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Abstract
Some thermophysical properties such as densities, speeds of sound, refractive indices, and heat flows of the binary sys-
tems ethyl levulinate and n-alkanols (methanol, ethanol, 1-propanol, and 1-butanol) are reported in the temperature range 
T = (283.15–313.15) K and at p = 100 kPa. From these experimental data, the excess properties were calculated and cor-
related with the composition using a modified Redlich–Kister equation. The excess molar volumes were negative for short-
chain alcohols and positive for 1-propanol and 1-butanol. The excess refractive indices exhibited the opposite behaviour. 
The excess isentropic compressibilities were negative and the excess molar enthalpies, were positive. The perturbed chain 
statistical associating fluid theory equation of state (PC-SAFT EoS) was successfully applied to correlate the densities of 
the mixtures, and good qualitative results in the computation of the excess molar enthalpy were obtained. Furthermore, 
Schaaff’s collision factor theory (SCFT) and the Laplace mixing rule were coupled with PC-SAFT to predict the speed of 
sound and the refractive index, respectively.
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Introduction

Since the middle of the last century, the use of biomass-
derived fuel has been growing exponentially owing to the 
current awareness of the multiple environmental, economic, 
and social problems caused by the dependence on fossil 
fuels [1]. Because of these properties, ethyl levulinate can 
be used as a biofuel.

In this study, we present the density, speed of sound, 
and refractive indices of four systems containing ethyl lev-
ulinate and the first four linear alkanols at three different 

temperatures (283.15, 298.15, and 313.15 K) and at pres-
sure, p = 100 kPa. Furthermore, the excess molar enthalpies 
of the four systems were obtained under identical tempera-
ture and pressure conditions. Studying the thermophysical 
properties of liquid mixtures is important because of their 
use in several industries and chemical processes [2]. In pre-
vious papers, we presented a similar study containing methyl 
levulinate [3] instead of ethyl levulinate and also presented 
the surface behaviour of binary systems involving alkyl lev-
ulinates and alcohols [4].

We found two papers in the literature reporting the ther-
mophysical properties of the ethyl levulinate system with 
ethanol at several temperatures and at atmospheric pres-
sures. Ramly and Abdullah [5] reported densities, refrac-
tive indices, and surface tensions at six temperatures 
T = (298.15–323.15) K. Majstorović et al. [6] reported den-
sities, speeds of sound, refractive indices, and dynamic vis-
cosities in the same temperature range.

To model the results, the perturbed chain statistical asso-
ciating fluid theory equation of state (PC-SAFT EoS) [7, 
8] was used for liquid density and excess molar enthalpy. 
In addition, the speed of sound and refractive index were 
modelled correctly using Schaaff’s collision factor theory 
(SCFT) [9] and the Laplace mixing rule [10], respectively.
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Experimental

Table 1 lists the chemicals used. Water content was meas-
ured using a Crison KF 1S-2B automatic titrator. No addi-
tional chemical purifications were performed.

Here, we only mention the equipment used to perform 
the experimental measurements and their uncertainties, as a 
detailed description and calibration can be found in previous 
studies [3, 11].

The density, ρ, and speed of sound, u, were determined 
using an Anton Paar DSA 5000. Both cells, density cell and 
sound velocity cell are temperature-controlled by a built-in 
Peltier thermostat. The uncertainties for temperature, den-
sity, and speed of sound, were 0.005 K, 10–4 g cm−3, and 
1 m s−1, respectively.

The refractive index of the sodium D-line (wavelength 
λ = 589.3 nm), nD, was measured using an Abbemat-HP Dr. 
Kernchen refractometer. The corresponding uncertainties 
were for refractive index 10–4 and 0.01 K for temperature.

Mixtures were prepared by mass using a CP225-D Sarto-
rius Semimicro balance with a precision of 10–5 g. The cor-
responding estimated uncertainty in mole fraction was 10–3.

Excess molar enthalpy, HE
m

 , was determined using a 
Thermometric 2277 thermal activity monitor working under 
both isothermal (within ± 2 × 10–4 K) and constant flow con-
ditions [12]. Two calibrated Shimadzu LC-10ADVP HPLC 
pumps were employed to drive the liquids to the calorimeter, 
and the uncertainty in the mole fraction was 0.01. Calibra-
tion was performed [11] using the highly accurate HE

m
 of the 

n-hexane system with cyclohexane [13]. The uncertainty in 
the excess molar enthalpy was 1%.

Table 2 shows the experimental values of density, speed 
of sound, and refractive index of the chemicals at the three 
temperatures and atmospheric pressure and those reported 
in the literature at T = 298.15 K and atmospheric pressure 
[14–28]. In addition, the values of the isobaric heat capaci-
ties [29, 30] and isobaric expansivities are included. The 
isobaric expansivities were obtained in our laboratory. In 
this comparison, the only deviation is the speed of sound of 
ethyl levulinate; the deviation between our value and the one 

reported by Majstorović et al. [6] is 2.14 m s−1, making our 
value a little bit higher.

Results and discussion

Table S1 of the Supplementary Material reports the experi-
mental results for density, ρ, speed of sound, u, and refractive 
index, nD, along with the calculated isentropic compressibil-
ity. The isentropic compressibility, κS, can be obtained from 
ρ and u values using the equation: �S = 1

/
(� u2) , supposing 

negligible ultrasonic absorption.
From the experimental thermophysical properties of the 

mixtures—density, isentropic compressibility, and refractive 
index, and pure compound thermophysical properties—in 
the same physical state as the mixture [31], the correspond-
ing excess properties can be calculated using adequate 
equations [32, 33]. The pure compound properties required 
to calculate the excess isentropic compressibility, isobaric 
molar heat capacity, and isobaric expansivity are listed in 
Table 1.

here, ρ represents mixture density, ρi represents pure 
compound densities, xi represents mole fractions of the 
components, Mi represents corresponding molar masses, nD 
is the mixture refractive index, nD,i are the pure compound 
refractive indices, and ϕi, are volume fractions of the com-
ponents referred to the unmixed state.

With regard to the excess molar enthalpy, HE
m

 , can be 
determined directly from the compensating heating power 
and molar flux of the components.

The excess properties, such as excess molar volume, 
excess isentropic compressibility, and excess refractive 
index, are reported in Table S1 of the Supplementary Mate-
rial, and the excess molar enthalpy is included in Table S2. 
These excess properties are plotted as a function of composi-
tion in Figs. 1–3.

The obtained excess properties were correlated with the 
composition (mole or volume fraction) using a modified 
Redlich–Kister polynomial expansion [34] this modification 
was proposed by Heintz et al. [35]:

(1)VE
m
= V − V id =

∑

i
xiMi

(
1

�
−

1

�i

)

(2)nE
D
= nD − nid

D
= nD −

(∑

i
�in

2
D,i

)1∕2

(3)QE = z1(1−z1)

∑

i=0

Ai(2z1 − 1)i

1 +
∑

j=1

Bj(2z1 − 1)j

Table 1   Provenance, purity and water content of the compounds

Chemical 
name

CAS number Source Purity/
mass frac-
tion

Water 
content/
ppm

Ethyl levuli-
nate

539-88-8 Sigma-Aldrich 0.999 205

Methanol 67-56-1 Sigma-Aldrich 0.998 145
Ethanol 64-17-5 Acros 0.998 133
1-Propanol 71-23-8 Sigma-Aldrich 0.998 195
1-Butanol 71-36-3 Sigma-Aldrich 0.999 175
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QE is the excess property, z1 ethyl levulinate's the mole 
or volume fraction, and Ai and Bj are adjustable param-
eters. The best fitting parameters and standard deviations, 
σ(QE), are listed in Table 3.

Table 4 reports the absolute average relative deviation, 
AARD between experimental values and those reported in 
the literature for the binary mixture containing ethanol at 
temperatures 298.15 and 313.15 K:

Our density values are somewhat lower than those 
reported by Ramly and Abdullah [5]. When comparing our 
densities with the values reported by Majstorović et al. [6], 
we observed that some of our values are negative, while 
the bulk are positive. However, in this case, the devia-
tions are small. Additionally, our refractive index values 
are somewhat lower than those reported by Ramly and 
Abdullah [5]. The comparison of refractive index values 

(4)AARD% =
100

n

n∑

i=1

|||
Y
exp

i
− Y lit

i

|||
Y
exp

i

with those reported by Majstorović et al. [6] exhibits simi-
lar trends to those observed in the case of comparing den-
sity values, with some comparative values being negative 
and some positive. However, in this case, the deviations 
are small. Finally, our speeds of sound are mostly higher 
than those of Majstorović et al. [6], particularly at high 
concentrations of ethyl levulinate.

The excess molar volumes were negative for systems 
containing methanol and ethanol and positive for those 
containing 1-propanol and 1-butanol. It was also observed 
that an increase in temperature increased  VE

m
 except for 

the ethyl levulinate + methanol system, where an increase 
in temperature decreased the excess molar volume values. 
However, when the length of the alkanol's carbon chain 
increased, the excess molar volume increased in the follow-
ing order: methanol < ethanol < 1-propanol < 1-butanol.

All binary systems studied presented a nega-
tive �E

S
 .  More negative excess isentropic com-

press ib i l i ty  va lues  were  obser ved  a t  h igher 
temperatures. The most negative excess isentropic com-
pressibility values were observed for systems containing 

Table 2   Thermophysical properties of pure compounds at working temperatures and at p = 100  kPa and comparison with literature data at 
T = 298.15 and at atmospheric pressurea

a Standard uncertainties u are u(T) = 0.005 K for density and speed of sound, u(T) = 0.01 K for refractive index, u(p) = 1 kPa, and the combined 
expanded uncertainties Uc are Uc(ρ) = 10–4 g cm−3, Uc(u) = 1 m s−1 and Uc(nD) = 10–4 with a 0.95 level of confidence (k = 2)
b Ref. [5]; cRef. [6]; dRef. [14]; eRef. [15]; fRef. [16]; gRef. [17]; hRef. [18]; iRef. [19]; jRef. [20]; kRef. [21]; lRef. [22]; mRef. [23]; nRef. [24]; 
oRef. [25]; pRef. [26]; qRef. [27]; rRef. [28]

T/K ρ/g cm−3 u/m s−1 Cp/J mol−1 K−1 αp/k K−1 nD

Exptl Lit Exptl Lit Exptl Lit

Ethyl levulinate
 283.15 1.02227 1407.9 268.79 0.9570 1.42618
 298.15 1.00761 1.0077b 1.007180c 1350.4 1348.31c 273.91 0.9711 1.41978 1.4205b 1.42005c

 313.15 0.99291 1294.5 278.57 0.9871 1.41337
Methanol
 283.15 0.80071 1152.4 78.48 1.1808 1.33302
 298.15 0.78665 0.78664d 0.786710e 1104.0 1104f 1104.30g 81.01 1.2019 1.32638 1.3267h 1.32645i

 313.15 0.77230 1054.7 83.99 1.2241 1.32014
Ethanol
 283.15 0.79785 1194.5 106.86 1.0819 1.36530
 298.15 0.78508 0.78511d 0.7850j 1143.1 1143d 1143.07k 112.28 1.0995 1.35914 1.3593h

1.35922i

 313.15 0.77252 1092.5 118.55 1.1181 1.35275
1-Propanol
 283.15 0.81176 1258.0 136.29 0.9936 1.38928
 298.15 0.79976 0.79966i 0.79962l 1206.2 1205.93g 1206i 144.18 1.0085 1.38311 1.3832h

1.38309m

 313.15 0.78755 1155.4 153.09 1.0241 1.37686
1-Butanol
 283.15 0.81725 1291.7 167.94 0.9394 1.40317
 298.15 0.80606 0.80593g 0.80606n 1240.5 1240.09° 1240.37p 177.10 0.9527 1.39713 1.39716q 1.39720r

 313.15 0.79442 1190.5 187.29 0.9667 1.39108
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methanol and ethanol, with absolute following the order: 
methanol > ethanol > 1-propanol > 1-butanol.

With regard to the excess refractive indices, positive 
values were obtained for the systems containing metha-
nol and ethanol. An increase in the temperature increased 
nE
D

 for the ethyl levulinate + methanol system; however, 

a decrease in nE
D
 was observed for the system containing 

ethanol. Conversely, a negative nE
D

  value was observed 
for systems containing 1-propanol and 1-butanol, and 
we noticed a more negative excess refractive index value 
for the system containing 1-butanol with increasing 
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Fig. 1   Excess properties as a function of the mole fraction, x1, or the 
volume fraction, ϕ1, at T = 283.15 K and at p = 100 kPa for the binary 
mixtures ethyl levulinate (1) + n-alkanol (2): (black square) metha-

nol; (black circle) ethanol; (white square) 1-propanol; (white circle) 
1-butanol; (straight line) Redlich–Kister equation
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temperature. In both cases, an increase in temperature led 
to more negative nE

D
 values.

The excess molar enthalpy was positive for all sys-
tems studied. The maximum HE

m
 values for the four sys-

tems studied were obtained at the equimolar composi-
tion, x1 ≈ 0.5. An increase in temperature led to a higher 

excess molar enthalpy. When the length of the carbon 
chain of the alkanol increased, HE

m
 also increased, and the 

excess molar enthalpies increased in the following order: 
methanol < ethanol < 1-propanol < 1-butanol.

The sign and magnitude of the excess properties depend 
on both structural effects and molecular interactions. Some 
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Fig. 2   Excess properties as a function of the mole fraction, x1, or the 
volume fraction, ϕ1, at T = 298.15 K and at p = 100 kPa for the binary 
mixtures ethyl levulinate (1) + n-alkanol (2): (black square) metha-

nol; (black circle) ethanol; (white square) 1-propanol; (white circle) 
1-butanol; (straight line) Redlich–Kister equation
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of them, such as VE
m

 , �E
S
 , and nE

D
 , are more closely related to 

structural effects, whereas excess molar enthalpy is related 
to molecular interactions.

The negative excess molar volume is owing to the pres-
ence of strong intermolecular interactions in the mixture 
and hydrogen bonding between the components compared 

to those existing in the pure components [36]. This implies 
ethyl levulinate can act as an acceptor in the hydrogen bond, 
and the alkanols can act as proton donors. However, struc-
tural effects due to differences in size and shape between the 
components may result in better molecular rearrangement 
between the two components [37, 38]. A positive excess 
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Fig. 3   Excess properties as a function of the mole fraction, x1, or the 
volume fraction, ϕ1, at T = 313.15 K and at p = 100 kPa for the binary 
mixtures ethyl levulinate (1) + n-alkanol (2): (black square) metha-

nol; (black circle) ethanol; (white square) 1-propanol; (white circle) 
1-butanol; (straight line) Redlich–Kister equation



3623Thermophysical properties of ethyl levulinate and n‑alkanol systems﻿	

Table 3   Fitting parameters, Ai 
and Bi, and standard deviations, 
σ(QE), for modified Redlich–
Kister equation

Function T/K A0 A1 A2 A3 B1 σ (QE)

Ethyl levulinate (1) + methanol (2)
283.15  − 1.2562 0.9022  − 0.3923 0.1789 0.0029

 VE

m
/(cm3 mol−1) 298.15  − 1.2729 0.9342  − 0.4217 0.1342 0.0018

313.15  − 1.2936 0.9599  − 0.4179 0.1355 0.0020
283.15  − 128.74 89.35  − 80.48 40.83 0.50 0.27

 �E
S

/TPa−1 298.15  − 149.81 86.69  − 67.41 39.21 0.58 0.52
313.15  − 165.92 99.68  − 72.79 31.87 0.59 0.62
283.15 0.00700 0.00200  − 0.00293 0.00137 0.00002

 nE
D

298.15 0.00745 0.00192  − 0.00280 0.00121 0.00002
313.15 0.00806 0.00193  − 0.00237 0.00090 0.00002
283.15 4175  − 180  − 176  − 1342 9

 HE
m
/(J mol−1) 298.15 4614  − 343  − 315  − 1299 6

313.15 5090  − 519 227  − 756 6
Ethyl levulinate (1) + ethanol (2)

283.15  − 0.4284 0.3861  − 0.2280 0.1478 0.0012
 VE

m
/(cm3 mol−1) 298.15  − 0.3532 0.2862  − 0.1062 0.0780 0.0009

313.15  − 0.2697 0.1886  − 0.0612 0.0932 0.0007
283.15  − 103.88 24.81  − 13.54 0.70 0.26

 �E
S

/TPa−1 298.15  − 118.80 26.73  − 11.98 0.71 0.32
313.15  − 132.44 22.91  − 2.74 0.75 0.39
283.15 0.00338 0.00067  − 0.00163 0.00003

 nE
D

298.15 0.00254 0.00025  − 0.00150 0.00049 0.00001
313.15 0.00199  − 0.00008  − 0.00149 0.00050 0.00001
283.15 5280  − 25 1285  − 1108 8

 HE
m
/(J mol−1) 298.15 5997  − 497 866  − 700 7

313.15 6784  − 864 799  − 926 6
Ethyl levulinate (1) + 1-propanol (2)

283.15 0.2967  − 0.0589  − 0.0864 0.1069 0.0008
 VE

m
/(cm3 mol−1) 298.15 0.4653  − 0.0970  − 0.0592 0.0676 0.0010

313.15 0.6688  − 0.1880  − 0.0293 0.0646 0.0009
283.15  − 49.71  − 7.44  − 3.97  − 19.58 0.84 0.11

 �E
S

/TPa−1 298.15  − 56.30  − 15.39 3.01  − 27.77 0.96 0.10
313.15  − 60.58  − 17.31  − 0.19  − 30.74 0.95 0.16
283.15  − 0.00105  − 0.00032 0.00009  − 0.00007 0.00000

 nE
D

298.15  − 0.00138  − 0.00047 0.00008 0.00000
313.15  − 0.00179  − 0.00053 0.00007 0.00000
283.15 6018  − 76 2123  − 543 14

 HE
m
/(J mol−1) 298.15 7131  − 530 1621  − 818 13

313.15 8072  − 1417 1609 11
Ethyl levulinate (1) + 1-butanol (2)

283.15 0.6694  − 0.2304 0.0988  − 0.0355 0.0009
 VE

m
/(cm3 mol−1) 298.15 0.8943  − 0.3457 0.1136  − 0.1427 0.0017

313.15 1.0791  − 0.4476 0.2451  − 0.0918 0.0011
283.15  − 18.10 8.52  − 2.18  − 1.44 0.04

 �E
S

/TPa−1 298.15  − 20.69 9.99  − 5.94  − 0.89 0.03
313.15  − 22.63 11.81  − 10.32 0.67 0.03
283.15  − 0.00309  − 0.00001  − 0.00163  − 0.00123 0.00001

 nE
D

298.15  − 0.00386  − 0.00004  − 0.00265  − 0.00135 0.00000
313.15  − 0.00437  − 0.00005  − 0.00338  − 0.00141 0.00001
283.15 6260 183 2478  − 1087 12
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molar volume implies the existence of less favourable inter-
molecular interactions caused by a decrease in proton donor 
power with the length of the carbon chain of the alkanol 
[39, 40] and a worse rearrangement between the components 
owing to the greater length of the carbon chains of 1-pro-
panol and 1-butanol.

Negative excess isentropic compressibility values 
indicated that the mixture was less compressible and 
more compact than the components in their pure state. 
In our study, we obtained negative VE

m
 and �E

S
 for the 

ethyl levulinate + methanol or ethanol systems and posi-
tive excess molar volume values and negative excess 
isentropic compressibility values for the other systems 
studied. Because the excess isentropic compressibilities 
are negative, the effect of the strong intermolecular inter-
actions of the pure components, as well as the effect of 
the reduced size of the methanol and ethanol molecules, 
allows them to accommodate ethyl levulinate better, lead-
ing to mixtures containing methanol and ethanol having 
the lowest excess isentropic compressibility values.

According to Hirschfelder et al. [41], when the scattering 
forces increase, the speed of light decreases, and the refrac-
tive index increases. For systems containing methanol and 
ethanol, a clear reduction in the volume of the mixture was 
detected; thus, the dispersion increased, leading to positive 
excess refractive indices. For systems involving 1-propanol 
and 1-butanol, VE

m
 was positive, the volume of the mixture 

expanded, the dispersions decreased, and a negative nE
D
 was 

obtained.
The positive excess molar enthalpies were owing to the 

weakening of the strong interactions, dipole–dipole inter-
actions, dispersion forces acting on ethyl levulinate, and 
the hydrogen bonds present in the alcohols. An exothermic 
effect was observed when the compounds were mixed owing 
to the formation of hydrogen bonds, particularly in the case 
of methanol, which has the highest proton donor capabil-
ity among alcohols; therefore, the excess molar enthalpy is 
lower for the ethyl levulinate + methanol system.

We can now comment on the variations in excess prop-
erties of the binary systems alkyl levulinate + n-alkanols 
when substituting ethyl levulinate for methyl levulinate 
[3] at T = 298.15 K. Regarding excess molar volumes, 
different cases arise depending on the n-alkanol con-
sidered. For methanol, the values for the two alkyl lev-
ulinates were similar. For ethanol, the values obtained 
for the mixture with ethyl levulinate were slightly more 
negative up to the composition x1 ≈ 0.4, and then they 
were practically the same. Finally, for 1-propanol and 
1-butanol, for which VE

m
 was positive, the excess molar 

volumes of the mixture containing ethyl levulinate were 
somewhat lower. Fewer negative values were obtained 
for excess isentropic compressibility, particularly for the 
mixture containing methanol. Different cases were also 
presented for the excess refractive indices. For methanol 
production, the values for ethyl levulinate were higher 
than those for methyl levulinate. For ethanol, the val-
ues presented by the mixture with ethyl levulinate 
were slightly more positive in the composition interval 
0.3–0.7. Finally, for 1-propanol and 1-butanol, for which 
the nE

D
  was negative, the values for the mixture con-

taining ethyl levulinate were less negative. In the case 
of excess molar enthalpies, lower values were obtained, 
particularly for the mixtures containing methanol.

Table 3   (continued) Function T/K A0 A1 A2 A3 B1 σ (QE)

 HE

m
/(J mol−1) 298.15 7635  − 152 1702  − 1328 12

313.15 8775  − 1148 1752  − 862 11

Table 4   Absolute average relative deviation, AARD, between exper-
imental and literature values for the binary mixture ethyl levulinate 
(1) + ethanol (2)

T/K AARDρ/% AARDu/% AARDnD/%

Ramli and Abdulah
 298.15 0.106 0.263
 313.15 0.124 0.296

Majstorović et al
 298.15 0.030 0.078 0.010
 313.15 0.040 0.073 0.017

Table 5   Average absolute 
relative deviation, AARD, 
among the experimental results 
of the density of pure fluids and 
those obtained with PC-SAFT 
EoS in the temperature range 
T = (283.15—313.15) K

Fluid AARDρ/%

Ethyl levulinate 0.10
Methanol 0.49
Ethanol 0.71
1-Propanol 1.59
1-Butanol 1.99
Overall 0.98
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Modelling

Density and excess molar enthalpy

The PC-SAFT EOS [7, 8] can be written in terms of the 
Helmholtz energy ( A ), which is the sum of the four terms 
given by Eq. (5):

where the superscripts id, hc, disp, and assoc are related to 
an ideal gas, hard-chain, dispersion forces, and association 
contribution, respectively.

From Eq. (5), the theoretical pressure can be obtained by 
equating it with the experimental pressure, and the liquid 
density can be calculated. More information on these equa-
tions can be reviewed in a study by Gross and Sadowski [7].

From Eq. (6), the excess molar enthalpy, HE
m

 , can be 
obtained as follows:

where xi is the molar fraction of component i in the mixture, 
HR

0,i
  (with i = 1 or 2) is the residual enthalpy of the pure 

(5)A = Aid + Ahc + Adisp + Aassoc,

(6)HE
m
= HR −

(
x1H

R
0,1

+ x2H
R
0,2

)
,

component i, and HR is the residual enthalpy of the mixture, 
which is given by Eq. (7) [42]:

where aR =
(

A−Aid

RT

)
 , is the dimensionless residual Helm-

holtz energy, R is the universal gas constant, T is the absolute 
temperature, and ρ is the molar density.

The PC-SAFT EoS parameters required for pure fluids 
are the number of segments m, segment diameter σ, depth of 
the pair potential energy ε, association energy of interaction 
εAB, and effective volume of interaction κAB between sites A 
and B on the molecule. The 1-alkanols were modelled with 
two association sites, that is, the 2 B scheme (one site in the 
hydrogen atom and one site in the oxygen atom), whereas the 
ethyl levulinate molecule was modelled with two negative 
sites [43]. In addition, because the alcohol molecule has both 
positive and negative sites, alcohols can self-associate. By 
contrast, ethyl levulinate does not self-associate. However, 
we must consider the cross-association between the alcohol 
and ethyl levulinate, which occurs between the positive and 
negative sites of different molecules [44].

Speed of sound

Using the SCFT [9], the speed of sound can be obtained 
without requiring adjustable parameters from Eq. (8):

where si represents the space-filling factor of component i in 
the mixture and c = 1600 m s−1. NA is Avogadro’s number, 
ρ is the molar density obtained using PC-SAFT, and di is 
the diameter of the molecule, which can be calculated using 
Eq. (9) [7, 8]:

Refractive index

The refractive indices of the mixtures, nD, can be predicted 
using the Laplace mixing rule [10] in Eq. (10):

where z
i
 denotes the mass fraction. The PC-SAFT EoS was 

used to obtain the density. Notably, Eq. (10) was success-
fully used in the previous studies [45–47].

(7)HR =

(

�
�aR

��
− T

�aR

�T

)

RT

(8)u = �c
(
x
1
s
1
+ x

2
s
2

)(
x
1
NAm1

�

6
d3
1
+ x

2
NAm2

�

6
d3
2

)
,

(9)di = �i
[
1 − 0.12 e−3�∕ (kBT)

]
.

(10)

(
1

�

)
(
n2
D
− 1

)
=

(
z1

�1

)(
n2
D,1

− 1
)
+

(
z2

�2

)(
n2
D,2

− 1
)
.

Table 6   Binary interaction parameters, kij, along with absolute aver-
age relative deviation, AARD, between experimental values and cor-
related densities and predicted speeds of sound, refractive indices, 
and excess molar enthalpies

T/K AARDρ/% AARDu/% AARDnD/% AARDH
E

m
/%

Ethyl levulinate (1) + methanol (2) with kij = − 0.01033 ± 0.002
 283.15 0.40 2.92 0.15 23.25
 298.15 0.44 2.97 0.15 21.79
 313.15 0.49 2.94 0.16 18.94
 Overall 0.44 2.94 0.15 21.33

Ethyl levulinate (1) + ethanol (2) with kij =  − 0.02133 ± 0.003
 283.15 0.63 1.98 0.14 14.69
 298.15 0.70 2.06 0.14 11.75
 313.15 0.80 2.09 0.14 16.64
 Overall 0.71 2.04 0.14 14.36

Ethyl levulinate (1) + 1-propanol (2) with kij =  − 0.02567 ± 0.003
 283.15 0.86 1.31 0.09 14.92
 298.15 0.96 1.39 0.10 15.67
 313.15 1.06 1.44 0.11 17.66
 Overall 0.96 1.38 0.10 16.08

Ethyl levulinate (1) + 1-butanol (2) with kij =  − 0.03733 ± 0.004
 283.15 1.02 0.60 0.06 17.45
 298.15 1.10 0.70 0.06 15.89
 313.15 1.18 0.78 0.06 19.79
 Overall 1.10 0.69 0.06 17.71
 Overall 

deviation
0.80 1.76 0.11 17.37
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The pure-component parameters used in this study 
were obtained from previous studies [8, 43]. The absolute 
average relative deviations between the liquid densities 
obtained using the PC-SAFT EoS and the experimental 

values are listed in Table 5. According to the results in 
Table 5, PC-SAFT (with parameters obtained from the 
literature) correctly predicted the densities of the pure liq-
uids (overall deviation = 0.98%).
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Fig. 4   Correlated densities and predicted speeds of sound, refrac-
tive indices, and excess molar enthalpies as a function of the mole 
fraction, x1, at T = 298.15  K and at p = 100  kPa for the binary mix-

tures ethyl levulinate (1) + alkanol (2): (black square) methanol; (red 
circle) ethanol; (green triangle) 1-propanol; (blue inverted triangle) 
1-butanol; (coloured line) correlations or predictions
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The interaction parameters for the binary mixtures, 
kij, were obtained by minimising the function defined in 
Eq. (11):

The parameters obtained are listed in Table 6. From the 
approach used in this study, PC-SAFT was used as a fitting 
approach for density (overall deviation = 0.80%) and as a 
predictive approach for the speed of sound (overall devia-
tion = 1.76%), refractive index (overall deviation = 0.11%), 
and excess molar enthalpy (overall deviation = 17.37%). 
According to these deviation values, the predictions for 
the speed of sound and refractive index are accurate; how-
ever, PC-SAFT is not capable of quantitatively represent-
ing the excess molar enthalpy, which can be explained by 
the fact that the binary parameter was not fitted from the 
phase equilibrium data. Figure 4 illustrates the modelling 
of the properties at T = 298.15 K for all mixtures. Clearly, 
the experimental density agreed with the density obtained 
using the PC-SAFT EoS. Furthermore, the results pre-
dicted for the refractive index obtained using the Laplace 
mixing rule were excellent. However, the predictions of 
the excess molar enthalpy and speed of sound (with the 
PC-SAFT EoS and SCFT) were in qualitative agreement 
with the experimental information.

Conclusions

Thermophysical properties, densities, speed of sound, 
refractive indices, and excess molar enthalpies of four binary 
systems formed by ethyl levulinate + 1-alkanol (C1–C4) 
were reported at three temperatures (283.15, 298.15, and 
313.15 K) and at pressure, p = 100 kPa. The calculated 
excess properties were correlated with the mole or volume 
fraction using a modified Redlich–Kister equation.

Excess molar volumes were negative for mixtures con-
taining the two shorter alkanols and positive for the remain-
ing systems. Excess isentropic compressibilities were nega-
tive for all mixtures. The excess refractive indices for these 
mixtures show opposite behaviour to the excess molar vol-
umes. Furthermore, the excess molar enthalpies were posi-
tive for all mixtures.

To explain this thermophysical behaviour, it is necessary 
to consider the strong interactions that exist in pure com-
pounds, both ethyl levulinate and 1-alkanols, as well as the 
possibility of hydrogen bonding between ethyl levulinate 
and 1-alkanols. The density and excess molar enthalpy of 
the binary mixtures were modelled using the equation of 
state. The overall deviations for all the pure fluids and binary 

(11)FO =

n∑

i=1

(
�
exp

i
− �cal

i

�
exp

i

)2

mixtures were 0.98% and 0.80%, respectively. Finally, the 
overall deviation using the predictive approaches was 1.76% 
and 0.11% for the speed of sound and refractive index, 
respectively.
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