1. Materials

The IL [BMIM][BF4], with a mass fraction purity of 0.995, was ob-
tained from Iolitec GmbH in Germany, whereas propyl acetate, with a
mass fraction purity of 0.98, was sourced from Sigma-Aldrich in India.
The specifics regarding the chemicals employed are presented in
Table 1. Prior to the preparation of the solutions, all chemicals under-
went a degassing process utilising an ultrasonic cleaner. All chemical
purity and water content were assessed by GC [18] and Karl Fisher
titration method (Metrohm, 890 Titrando) [19]. The sample preparation
was given in our previous paper [20].

2.2. Measurements

The sample’s densities and speeds of sound were assessed utilising a
Density and Speed of Sound Analyser (DSA 5000 M, Anton Paar, Austria)
at an operational frequency of 3 MHz for u measurements. The
densimeter was calibrated utilising the p and u of triple-distilled water
and dry air. To ascertain the density of high-viscosity liquids, the in-
strument was calibrated using two viscous sugar solutions to mitigate
the viscosity corrections required. The temperature of the samples was
regulated by an integrated Peltier device with an accuracy of +0.01 K.
The estimations of uncertainties in the measurements of p, u and tem-
perature were determined to be within 0.8 kg-m ™3, 0.8 m-s~! and
+0.01 K, respectively. The p and u values of pure ionic liquid and propyl
acetate were taken from our previous studies [20,21].

3. Results and discussion

The measured values of p and u for [BMIM][BF4] + propyl acetate
mixtures all mole fractions of [BMIM][BF4] and at each temperature are
listed in Table 2.

3.1. Excess properties

The values of VE, «E, KE

Em» UF and of were calculated from the

measured values of p and u by the using standard relations reported in
the literature [22-24]. The values of VE1 has been calculated using the
following relation

VE =V, — Vid =

x1 My + x; M. x1M;  xoM.
1411 22_(11+22> (1)

P P1 P2

where x is mole fraction, M is molar masses, and the subscripts 1 and 2

Table 1
Specification of chemicals.
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refer to the pure liquid components, [BMIM][BF,4] and propyl acetate,
respectively; superscript ‘id’ represents value for ideal mixture.

The isentropic compressibility, x; has been calculated from the
measured density and speed of sound values using the Newton-Laplace
equation

-1

ks = =V, (0Vin/0P), = (pu?) (2)

Molar isentropic compressibility, K;,, has been calculated by the
relation

Kom = —(0V/0P)g = K,V 3

The values of «&, KE

s.m?

uf and a;: [25] were calculated by using the
following equations

KS = Ks — Kld 4)
Kip = Kom = Ky &)
E—u— (pidKid)*l/z 6)
as = — aipd @

The values of ¢ and K, values for binary mixtures are calculated by
means of relations [24]

2
2 2 yid(gid

id _ H1 Vi1 (ap1)”  B2Vima(ap2) m ( b )
ks - ¢1ks,l + ¢2ks,2 + T[ Cp,l —+ vaz + Cid

€))

2
2 2 id id
K = xKoms + XsKoma + T| V™1 (@p1)" | XaVima(p2) +Vm (ap) }
sm s,m, s,m,

Cp.l Cp.2 Ci)d

©)

where ¢, ap, and C;, are the volume fraction, isobaric expansivity and
id

molar isobaric heat capacity, respectively. The values of ¢, ap, Vid, ay

and C{,d are calculated using the following relations [22-24]

2
¢ = xiVm.i/ (inVm,:) 10)
o1

)
V‘},‘f =X1Vm1 + X2V 12)
a;d =¢10p1 + P22 (13)
Ci)d =x1Cp1 +X2Cp 2 a4

The group contribution method was utilised to assess the C;, values of
the pure liquids [26]. The value of Vp, «f, K¢, u® and af at all mole
fractions, x; of [BMIM][BF4] and temperature for the system are
recorded in Table 3.

Chemical name (CAS number)  Source Initial mass fraction purity ~ Purification method Final Mass fraction purity =~ Water content  Analysis method
(ppm)
(KF)*

[BMIM][BF4] (174501-65-6) Iolitech, Germany > 0.995 Degassed under vacuum - < 40 NA

Propyl acetate (109-60-4) Spectrochem, India > 0.98 Degassed under vacuum > 0.993 <50 GC’

# KF = Karl-Fischer titration.
> GC = Gas chromatography.
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Table 2
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Densities, p/kg~m’3 and speeds of sound, u/m-s™* at each mole fraction, x; of [BMIM] [BF,] for [BMIM][BF,] + propyl acetate mixtures at the temperatures, T/K =

(293.15 - 323.15) and pressure, p = 100 kPa“.

x T/K

298.15 303.15 308.15 313.15 318.15 323.15
p/kgm®
0.0000 882.82 [21] 877.19 [21] 871.55 [21] 865.88 [21] 860.18 [21] 854.46 [21]
0.0985 933.05 927.28 920.80 915.15 909.49 903.86
0.1999 978.39 972.67 966.14 960.62 955.06 949.53
0.2916 1014.77 1009.21 1003.06 997.68 992.24 986.83
0.3955 1051.43 1046.13 1040.59 1035.36 1030.13 1024.88
0.5022 1084.76 1079.78 1074.82 1069.83 1064.80 1059.78
0.5932 1110.24 1105.54 1100.96 1096.24 1091.36 1086.55
0.7095 1139.37 1135.00 1130.74 1126.30 1121.73 1117.24
0.7994 1159.60 1155.49 1151.36 1147.23 1142.86 1138.65
0.9023 1180.64 1176.82 1172.90 1169.07 1165.05 1161.17
1.0000 1198.79 [20] 1195.18 [20] 1191.60 [20] 1188.04 [20] 1184.50 [20] 1180.98 [20]
u/m-s
0.0000 1165.1 [21] 1144.1 [21] 1122.6 [21] 1101.7 [21] 1080.1 [21] 1059.2 [21]
0.0985 1192.7 1170.0 1146.6 11245 1101.8 1079.9
0.1999 1227.3 1203.0 1178.6 1154.3 1130.0 1106.8
0.2916 1262.6 1237.0 1211.4 1185.9 1160.3 1135.6
0.3955 1305.5 1279.0 1252.5 1226.0 1199.4 1173.6
0.5022 1351.6 1324.8 1297.9 1271.1 1244.3 1217.9
0.5932 1391.8 1365.2 1338.8 1312.4 1286.0 1260.0
0.7095 1442.5 1417.9 1393.3 1368.6 1344.0 1320.2
0.7994 1481.2 1459.1 1437.0 1414.9 1392.8 1371.8
0.9023 1524.6 1506.8 1489.0 1471.3 1454.5 1437.9
1.0000 1565.1 [20] 1553.2 [20] 1541.4 [20] 1529.7 [20] 1518.2 [20] 1506.8 [20]

2 Standard uncertainties s are s(T) = & 0.01 K, s(x) = £5.0 x 10’4, s(p) = +0.8 kg-m‘s, s(u) = +0.8 mos'l, and s(p) = +5.0 kPa.

s,m?

The values of VE, &, KE_, uf and ag of these mixtures have been
fitted to the Redlich-Kister [27] polynomial equation

Ve =xi(1-x1) ) Al —2x)

i=0

(15)

where Y* is V;, or &5 or Kf,, or u or a;. The coefficients, A; were derived
through the applications of the least squares method, treating all points
with equal weight. The standard deviations of fit, 6 (Y%), were computed
using the following relation.

) (2 (Vg - Yfal)2>

1/2

o (16)

In this study, m represents the number of experimental data points,
while n denotes the number of A;coefficients considered, which totals
n+1. The optimal quantity of A; coefficients were evaluated using sta-
tistical methods, specifically the F-test.

The coefficients, A; for fit of VE, «f, K&, u® and af and o(YE) are
given in Table 4. The variations of Vg, «f, K¢, u® and af with mole
fraction, x;, together with the values calculated from equation (15) at
each temperature, are shown graphically in Figs. 1-5, respectively.

When [BMIM][BF4] is added to propyl acetate, vfn (Fig. 1) becomes
increasingly negative throughout the composition range and across all
studied temperatures, indicating significant molecular interactions and
structural evolution within the system. These negative deviations reflect
strong specific interactions between the components, deviating from an
ideal solution.

At low mole fractions of [BMIM][BF4], the addition of the IL to
propyl acetate leads to increasingly negative VE values. This is attrib-
uted to significant molecular interactions such as hydrogen bonding
between Cy-H groups in the imidazolium ring and the carbonyl oxygen
of propyl acetate [28], as well as ion-dipole interactions [29,30] and n-n
stacking between the planar imidazolium ring and the aliphatic chains
of the ester. These interactions lead to closer packing of molecules and
reduced free volume, resulting in negative excess molar volume [31].

At intermediate mole fraction (~0.5), the magnitude of VE reaches a
minimum, signifying the point of maximum interaction between the two
components. At this composition, a well-balanced molecular network is
established wherein the IL effectively disrupts the initial structure of
propyl acetate and facilitates the formation of stronger and more or-
dered ion-molecule associations. This enhanced structuring results in
the greatest reduction in VE and is consistent with an energetically
favourable packing agreement.

At higher mole fractions [BMIM][BF4], VE1 becomes less negative.
This trend implies a weakening of interactions between unlike molecules
as the system becomes increasingly dominated by IL-IL interactions. IL’s
structural ordering becomes more characteristic, and the contribution
from strong ion-dipole or H-bonding with propyl acetate diminishes.

The negative values x£ observed in Fig. 3 further confirms the for-
mation of a structurally ordered, less compressible mixture. The
reduction in compressibility indicated that the interactions in the mixed
system restrict molecular mobility and volume response to pressure.
Supporting the idea of enhanced cohesion due to specific intermolecular
forces. From an electronic perspective, the partial charge transfer or
polarisation effects between the cationic imidazolium species and the
ester group may involve minor orbital overlap, such as p-z or n-z* in-
teractions, which enhance structural rigidity [32]. These findings sug-
gest that the IL + propyl acetate system exhibits significant non-ideal
behaviour governed by specific ion-dipole and dispersive forces, offering
a molecular-level rationale for the observed volumetric and compress-
ibility trends.

The impact of temperature on the excess properties is also signifi-
cant. As shown in Figs. 1 and 2, an increase in temperature leads to a
decrease in the magnitude of both VE and £ across all mole fractions.
Due to enhanced molecular motion, this thermal effect can be ascribed
to the disruption of specific intermolecular forces, such as H-bonding,
ion-dipole, and van der Waals interactions. The weakening of these in-
teractions with rising temperature results in a less compact structure,
thereby reducing the volume contraction and rigidity of the solution
[33].

As shown in Fig. 5, Kt values are consistently negative over the
entire composition range and at all studied temperatures, indicating that



M.D. Bhavani et al.

Table 3
The values of V&, «&, K, uf and aﬁ at each mole fraction, x; of [BMIM][BF,] for

[BMIM][BF,4] + propyl acetate mixtures at the temperatures, T/K = (298.15 to
323.15).
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Table 4
Coefficients, A; of equation (15) for VE, &, KE_, uf, af; and corresponding

standard deviations, ¢ for [BMIM][BF,4] + propyl acetate mixtures at tempera-
tures, T/K = (298.15 - 323.15).

x 10%-VE/ 10104/ 10'*KE,/ 10%uf/  10*af/
m3emol ™ m2eN! m°eN lemol™ m-s! K!

298.15 K

0.0985  -0.3229 -0.2084 -0.2804 0.1461 -1.956
0.1999  -0.5540 -0.3583 -0.5042 0.2862 -3.425
0.2916  -0.6879 -0.4426 -0.6485 0.3983 -4.334
0.3955  -0.7649 -0.4851 -0.7437 04997  -4.924
0.5022  -0.7688 -0.4776 -0.7661 05648 -5.077
05932  -0.7182 -0.4378 -0.7290 0.5821 -4.858
0.7095  -0.5903 -0.3461 -0.6043 0.5333 -4.122
0.7994  -0.4471 -0.2536 -0.4587 0.4375 -3.200
0.9023  -0.2359 -0.1295 -0.2435 0.2541 -1.759
303.15K

0.0985  -0.2856 -0.1930 -0.2611 0.1274  -1.896
0.1999  -0.4989 -0.3320 -0.4703 0.2492 -3.303
0.2916  -0.6292 -0.4100 -0.6050 0.3464  -4.152
0.3955  -0.7109 -0.4488 -0.6931 0.4343 -4.672
0.5022  -0.7249 -0.4407 -0.7121 0.4905 -4.759
05932  -0.6846 -0.4013 -0.6735 0.5035 -4.501
0.7095  -0.5667 -0.3165 -0.5565 04626  -3.754
07994  -0.4330 -0.2307 -0.4202 0.3795 -2.874
0.9023  -0.2327 -0.1169 -0.2215 0.2205 -1.553
308.15K

0.0985  -0.2487 -0.1743 -0.2372 0.1078  -1.824
0.1999  -0.4436 -0.3110 -0.4425 0.2192 -3.167
0.2916  -0.5700 -0.3813 -0.5661 0.3022 -3.958
0.3955  -0.6561 -0.4151 -0.6457 03767  -4.413
05022  -0.6801 -0.4055 -0.6603 04239 -4.438
05932 -0.6499 -0.3674 -0.6215 0.4341 -4.143
0.7095  -0.5415 -0.2874 -0.5093 03979  -3.388
0.7994  -0.4169 -0.2079 -0.3816 03258  -2.548
0.9023  -0.2270 -0.1040 -0.1986 0.1882 -1.346
313.15K

0.0985  -0.2131 -0.1624 -0.2216 0.0948  -1.714
0.1999  -0.3871 -0.2743 -0.3934 01810  -2.987
0.2916  -0.5076 -0.3364 -0.5038 0.2492 -3.728
0.3955  -0.5961 -0.3658 -0.5743 03104  -4.130
05022  -0.6349 -0.3565 -0.5867 0.3490  -4.105
05932  -0.6130 -0.3219 -0.5502 0.3572 -3.777
0.7095  -0.5132 -0.2501 -0.4475 0.3271 -3.014
0.7994  -0.3957 -0.1796 -0.3328 0.2674  -2.213
0.9023  -0.2123 -0.0884 -0.1702 01534  -1.131
318.15K

0.0985  -0.1836 -0.1489 -0.2040 0.0816  -1.652
0.1999  -0.3391 -0.2424 -0.3505 0.1492 -2.861
0.2916  -0.4561 -0.2937 -0.4446 02026  -3.547
0.3955  -0.5497 -0.3169 -0.5037 0.2502 -3.889
05022  -0.5919 -0.3066 -0.5110 0.2798  -3.815
05932  -0.5804 -0.2753 -0.4767 0.2854  -3.461
0.7095  -0.4888 -0.2118 -0.3839 0.2605 -2.702
07994  -0.3802 -0.1506 -0.2827 0.2121 -1.943
0.9023  -0.2086 -0.0779 -0.1517 01296  -0.964
323.15K

0.0985  -0.1544 -0.1380 -0.1894 0.0712 -1.559
0.1999  -0.2893 -0.2178 -0.3165 01258  -2.701
0.2916  -0.4010 -0.2531 -0.3871 01626  -3.337
0.3955  -0.4979 -0.2678 -0.4315 0.1963 -3.630
05022  -0.5488 -0.2550 -0.4317 02159  -3.513
05932  -0.5461 -0.2269 -0.3996 02188  -3.136
0.7095  -0.4619 -0.1763 -0.3243 0.2033 -2.378
0.7994  -0.3606 -0.1273 -0.2421 01696  -1.658
0.9023  -0.1972 -0.0680 -0.1335 0.1083 -0.785

the mixture is less compressible than an ideal solution. The most nega-
tive values occur at intermediate mole fractions suggesting strong ion-
dipole and H-bonding interactions that lead to a compact, rigid struc-
ture resistant to compression. The decreasing magnitude of KE_ with
increasing temperature confirms that these interactions are with thermal
agitation [34].

In Fig. 6, the excess speed of sound u® exhibits positive deviations,
especially near equimolar composition. This trend is characteristic of

T/K A A, A o(¥)
10°-VE /m*mol™

298.15 -3.077 0.569 -0.128 0.287
303.15 -2.898 0.353 -0.033 0.269
308.15 -2.716 0.147 0.074 0.251
313.15 -2.526 -0.039 0.224 0.233
318.15 -2.358 -0.205 0.285 0.218
323.15 2182 -0.360 0.389 0.203
IOIO-KE/mZ»N’l

298.15 -1.914 0.550 0.011 0.181
303.15 -1.765 0.533 0.023 0.167
308.15 -1.627 0.529 0.051 0.155
313.15 -1.427 0.500 0.023 0.136
318.15 -1.223 0.479 -0.044 0.118
323.15 -1.015 0.465 -0.192 0.099
10'*KE, /m>N"mol™

298.15 -3.067 0.244 0.170 0.284
303.15 -2.849 0.270 0.192 0.264
308.15 -2.646 0.309 0.242 0.246
313.15 -2.346 0.326 0.214 0.218
318.15 -2.037 0.352 0.115 0.190
323.15 -1.718 0.379 -0.105 0.161
10 2.uf/m-s!

298.15 2.258 0.785 0.005 0.215
303.15 1.959 0.674 0.012 0.187
308.15 1.695 0.560 -0.006 0.161
313.15 1.394 0.445 0.016 0.132
318.15 1.113 0.335 0.080 0.105
323.15 0.856 0.238 0.208 0.081
10%at/K

298.15 -20.310 1.213 -1.046 1.879
303.15 -19.044 2.280 -0.677 1.768
308.15 -17.767 3.262 -0.215 1.658
313.15 -16.440 4.075 0.573 1.546
318.15 -15.281 4.825 0.786 1.452
323.15 -14.077 5.471 1.301 1.356

enhanced structural cohesion and reduced free volume due to tightly
bound molecular complexes forming. The increase in u* supports the
view that strong molecular associations, primarily electrostatic and H-
bonding, enhance the propagation of sound through the medium [35,
36].

Fig. 7 reveals that the excess isobaric expansivity, af

P
predominantly negative, particularly at intermediate compositions,
reflecting a reduced thermal response of the system. This suggests that
the molecular structure becomes more compact and less responsive to
temperature-induced volume changes due to the formation of energet-
ically stable interactions. As with other properties, the effect diminishes
with increasing temperature, consistent with the disruption of struc-
tured networks [37].

values are

3.2. Partial molar properties

The partial molar properties like partial molar volumes and partial
molar isentropic compressibilities of the components, [BMIM][BF4] and
propyl acetate, in the mixture over the entire range of composition were
determined using the following relations [38,39]

— YE

Vs = Yo 4 Y., £, (a—m) a”
i 0x1 TP

— oYE

Yoo=YE+ 7, —x <—m> 18)
' 0x1 /) 1p

where Y}, ; and Y}, , are the molar properties of pure components in the
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Fig. 1. Plots of excess molar volume, VE vs. mole fraction, x; for [BMIM][BF4] + propyl acetate binary mixtures at temperatures, T/K = 298.15, 4; At T/K = 303.15,
W; T/K = 308.15, a; T/K = 313.15, x; T/K = 318.15, [J; T/K = 323.15, A. The points represent experimental values and lines represent values calculated from

equation (15).
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. . . o B . Fig. 3. Excess molar isentropic compressibilities, KE | with mole fraction x; for
Fig. 2. Excess isentropic compressibilities, «;, with mole fraction x; for [BMIM] ’

[BF4] + propyl acetate binary mixtures at temperatures. The legends are the
same as given in Fig. 1.

[BMIM][BF,4] + propyl acetate binary mixtures at temperatures. The legends
are the same as given in Fig. 1.
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Fig. 4. Excess speeds of sound, uf with mole fraction x; for [BMIM][BF,] +

propyl acetate binary mixtures at temperatures. The legends are the same as
given in Fig. 1.
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Fig. 5. Excess isobaric thermal expansivity, ag with mole fraction x; for
[BMIM][BF4] + propyl acetate binary mixtures at temperatures. The legends

are the same as given in Fig. 1.
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mixtures. The derivative, (%) in equations (17) and (18) is obtained
TP

from the differentiation of equation (15) and substituting its value
resulted in equations for Y1 and Y2

n n
Y1 = Yo+ Y, +33 > Al —2x) —2xx Y A(1-2x)"" (19

i=0 i=0

n

n
Vmz = Yh+ Vi, =5 > Al —2x1) +2x3% Y A1 -2x)"" (20

i—0 i=1
The values of Vi1, Vina, Kem1 and Ko as functions of the mole
fraction, x; for these mixtures at each temperature are recorded in Ta-

bles 5 and 6. The values of ?}i_] and 7};2 were calculated by using the
following equations [40,41]

v o1y (Ym
Yo=Y+ (1 xl)< axi) @1

The graphical representation of Viﬂ and V. ,; as well as Rf,m,l and

m,2;
Kf_m_z in relation to composition and temperature are illustrated in Figs. 6

and 7, respectively. Fig. 6 indicates that the values of VEm , and \_/:E“ 5
values for these mixtures remain negative throughout the entire
composition range at all temperatures. This suggests that the molar
volume of each constituent within the mixture is diminished compared
to their molar volumes in the pure state, indicating a reduction in vol-
ume upon the amalgamation of [BMIM][BF,4] with propyl acetates. The
negative V,, ; and Vil , indicate significant solute-solvent interactions

among [BMIM][BF4] and propyl acetate molecules, characterised by
robust ion-dipole and hydrogen bonding interactions. These interactions
arise from the ions formed by the ionic liquid, [BMIM ] and [BF, 1, and

dipoles of propyl acetate molecules. The observed trends in V,En , and
an‘ , values further reinforce the conclusions derived from VE values.

Fig. 7 indicates that the values of Kf m, 1 and Kimv , are negative for
these mixtures across the entire composition range at each temperature.
This suggests that the K, of each component within the mixture is
diminished compared to their K;,, in pure state, indicating a reduction
in compressibility when IL are mixed with propyl acetates. The negative
Ki m, 1 and Kim. , values indicate significant interactions between so-
lute and solvent specifically between [BMIM][BF4] and propyl acetate
molecules. The observed trends seen in Kf m. 1 and Rf’m' , values pro-
vide additional support for the conclusions derived from «f and KE
values.

The partial molar properties,lﬁf;n,1 of [BMIM] [BF,4] at infinite dilution
(x; = 0) in propyl acetate, and ?ma of propyl acetate at infinite dilution
(x2 = 0) in [BMIM][BF4]. Therefore,Y,, , is obtained by setting x; = 0, by
means of equation

Yoy = Yiy + Y Al - 1) (22)
Similarly, Y,,, is obtained by setting x,=0, by means of equation

Yoo =Yoo+ ZLOAI‘ (23)

The excess partial molar properties at infinite dilution, Y ; for each
component in binary mixtures were evaluated through relations

E —

?m.l = Ym.l - Y:nl (24)

—E 0 y

Ym.2 =Y,,— Y;nZ (25)
The values of V,, ;, Vi1, nyl, V., Vi, and V::z; and K., ,, Ki 1
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of (a) [BMIM][BF,4] and (b) propyl acetate, respectively, with mole fraction, x; of [BMIM][BF,4] for

[BMIM][BF,] + propyl acetate binary mixtures at temperatures, T/K = 298.15, 4; At T/K = 303.15, ll; T/K = 308.15, a; T/K = 313.15, x; T/K = 318.15, [J; T/K =

323.15, A.
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Fig. 7. Variations of excess partial molar compressibilities, stz.m,l and R}:_m_z,
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of (a) [BMIM][BF,4] and (b) propyl acetate, respectively, with mole fraction, x; of

[BMIM][BF,4] for [BMIM][BF4] + propyl acetate binary mixtures at temperatures. The legends are the same as given in Fig. 6.

K., K., and K., , for the binary mixtures at each investigated

s,m,12 “%s

—E

Ks.m‘l’
temperature are listed in Tables 7 and 8, respectively.

The excess partial molar properties at infinite dilution provide
valuable insight into the solvation behaviour and strength and nature of

solute-solvent interactions within binary mixtures. An examination of
Table 5 reveals that the values of V;E,l and V:E,z are consistently negative
across all mixtures throughout the complete temperature range. This
suggests that the volumes of each component within the mixture are
diminished compared to their volumes in the pure form. The observed
reduction in volumes further indicates that the interactions between
[BMIM][BF4] and propyl acetate are more robust than those found in the
pure components. The values of V:il and V;E,z decreases with an in-
crease in temperature of the mixture, further supporting the observed

trends for VEvalues for those binary systems.
An examination of Table 6 reveals that the values of K., ; andK.s, ,
remain negative throughout the entire temperature spectrum for all the

. . . N o.E =o.E
binary mixtures under investigation. The values of K, andK/ , de-

pends on both structural and geometrical factors [42-44]. The separa-
tion of bonds during the mixing of components results in structural
compressibility and enhanced association. Conversely, the amalgam-
ation of the mixture’s components induces geometrical compressibility,

culminating in a reduction of volume and a decrease in the average
. . . —E —o.F
intermolecular distance. The recorded negative values K, , and K. ,

suggest that the geometrical compressibility factor plays a predominant

the values of K" , and R;fnz

role in these mixtures. Furthermore, sm
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Table 5

Partial molar volumes, V,; and Vy,», of [BMIM][BF,] and propyl acetate,
respectively, at each mole fraction, x; for [BMIM][BF,4] + propyl acetate mix-
tures at temperatures, T/K = (298.15 - 323.15).

X1 T/K
298.15 303.15 308.15 313.15 318.15 323.15

108V 1 /m> mol ™

0.0000 184.767 185.824 186.887 187.966 188.945 189.949
0.0985 185.494 186.445 187.398 188.354 189.249 190.156
0.1999 186.157 187.014 187.871 188.723 189.544 190.366
0.2916 186.684 187.470 188.255 189.027 189.792 190.550
0.3955 187.198 187.917 188.635 189.337 190.048 190.747
0.5022 187.637 188.302 188.966 189.612 190.279 190.931
0.5932 187.941 188.571 189.200 189.810 190.448 191.070
0.7095 188.237 188.835 189.432 190.011 190.621 191.216
0.7994 188.396 188.978 189.559 190.123 190.720 191.301
0.9023 188.506 189.077 189.648 190.203 190.790 191.363
1.0000 188.540 189.108 189.676 190.229 190.813 191.383
108V o/m> mol ™

0.0000 115.687 116.430 117.183 117.951 118.732 119.527
0.0985 115.664 116.405 117.158 117.924 118.705 119.499
0.1999 115.590 116.329 117.079 117.843 118.623 119.416
0.2916 115.479 116.214 116.962 117.724 118.504 119.297
0.3955 115.299 116.033 116.779 117.542 118.322 119.117
0.5022 115.055 115.788 116.535 117.304 118.086 118.886
0.5932 114.796 115.532 116.284 117.062 117.849 118.658
0.7095 114.398 115.141 115.905 116.706 117.502 118.329
0.7994 114.036 114.791 115.570 116.397 117.203 118.051
0.9023 113.561 114.336 115.139 116.009 116.832 117.712
1.0000 113.051 113.851 114.687 115.610 116.454 117.373

Table 6

Partial molar isentropic compressibilities, Ks;m1 and Ksmo [BMIM][BF,] and
propyl acetate, respectively, as functions of mole fraction, x; of [BMIM][BF,] for
[BMIM][BF4] + propyl acetate mixtures at temperatures, T/K = (298.15 —
323.15).

X1 T/K

298.15 303.15 308.15 313.15 318.15 323.15
10“-1?5_m.1/ m® N mol?
0.0000 3.280 3.634 3.988 4.386 4.716 4.964
0.0985 3.842 4.152 4.458 4.812 5.124 5.384
0.1999 4.367 4.638 4.902 5.216 5.505 5.767
0.2916 4.796 5.036 5.269 5.548 5.816 6.071
0.3955 5.225 5.436 5.640 5.884 6.126 6.367
0.5022 5.601 5.788 5.969 6.182 6.399 6.620
0.5932 5.869 6.039 6.205 6.395 6.592 6.795
0.7095 6.137 6.291 6.443 6.611 6.785 6.965
0.7994 6.285 6.431 6.577 6.731 6.892 7.057
0.9023 6.389 6.530 6.671 6.817 6.967 7.120
1.0000 6.422 6.561 6.701 6.844 6.991 7.139
10'* Ky m2/ m® N mol™?
0.0000 9.654 10.140 10.669 11.223 11.832 12.469
0.0985 9.625 10.114 10.644 11.202 11.815 12.456
0.1999 9.537 10.032 10.570 11.137 11.762 12.418
0.2916 9.407 9.914 10.462 11.044 11.684 12.358
0.3955 9.206 9.730 10.296 10.900 11.564 12.262
0.5022 8.942 9.490 10.080 10.714 11.407 12.131
0.5932 8.671 9.245 9.863 10.527 11.246 11.990
0.7095 8.268 8.882 9.544 10.252 11.008 11.772
0.7994 7.914 8.565 9.268 10.015 10.799 11.573
0.9023 7.466 8.166 8.925 9.719 10.535 11.309
1.0000 7.000 7.752 8.574 9.418 10.262 11.024

exhibit a decline as temperature rises, resulting in a reduction in the
volume of the mixture. The observed trends provide additional valida-
tion for the conclusions derived from the variations in the values of &,
Lf, uFand KE | pertaining to these binary mixtures.
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Table 7

The values of V,,; V.1, Vi, V|, Vinos Viap and Vir, for the components for
[BMIM][BF4] + propyl acetate mixtures at temperatures, T/K = (293.15 -
318.15).

TK 100, 10V,  1057F, 10V, 10%Va,  1g5vE,
m®-mol?
298.15 184.77 188.54 -3.77 113.05 115.69 -2.64
303.15 185.82 189.11 -3.28 113.85 116.43 -2.58
308.15 186.89 189.68 -2.79 114.69 117.18 -2.50
313.15 187.97 190.23 -2.26 115.61 117.95 -2.34
318.15 188.94 190.81 -1.87 116.45 118.73 -2.28
323.15 189.95 191.38 -1.43 117.37 119.53 -2.15

4. Calculation of excess molar volume (VE) with the PFP theory

A number of articles were found in the literature, reporting the
prediction of VE of the liquid mixtures with IL as one component by
means of Prigogine-Flory-Patterson (PFP) statistical theory. In the PFP
theory, V,‘:;1 is divided into three contribution terms: (i) the free volume,
VE (fv), (ii) the characteristic pressure, VE (ip), and (iii) the energy of
interaction, VE (int). These three contributions together can be
expressed as term [, II and III on right hand side, respectively, in the
following equation

Ve (v" -1V 1}%&92<X?>

x1 Vi +x,V; [(4/3)"771/3 B

(Vi = Vo) (P} — P;)
AT AANE 72\ 74 26
P;¥, + P, 1h2 (26)

Here x;, P}, V}, v, 0; and¥; are the mole fraction, characteristic
pressure, characteristic volume, reduced volume, segment fraction and
contact energy fraction of i" component, respectively, outlined previ-
ously [45-48].

The term y,, in equation (26) is the Flory’s contact interaction
parameter. The parameters of the pure components used in the calcu-
lation of VE by PFP theory are reported in Table 9. The only adjustable
parameter of the PFP theory, y;,is calculated from experimental VE
values (at x; = 0.5) when the values of experimental excess molar
enthalpy, HE are not available. The values of y;,for these mixtures are
positive. Fig. 8 shows the comparison between Vg, and Vi, for the
binary mixtures across entire mole fraction range at studied tempera-
tures. The values of the PFP contributions, VE (fv), VE (ip), and VE (int) to
Vigp at equimolar composition and V§,, and Vi, are summarized in
Table 10.

Table 10 presents the experimental and PFP theory-predicted values
of excess molar volume for non-equimolar mixtures of [BMIM][BF4] and
propyl acetate across the temperature range of 298.15-323.15 K. The
negative VE values indicates significant molecular interactions and
volume contraction upon mixing, suggesting strong specific interactions
such as ion-dipole forces and H-bonding between the IL and ester. The
close agreement between V,, and Vi, values demonstrate the reli-
ability of the PFP model in describing the volumetric behaviour of such
mixtures. The PFP contributions, viz., interaction (int), free volume (fv)
and internal pressure (ip) reveal that the negative VE arises mainly from
the negative internal pressure term, partially compensated by positive
interaction and free volume effects. These findings underline that mo-
lecular interactions dominate the volumetric behaviour, while the
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Table 8

The values of K, 1, K15 Koo 1 Komo» Kimo and T(fm,z for the components for [BMIM] [BF,] + propyl acetate mixtures at temperatures, T/K = (298.15 — 323.15).
/K 104K, 10K 104KE 10"K, 1 10K 2 10K,

m>N"-mol™!

293.15 3.280 6.422 -3.142 7.000 9.654 -2.653
298.15 3.634 6.561 -2.927 7.752 10.140 -2.388
303.15 3.988 6.701 -2.713 8.574 10.669 -2.095
308.15 4.386 6.844 -2.458 9.418 11.223 -1.805
313.15 4.716 6.991 -2.275 10.262 11.832 -1.570
318.15 4.964 7.139 -2.175 11.024 12.469 -1.444

Table 9

The values of reduced volume, ﬁ, characteristic volume, V*, characteristic pressure, P*, characteristic temperature, T *, isothermal compressibility, xr, isentropic
compressibility, s, and thermal expansion coefficient, a of pure liquids at temperatures, T/K = (298.15 to 323.15) K.

T/K v 10V */ 10°8.p*/ J.em™ T*/K 10'% kp / 1010 &,/ 10*.a/K! Cp/J-mol™
m>.mol?! m?N m?N!
[BMIM] [BF4]
298.15 1.1598 162.56 6.082 7172 3.963 3.406 12.479 364.8 [20]
303.15 1.1624 162.69 6.111 7202 4.035 3.470 12.558 367.2 [20]
305.15 1.1631 163.08 6.060 7298 4.093 3.533 12.637 369.5 [20]
313.15 1.1662 163.12 6.106 7311 4171 3.598 12.718 371.9 [20]
318.15 1.1688 163.26 6.132 7341 4.246 3.664 12.799 374.3 [20]
323.15 1.1696 163.63 6.085 7429 4.308 3.730 12.881 376.6 [20]
Propyl acetate
298.15 1.3033 88.763 5.785 4598 11.248 8.345 7.652 196.1 [21]
303.15 1.3089 88.954 5.740 4624 11.699 8.709 7.681 197.4 [21]
305.15 1.3144 89.152 5.689 4650 12.180 9.105 7.711 198.9 [21]
313.15 1.3200 89.356 5.637 4676 12.680 9.515 7.741 200.3 [21]
318.15 1.3256 89.568 5.577 4703 13.220 9.965 7.771 201.8 [21]
323.15 1.3312 89.786 5.518 4729 13.778 10.432 7.801 203.4 [21]
0.0 structural packing and free volume effects play secondary roles.
5. Modelling
0.1 F 5.1. Correlation of experimental data using Jouyban-Acree model
The Jouyban-Acree model [14,15] has been used to correlate the p
02 and u data of these [BMIM][BF4] + propyl acetate mixtures by means of
the equation
=4 s . [X1X2 . [X1X2(X1 — X2
i 0.3 InYr = x;InY1 1 + x2InYs 1 + jo [—] +5 [¥
=) T T
= 2
g . [xix2 (00 — x2) }
[ag}
2 { (26a)
§ 04 | A T
Y
N A where Y represents is the value of the p or u of the binary mixture at
S 05 | A temperature, T. The coefficients jg, j; and jo have been derived through
— the process of regressing InYr — (xlll’lYLT +lenY27T) against x1x2/T,
x1%2(X1 — x2)/T, and x1x2(x; — x2)*/T employing multiple regression
-0.6 analysis via the matrix method. In order to assess the efficacy of the
Jouyban-Acree model to correlating p and u data, one must consider the
standard deviation of regression, o, computed via equation (16),
-0.7 + alongside the r? values for the regression and the average absolute
percentage deviations, AAPD values, are derived from the specified
equations
-0.8 - - 2
m Xp. :
0.0 0.2 0.4 0.6 0.8 10 g (WY @)
m xp. v\ 2
X 2o (Yf - Yi)
Fig. 8. Plots of excess molar volume, vg vs. mole fraction, x; of [BMIM][BF,4] AAPD — 100 zm: Yiexp' - Yical' (28)
for [BMIM][BF,4] + propyl acetate binary mixtures at temperatures, T/K = m 4 Yo

298.15, ¢; At T/K = 303.15, l; T/K = 308.15, a; T/K = 313.15, x; T/K =
318.15, [J; T/K = 323.15, A. The points represent experimental VE values and
lines represent VE values calculated from PFP theory.

where m is the number of data points, Y refers to the mean value of the
respective property; superscript, exp. refers to experimental value and
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Table 10
Values of y;,, 62, experimental and calculated VE (using PFP theory) and three PFP contributions at near equimolar composition at temperatures, T/K = (298.15 to
323.15).
T/K 0, 1078.,,/J-mol™* 10%-VE /m®.mol*
Exp PFP PFP contribution to V&
int Fv ip
298.15 0.3984 0.185 -1.4144 -1.4106 0.315 -0.877 -0.204
303.15 0.3986 0.257 -1.4551 -1.4504 0.448 -0.910 -0.260
308.15 0.3986 0.317 -1.4995 -1.4954 0.568 -0.973 -0.272
313.15 0.3989 0.392 -1.5474 -1.5433 0.721 -1.000 -0.350
318.15 0.3992 0.461 -1.5880 -1.5831 0.871 -1.035 -0.424
323.15 0.3992 0.518 -1.6376 -1.6327 1.008 -1.100 -0.451

superscript, cal. refers to model calculated value. The values of j; coef-
ficient, standard deviations, o, r* and AAPD values for [BMIM] [BF4] +
propyl acetate mixtures are listed in Tables 9 and 10.

The scrutiny of results given in Tables 9 and 10 displays that the
Jouyben-Acree model correlates the experimental data well with very
low ¢ and AAPD values; and r? values are almost equal to 1, signifying an
excellent agreement with the experimental p and u data of these mix-
tures at each studied temperature.

5.2. PC-SAFT EoS for computing liquid density

According to PC-SAFT EoS, the Helmholtz energy is expressed as

A :Aig +Ahc +Adixp +Aassoc (29)
where the different terms of the above equation, A8, A", A%P and A255°¢
are related to the ideal gas term, a hard-chain contribution, London
forces, and the association term, respectively. Each of the above con-
tributions has been widely discussed in the literature [16,17].

The PC-SAFT equation of state requires five parameters for each pure
substance: segment diameter, number of segments, energy parameter,
effective volume related to the association, and energy parameter
related to the association. These parameters are represented by o, m, ¢,
B and 8. The last two parameters E and £1P) are set to zero if the
substance doesn’t associate. We have set this parameter to zero for a
fully predictive model in the compute of density in multicomponent
mixtures.

According to the literature [49,50], an association scheme is needed
to account for the interactions among the cation and anion of ionic
liquid. A 2B scheme with a positive and a negative site would be suitable
for modelling the properties of an ionic liquid. This scheme was used by
Shaahmadi et al. [49], who used the cubic plus association (CPA) model.
On the other hand, propyl acetate doesn’t self-associate; it can form
associations with molecules that can donate hydrogen protons due to the
presence of lone electron pairs on its oxygen atoms. Therefore, in the
present study, we used a scheme with two negative sites for the propyl
acetate. The PC-SAFT parameters for the ionic liquid were fitted to the
experimental data of liquid density at atmospheric pressure published in
our work, using the objective function expressed as

2
KA B) <pl€alc p;&w )
/)-E 1
18

where N is the number of experimental density data, exp, is related to the
experimental value, while calc, is related to the theoretical value ob-
tained with PC-SAFT EoS. For the case of propyl acetate, the three pa-
rameters were optimized using vapour pressure and saturated liquid
density in the temperature range of 298.15 K to 0.9T,, where T, is the
critical temperature. The data for the vapour pressure, saturated liquid
density, and critical temperature were obtained from DIPPR [51], and
the objective function used for the propyl acetate is defined as

e &8

OF (m1 o, gv E-, (30)

10

e '8 N
OF(m7 o, E7E7k"3) = min

i=1

Pl?alc _ PiDIPPR 2 plgalc _ prPZ
PDIPPR + p?xl’
i i

To compare our theoretical data with the experimental ones, we have
used the average absolute percentage deviation calculated by using Eq.
(28). The fitted parameters and AAPD are summarized in Table 11. From
the deviations obtained, we observe that PC-SAFT represents the
experimental density of pure fluids with very good accuracy (overall
deviation = 0.44 %).

The modelling of the experimental density data in the temperature
range (298.15 K to 323.15 K) was obtained with a fully predictive
approach for the [BMIM][BF4] + propyl acetate. The correct modelling
of the interactions between cations or anions and propyl acetate mole-
cules allowed for the correct modelling of the density of the binary
mixtures at different temperatures. The deviation obtained was 0.44 %,
and Fig. 9 shows the comparison of the model with the experimental
data at different temperatures. From Fig. 9, a good qualitative and
quantitative agreement with the experimental data is observed. Our
model accurately captures the variation of the liquid density with the
molar fraction of the ionic liquid and with temperature.

(31)

5.3. Theoretical evaluation of speed of sound

5.3.1. Scaled Particle Theory

Scaled particle theory (SPT) [52,53] postulates that liquid molecules
can be represented as rigid hard spheres, thereby circumventing the
need to compute the radial distribution function that characterizes the
equation of state for fluids. It integrates the intricacies of microscopic
properties with the overarching principles of thermodynamic (macro-
scopic) properties [53]. In the theoretical estimation of u values within
binary mixtures [53], the SPT examines various geometrical configu-
rations of the constituent molecules, including spherical, cubic, tetra-
hedral, disc A, disc B, disc C and disc D [54]. A number of researchers
[55-57] utilized SPT to assess u values for binary mixtures. As per SPT,
the equation of state for a fluid is articulated as

pwksT 1 *”H)B
Table 11

Coefficients, j; of equation (26) for density, p/g-cm’s, standard deviations, o, r?
and AAPD for [BMIM][BF4] + propyl acetate mixtures at temperatures, T/K =
(293.15 - 318.15).

a)T/K Jjo j1 j2 6 (107%) r? AAPD

298.15 62.500 -21.048 6.907 0.0141 1.000 0.0081
303.15 63.655 -20.954 6.721 0.0132 1.000 0.0078
308.15 64.819 -20.874 6.504 0.0126 1.000 0.0074
313.15 65.990 -20.823 6.225 0.0135 1.000 0.0081
318.15 67.202 -20.826 6.112 0.0128 1.000 0.0077
323.15 68.420 -20.839 5.934 0.0137 1.000 0.0083
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Fig. 9. Comparison between experimental density and calculated density using PC-SAFT EoS for the [BMIM][BF,4] + propyl acetate mixture at different temperatures
and atmospheric pressure. Lines: theoretical results obtained with PC-SAFT and k; = 0. Circles: experimental data published in this manuscript, (a) black, 298.15 K;
blue, 308.15 K; brown, 318.15 and (b) red, 303.15 K; green, 313.15 K; purple, 323.15 K.

In this context, p denotes the pressure, while p,, signifies the number
density N4 /V,, with V,

Representing the ideal volume of the mixture. Additionally, 7, =
Vupy, where Vy refers to the hard-core volume of a molecule, 1 in-
dicates the hard-core volume per mole of molecules, and kg is the
Boltzmann constant. In the context of a mixture comprising hard convex
molecules, the equation of state is delineated [52,53]

2 2
p___1 + ABpNer BCPNB (33)
pnkeT (1 =Vpy)  (1—Vpy)® 3(1-Vpy)

A= inﬁi*B = Zx,-s,-,C = inﬁiz, V= inVH

where R;, S; and are the mean radius of curvature and surface area,

(34

respectively, of a molecule of species i. The values of R, S and Vy; for
considered shapes are recorded in Table 12.
The pressure derivative is related to u through the relation

Table 12

Coefficients, j; of equation (26) for speed of sound, u/m-s™, standard deviations,
o, 2 and AAPD for [BMIM] [BF,4] + propyl acetate mixtures at temperatures, T/K
= (293.15 - 318.15).

b) T/K Jo 1 Jj2 4 r? AAPD

298.15 0.389 17.362 -8.156 0.0078 1.000 0.0036
303.15 -8.286 15.570 -8.275 0.0040 1.000 0.0018
308.15 -17.262 13.444 -9.025 0.0169 1.000 0.0076
313.15 -27.245 11.182 -8.601 0.0032 1.000 0.0014
318.15 -37.585 8.701 -7.095 0.0201 1.000 0.0085
323.15 -48.397 6.161 -3.849 0.0195 1.000 0.0077

11

T

where p is molecular density and y is the ratio of specific heats. Equa-
tions (33) and (35), gives
Mu? 1 2ABp,, B2Cp?

- 36
RT (1 Vpe (Vo (1 Vpy) 50

Equation (36) is used to theoretically evaluate u values for the binary
mixtures. For pure liquids, equation (36) can be improved by including
the dimensionless shape parameters, X = RS/Vy and n,; = Vypy as

M [1+ (X~ Dy

== _ 37)
YRT 1- ’7H)4

Its solution is attained as [54]
My =K— VK2 +L-1 (38)

where K=1+L(X-1)/2 and L = /yRT/Mu?. The R and S for a

molecule can be written as R = YV11{/ % and S = ZR”, where the param-
eters Y and Z are associated with the shape of molecules. The values of X,
Y and Z were evaluated for several assumed shapes and are given in
Table 13. The values of 5 are given in Table 14.

The theoretical u for [BMIM][BF4] + propyl acetate mixtures was
derived from SPT for 49 configurations of designated shapes to the
component molecules. The optimal configuration of shapes for partici-
pating molecules, exhibiting the minimal discrepancy between
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Table 13

Parameters of the fluids required in PC-SAFT EoS and the deviations in the compressed liquid density with respect to the experimental values for pure components.
Fluid m o/A &/kp/K KAB B [k /K %AAPD(p)
[BMIM] [BE,] 10.43241 2.99966 298.76 0.31774 5620.43 0.12
Propyl acetate 3.81176 3.40862 234.95 0.75
Overall 0.44

Table 14 N 13

Molecular parameters for various shapes. m=a|l—-p (1 + E) -1 (41)
Shape Size R S Vu
Sphere Radius=a A 4ra? 41a%/3 where a = (3V/162N4)"/® and g = (yRT/Mu?), y is the ratio of molar
Cube Side=l 31/4 612 e specific heats and R is universal gas constant. The application of this
Tetrahedron Side=l 3larctany/'2/2n V3P (V2 n2)e concept to binary liquid mixtures was undertaken by Nutsch-Kuhnkies
Discs Radius = a and Depth = I [60] for the calculation of ucpr for these mixtures
Disc A l=a (z + 1)a/4 47a> 7a®
Disc B 1=a/4 (7 + 0.25)a/4 5na2/2 na®/4 Ucrr = Ueo[X1S1 + (1 —x1)S2][x1B1 + (1 —x1)B3]/ Vi 42)
Disc C 1=a/2 (7 + 0.50)a/4 3na 7a®/2
Disc D 1 =a/10 (7 + 0.10)a/4 117a?/5 7a®/10 5.3.3. Nomoto relation

experimental and theoretical u values, was ascertained through the
application of AAPD derived from equation (28). The experimental and
theoretically calculated u values for these mixtures, which have the most
appropriate combination of molecular shapes, at 298.15, 308.15 and
318.15 K are presented in Table 15, Table 17.

A meticulous of examination of Table 15 reveals that the shapes of IL
and propyl acetate molecules are influenced by variations in tempera-
ture. The deviation between experimental and theoretically calculated u
is 0.233 % for IL + propyl acetate mixtures when IL is assigned disk C
shape and propyl acetate molecules are assigned tetrahedron shape at
298.15 K, deviation is 0.096 % when IL is assigned spherical shape and
propyl acetate molecules assigned tetrahedron shape at 308.15 K, and
the deviation is 0.094 % when IL is assigned disk A shape and propyl
acetate molecules assigned disc D shape at 318.15 K. The deviation is
lowest at 318.15 K. The SPT predicted the u for these mixtures reason-
ably well.

5.3.2. Collision factor theory

The u for mixtures can be calculated using Schaff’s collision factor
theory (CFT) [58], which is given by following relation for u of pure
liquids

U = UuSTj = UeSB/ Vi (39)
where u,, = 1600 m s, S is the collision factor and rj = B/Vp, is the
space filling factor and B is the actual volume of the molecule per mole,
given by

B = iIZ'T'm]\]A

3 (40)

where rpy, is the molecular radius and N is the Avogadro number. The rp,
has been calculated using the relation [59]

Table 15

Shape parameters.
Shape X =RS/Vy Y =R/VVy Z =S/R*
Sphere 3.0000 0.6204 12.5664
Cube 4.5000 0.7500 10.6666
Tetrahedron 6.7035 0.9303 8.3247
Disc A 4.1416 0.7070 11.7218
Disc B 8.4790 0.9190 10.9244
Disc C 5.4624 0.7832 11.3712
Disc D 17.8274 1.1920 10.5253

The relationship established by Nomoto (NOM) can be employed to
theoretically evaluate the u for binary mixtures based on the data pure
components utilising the specified relation [61]

unom = [(*¥1Rm1 + (1 = X1)Rm2)/ (%1 Vm1 + (1 —Xl)Vm.zﬂ3 (43)

where R,, = V,yu'/3 is the molar sound velocity.

5.3.4. van Dael and Vangeel ideal mixing relation

Using the pure component data, the u in liquid mixes can be theo-
retically evaluated using the van Dael and Vangeel (VDV) ideal mixing
relation [62], Table 18.

(e My + (1 *xl)Mz)] : {(IV;?U%)

(44)

1-x -1/2
Uypy =

(Mau3)

5.3.5. Junjie relation
Using pure component data and the Junjie relation [63]. It is also
possible to theoretically Fig. out the u in liquid mixtures.

X1 szn.l
Mlll%

X1 Vi 4+ (1 —x1) Vi
(M + (1 — xl)Mz)l/2

uJunjie -

(45)

lel%

(1- Xl)vrzn,2:| o

Table 16 shows the experimentally and theoretically estimated
values of the speed of sound, uspr, Ucrr, Unom, Uypv and Uyyyjie from several
models, as well as AAPD evaluated by the equation (28) at 298.15 K. A
thorough look at Table 16 shows that all the theories and relationships

Table 16

Values of the hard-core volume of molecules per mole, 5 for various shapes for
[BMIM][BF,4] and propyl acetate at temperatures, T/K = (298.15, 308.15 and
318.15) calculated from equation (38).

Shape 298.15 K 308.15 K 318.15K
[BMIM][BF4]

Sphere 0.9220 0.9208 0.9196
Cube 0.9055 0.9041 0.9026
Tetrahedron 0.8862 0.8844 0.8827
Disc A 0.9091 0.9077 0.9064
Disc B 0.8730 0.8711 0.8693
Disc C 0.8965 0.8950 0.8934
Disc D 0.8218 0.8193 0.8167
Propyl acetate

Sphere 0.8904 0.8875 0.8846
Cube 0.8679 0.8645 0.8610
Tetrahedron 0.8417 0.8377 0.8336
Disc A 0.8728 0.8696 0.8662
Disc B 0.8241 0.8197 0.8152
Disc C 0.8557 0.8521 0.8483
Disc D 0.7564 0.7507 0.7448

12
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Table 17

Experimental and SPT calculated speeds of sound, ug.: and ugpr for suitable
assigned shapes along with AAPD for [BMIM][BF,] + propyl acetate mixtures at
temperature, T/K = 298.15, 308.15 and 318.15.

X1 298.15K 308.15 K 318.15K

Ugxpt UspT Ugxpt UspT Ugxpt Uspr

Disc C + tetrahedron Spherical + tetrahedron Disc A + disc D
0.0000 1165.1 1165.1 1122.6 11226 1080.1 1080.1
0.0985 11927  1197.8 1146.6  1149.3 1101.8  1103.8
0.1999 1227.3 1234.5 1178.6 1181.4 1130.0 11325
0.2916 1262.6  1269.5 1211.4  1213.8 1160.3  1162.4
0.3955 1305.5  1310.5 12525  1253.6 1199.4  1200.4
0.5022 1351.6 1353.9 1297.9 1297.7 1244.3 1244.0
0.5932 1391.8 1391.7 1338.8 1337.8 1286.0 1285.0
0.7095 1442.5  1440.7 1393.3  1391.9 1344.0  1342.8
0.7994 1481.2  1479.0 1437.0  1436.0 1392.8  1392.0
0.9023 1524.6 1523.2 1489.0 1488.9 1454.5 1453.7
1.0000 1564.9  1564.9 1541.2  1541.2 1518.0  1518.0
AAPD = 0.233 0.096 0.094

Table 18

Theoretically calculated speeds of sound, uspr, Ucrr, Unom, Uypy and Usypjie USing
various theories along with average absolute percentage deviation, AAPD and
experimentally measured speed of sound, ugyy for [BMIM][BF,] + propyl ace-
tate mixtures at temperature, T/K = 298.15.

X1 UExpt UspT UcrT Uunom Uypy Ujunjie

0.0000 1165.1 1165.1 1165.1 1165.1 1165.1 1165.1
0.0985 1192.7 1197.8 1207.7 1220.6 1144.2 1189.3
0.1999 1227.3 1234.5 1250.3 1272.7 1133.6 1218.3
0.2916 1262.6 1269.5 1288.1 1316.2 1132.8 1247.7
0.3955 1305.5 1310.5 1330.2 1361.6 1141.9 1284.3
0.5022 1351.6 1353.9 1372.8 1404.4 1163.1 1325.4
0.5932 1391.8 1391.7 1408.6 1438.3 1192.2 1363.2
0.7095 1442.5 1440.7 1453.9 1478.3 1248.3 1415.2
0.7994 1481.2 1479.0 1488.5 1506.9 1311.2 1458.3
0.9023 1524.6 1523.2 1527.8 1537.7 1415.0 1511.1
1.0000 1564.9 1564.9 1564.9 1564.9 1564.9 1564.9
AAPD = 0.233 0.871 2.070 7.302 0.933

used to forecast the u data are rather accurate, with AAPDs ranging from
0.233 % to 2.07 %. The van Dael and Vangeel relationship, on the other
hand, had the greatest difference, 7.302 %. SPT did the best job of
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predicting the u data for all these binary mixtures, with the lowest
AAPDs being 0.233 %. This is because this theory examines the most
compatible morphologies of the molecules in the combination to
determine u values.

6. Analysis of FT-IR spectra

In addition to the physicochemical study, the nature and degree of
intermolecular interactions between ILs with organic solvents can be
qualitatively analysed using FT-IR spectra. To achieve this objective, the
FT-IR spectra of pure [BMIM][BF4], propyl acetate and their near-
equimolar mixture have been utilised to investigate interactions be-
tween [BMIM][BF4] and propyl acetate at the atomic level.

Fig. 10 shows the spectra for pure compounds and their binary so-
lution at the same molar concentration. The FT-IR spectra of propyl
acetate show a sharp band for the carbonyl C=0 stretch at 1738.94
em™!, with C-H stretching vibrations occurring between 2995.97 and
2911.2 cm ™. It is known that less extensive H-bonding produces a sharp
peak at higher frequencies, while more extensive bonding results in a
larger peak at lower frequencies [64].

A sharp peak is observed for pure propyl acetate at 1738.94 cm™
confirms absence of H-bonding. But on addition of [BMIM][BF4] to
propyl acetate, the FT-IR intensities for equimolar mixture, exhibited
significant changes in frequency of peaks; which may be attributed to
the breaking/formation of intermolecular interactions (mainly H-
bonding and ion-dipole interactions) at equimolar concentration. On
addition of [BMIM][BF4] to propyl acetate a red shift (of 12.63 cm ) in
C=0 stretch is observed in propyl acetate, from 1738.94 to 1726.29
em™}, clearly indicating the formation of intermolecular hydrogen bond
between [BMIM][BF4] and carbonyl oxygen of propyl acetate.

The two bands manifest within the spectral range of 3100 to 3200
cm™), attributed to C-H stretching vibrations in the imidazolium ring,
specifically at 3116.0 cm! and 3161.28 cm™ in pure [BMIM][BF,4]. The
presence of these two C-H stretching peaks suggests the existence of an
imidazolium ring in two distinct environments, such as dissociated ions
and ion pairs [65]. Upon the introduction of propyl acetate, discernible
alterations were observed, indicating that the peaks corresponding to
C-H stretching bands exhibit a shift to marginally lower frequencies. The
transition can be attributed to the interaction of ion-dipole forces and
hydrogen bonding between the Nitrogen atoms of the aromatic imida-
zolium cation in [BMIM][BF4] and the carbonyl group of propyl acetate.
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Fig. 10. FTIR spectra of pure [BMIM][BF,4], blue line; pure propyl acetate, red line and equimolar (xy;, = 0.5) mixture of [BMIM][BF,4] + ethyl acetate, black line.
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The FT-IR distinctly indicates that the incorporation of [BMIM][BF4]
into polar propyl acetate markedly affects (a) the C-H vibration of the
[BMIM] cation, (b) the C=0 stretch of propyl acetate, and (c) the C-O
stretch of Propyl acetate. Consequently, the positioning and intensities
of peaks in the IR data concerning the hydrogen bonding and ion-dipole
interactions between [BMIM][BF] and propyl acetate molecules provide
robust support for the conclusions derived from the excess properties.
Earlier investigations have yielded analogous conclusions regarding the
binary systems of [BMIM][PFg] and [BMIM][BF4] combined with N-
Vinyl-2-Pyrrolidinone [66,67], [BMIM][PF¢] with alkyl acetates [21],
and [BMIM][PFg] with 2-pyrrolidinone [68].

7. Conclusion

The densities, p and speeds of sound, u were measured for the binary
mixtures of [BMIM][BF4] with propyl acetate at the temperatures
298.15, 303.15, 308.15, 313.15, 318.15 and 323.15 K throughout the
mole fraction range at atmospheric pressure. Using the measured data,
VE, k5, Kem, U and aIE) have been calculated. The Vi 1, Vin 2, Ksm 1, Ksm.25

-] -] — — — — —E  =oE o —s —E
m,1> ¥m2> K]sa.m,l’ K]sa.m,Z’ Vm,l’ Vm,Z’ Vm,l’ Vm,Z’ Ks,m,l’ Ks,mﬁz’ Ks,m,l and
R:Em,z of the components have also been calculated. The PFP model

shows close agreement between experimental and theoretical VE values,
demonstrating its reliability in describing the volumetric behaviour of
these mixtures. The Jouyban-Acree model demonstrated how composi-
tion and temperature affect the p and u values of various mixtures. In this
study, we also used PC-SAFT for the modelling of p data of these mix-
tures. The use of A 2B scheme with a positive and a negative site for ionic
liquid and a scheme with two negative sites for propyl acetate, suc-
cessfully allowed to correctly model the experimental density with the
mole fraction as well as with temperature. Among various theories and
models utilized to calculate u values of these mixtures theoretically, SPT
predicted the data best. The results indicated the presence of ion-dipole
and H-bonding interactions among [BMIM][BF4] and propyl acetate
molecules in these mixtures, which are well reinforced by FTIR spectra
also.
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