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Abstract
The surface tensions of binary mixtures alkyl levulinate (methyl levulinate and ethyl 
levulinate) + n-alkanols (methanol, ethanol, 1-propanol, and 1-butanol) at several 
temperatures (283.15 K, 298.15 K, and 313.15 K) and at atmospheric pressure were 
reported. For each binary mixture, the surface tension deviations were obtained and 
correlated with composition by using the Redlich–Kister polynomial expansion. 
These surface tension deviations vary from positive values for methanol to negative 
ones for 1-butanol. Regarding the behavior of surface tension deviation with alkyl 
levulinate, ethyl levulinate presents higher positive values or less negative ones than 
methyl levulinate. The computation of the surface tension was obtained with the 
linear square gradient theory plus the Peng–Robinson–Stryjek–Vera (PRSV-EoS). 
Phase equilibria for all the mixtures were predicted, because k

12
= 0 was set. Then, 

the densities of the homogeneous phases were obtained and used in the calculation 
of the surface tension, which was obtained according to two approaches, i.e., pre-
diction and fitted, and using values constant and correlations for the parameters for 
both approaches. The predictive approach was not adequate because a high global 
deviation was obtained (3.97 %), while two adjustable parameters for the mixture in 
LSGT improved the representation of the variation of experimental surface tension 
with temperature (deviation = 1.08 %). Therefore, the simplified version of square 
gradient theory named LSGT guarantees good results of fitting the experimental 
data.

Keywords  Alkyl levulinate + alcohol mixtures · Experimental data · Linear square 
gradient theory · Modeling data · Peng–Robinson equation of state
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A	� Adjustable parameter of the influence parameter
a	� Cohesion parameter in the PRSV-EoS
AAD	� Statistical deviation
B	� Adjustable parameter of the influence parameter
b	� Covolume parameter in the PRSV-EoS
c1	� Adjustable parameter of the cohesive parameter
c2	� Adjustable parameter of the cohesive parameter
f0	� Helmholtz energy density
k12	� Interaction parameter for the quadratic mixing rule
N	� Number of experimental points
n	� Number of points in the linear gradient theory
nc	� Number of components of the mixture
P	� Absolute pressure
R	� Universal gas constant
T	� Absolute temperature
w	� Mole fraction
x	� Liquid mole fraction
y	� Vapor mole fraction
z	� Interfacial position

Greek Letters
�12	� Symmetric parameter of the linear gradient theory
�	� Chemical potential
�	� Molar density
�	� Surface tension

Subscripts
c	� Critical condition
i, j	� Species
ref	� Reference

Superscripts
0	� Equilibrium condition
calc	� Calculated
exp	� Experimental
L	� Liquid phase
V	� Vapor phase

1  Introduction

Due to its potential use as substitutes for the traditional solvents in chemical pro-
cesses and even as biodiesel, levulinic acid and its esters have attracted the interest of 
the scientific community [1, 2]. Our research group is interested in the thermophysi-
cal properties of systems containing an alkyl levulinate and a short-chain alkanol [3, 
4]. Herein, we present the surface tension of the binary mixtures containing an alkyl 
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levulinate (methyl levulinate and ethyl levulinate) and n-alkanol (methanol, ethanol, 
1-propanol, and 1-butanol) in the temperature range (283.15 K to 313.15 K) and at 
atmospheric pressure.

The surface tension modeling for the experimentally studied systems in the range 
of 283.15 K to 313.15 K was obtained by applying the linear square gradient theory 
(LSGT), i.e., the simplified version of square gradient theory (SGT). This theoret-
ical approach (SGT) [5, 6] requires an expression for the Helmholtz energy den-
sity, which can be obtained from an equation of state (EoS). As the computation of 
surface tension through gradient theory requires phase equilibrium properties, this 
work will also model vapor-liquid phase equilibrium for binary mixtures. Accord-
ing to a literature search, only Resk et al. [7] show experimental data on the phase 
equilibrium for the ethanol + ethyl levulinate mixture at 60 °C. Therefore, it is inter-
esting to theoretically know the bubble and dew curves for these systems that have 
practically not been studied experimentally. For the application of SGT to binary 
mixtures, it is necessary to obtain a parameter named symmetric parameter from 
the fit of experimental surface tension data. If this parameter is zero, a system of 
nonlinear algebraic equations must be solved to obtain the surface tension, and SGT 
is used as a predictive approach, i.e., it would not be necessary to fit the experi-
mental surface tension. On the other hand, when symmetric parameter is not zero, 
SGT requires the solution of a system of complex differential equations. The disad-
vantage of null symmetric parameter is that the calculation becomes complex when 
mixtures present components with simultaneous adsorption and desorption. For this 
reason, the linear approach proposed by Zuo and Stenby [8, 9] has been widely used 
to efficiently calculate the surface tension of complex systems, without the need to 
know the density profile at the interface, because the authors [8, 9] propose a linear 
profile.

Therefore, Peng–Robinson–Stryjek–Vera equation of state (PRSV-EoS) + quad-
ratic mixing rule (QMR) will be used to obtain the phase equilibrium, and the sur-
face tension computation will be obtained with PRSV + QMR + LSGT.

We have found a paper [2] reporting the surface tensions of alkyl levulinates with 
n-alkanols (methyl levulinate + methanol, ethyl levulinate + ethanol, and butyl lev-
ulinate + butanol) at four temperatures and at atmospheric pressure.

2 � Materials and Methods

The chemicals were used without further purification Their purities were obtained 
using gas chromatography by the suppliers, while a Karl-Fischer titration was 
employed in our laboratory to determine their water content using a Crison KF 
1S-2B. This information is reported in Table 1.

The mixtures were prepared by mass using a CP225-D Sartorius Semimicro mass 
balance, being the uncertainty 1 × 10−5 g. The corresponding uncertainty in the 
mole fraction is 0.001.

The surface tensions at the liquid–air interface, �, of both the pure liquids and their 
mixtures, were determined using a Lauda TVT-2 drop volume tensiometer. The density 
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of the liquid samples needed to obtain the surface tension was calculated from previous 
papers [3, 4]. The temperature was maintained constant within ± 0.01 K using a Lauda 
E-200 thermostat. The surface tension uncertainty is 0.2 mN·m−1.

3 � Theoretical Models

3.1 � Equation of State

Peng–Robinson–Stryjek–Vera equation of state (PRSV-EoS) [10, 11] has been suc-
cessfully applied to quantitatively represent thermodynamic properties [12–17]. This 
equation of state proposes that pressure, i.e., P is given by Eq. 1:

where R is the universal ideal gas constant, T is the temperature, � is the molar den-
sity, a is the attractive parameter, and b is the repulsive term. These parameters for a 
pure fluid ( i = 1, 2 ) are given by Eq. 2:

where Tc,i and Pc,i are the critical temperature and critical pressure, respectively. c1 
and c2 are the fitted parameters, which are directly fitted for vapor pressure data.

For the binary mixtures, the quadratic mixing rule was used. This mixing rule pro-
poses that attractive and repulsive parameters can be obtained by Eq. 3:
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Table 1   Information about the chemicals: provenance, purity, and water content

Chemical name CAS number Source Purity (mas frac-
tion)

Water 
content 
(ppm)

Methyl levulinate 624-45-3 Aldrich 0.999 225
Ethyl levulinate 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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where subscripts 1 and 2 are methyl levulinate or ethyl levulinate and alcohol (meth-
anol, ethanol, 1-propanol, and 1-butanol) as pure fluids, respectively. wi is the mole 
fraction of the component i in the mixture, which can be in the liquid phase or vapor 
phase. On the other hand, k12 is the adjustable parameter.

3.2 � Linear Square Gradient Theory (LSGT)

According to approach published by Zuo and Stenby [8, 9], the surface tension 
for the fluid mixture is given by Eq. 4:

where L, V, subscript ref, and superscript 0 are the condition of liquid and vapor at 
equilibrium, reference, and the condition in the bulk equilibria phases, respectively, 
f0 is the Helmholtz energy density of homogeneous fluid, � is the chemical potential, 
and � is the influence parameter of the mixture, which contains the information of 
the intermolecular geometry of the interfacial region, and can be obtained by Eq. 5:

where Δ�i = �L
i
− �V

i
 for i = 1, 2 and �12 is the symmetric parameter, which can be 

obtained by experimental surface tension adjustment of the binary mixture. It is 
important to note that the reference density is calculated according to Eq. 6:

On the other hand, the chemical potential of the component i ( i = 1, 2 ) in the mix-
ture is defined by Eq. 7 [18]:

Also, using Eq.  8 [13], the Helmholtz energy density from PRSV-EoS can be 
obtained by Eq. 8:

Therefore, to obtain the surface tension using Eq. 4, it will be necessary follow main 
steps (i) to (iv): 

	 (i)	 Select the reference fluid.
	 (ii)	 Calculate the density profiles using Eq. 9, i.e., �1(z) and �2(z) , 
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 where n is the number of points used in the discretization of z.
	 (iii)	 Calculate the influence parameters of pure fluids ( �1 and �2 ) considering that 

is a constant value and on the other hand, considering that it can be obtained 
by means of a linear correlation dependent on temperature. To calculate the 
surface tension of the pure fluid, Eq. 4 can be used for fluid 1 ( x1 → 1 ) and 
fluid 2 ( x1 → 0 ), or the expression proposed by Carey et al. [5, 6] for pure 
fluids.

	 (iv)	 Two approaches will be used:

•	 Predictive approach: Set �12 = 0 , and study: Case 1: �i is a value constant. 
Case 2: �i is a linear function of temperature.

•	 Fitted approach: Study the following cases: Case 1: �i is a value constant and 
�12 is a value constant, which can be obtained by fitting experimental infor-
mation of the tension of the mixture. Case 2: �i and �12 are linear functions of 
temperature. The adjustable parameters present in the symmetric parameter 
correlation can be obtained by fitting experimental information of the tension 
of the mixture.

(9)�i(z) = �V
i
+

(

�L
i
− �V

i

n − 1

)

z

Table 2   Surface tension, � , of the chemicals at working temperatures and at atmospheric pressure, 
P = 0.1 MPa, and comparison with previously published data

Standard uncertainties u are u(T) = 0.01 K, u(P) = 0.0025 MPa, and the combined expanded uncertain-
ties U

c
 are U

c
(�) = 0.2 mN·m−1 with a 0.95 level of confidence ( k = 2)

Compound � /(mN⋅m−1)

T = 283.15 K T = 298.15 K T = 313.15 K

Exptl. Lit. Exptl. Lit. Exptl. Lit.

Methyl levulinate 37.04 37.03 [19] 35.30 35.33 [19], 34.675 
[2]

33.66 33.69 [19], 32.98 
[2]

Ethyl levulinate 34.25 34.24 [20] 32.69 32.70 [20], 31.932 
[2]

31.15 31.14 [20], 30.562 
[2]

Methanol 23.52 23.50 [27], 23.50 
[28]

22.16 22.14 [29], 22.19 
[30]

20.88 20.90 [31], 20.89 
[30]

Ethanol 23.07 23.17 [28], 23.10 
[32]

21.87 21.86 [28], 21.90 
[33]

20.61 20.60 [33], 20.62 
[34]

1-Propanol 24.55 24.57 [28], 24.50 
[35]

23.39 23.34 [28], 23.31 
[36]

22.25 22.18 [28], 22.11 
[37]

1-Butanol 25.48 25.40 [27], 25.36 
[28]

24.22 24.20 [38], 24.18 
[22]

23.12 23.00 [27], 23.07 
[29]
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4 � Results and Discussions

The experimental surface tensions of pure components at working temperatures 
and at atmospheric pressure along with previously published data are collected in 
Table 2. The agreement between the experimental and literature data for n-alkanols 
is satisfactory. For alkyl levulinates, we have only found three previous references 
[2, 19, 20]. Two references from our laboratory, the agreement is excellent, and the 
other one from Ramli and Abdullah [2] being our experimental surface tensions a 
little higher.

Experimental surface tensions, � , together with calculated surface tension devia-
tions, Δ� , are collected in the supplementary material (see Table S1). The surface 
tension deviations are plotted in Figs. 1, 2, 3, and 4.

The surface tension deviation with respect to a linear dependence on the mole 
fraction, Δ� , was calculated from Eq. 10:

where � , �i , and xi are the surface tension of the mixture, the surface tension of com-
ponent i, and the mole fraction of component i, respectively.

For each binary mixture, the surface tension deviation as a function of mole frac-
tion was correlated with the Redlich–Kister equation [21], i.e., by Eq. 11:

(10)Δ� = � −
∑

i

xi�i

(11)Δ� = x
1
x
2

∑

i=0

A
i
(2x

1
− 1)i

Fig. 1   Surface tension deviations, Δ� , as a function of the molar fraction, x
1
 , at working temperatures 

and at P = 0.1 MPa for the binary mixtures alkyl levulinate (1) + methanol (2). Symbols: experimental 
data obtained in this work; (circle) methyl levulinate (1) + methanol (2) mixture, (triangle) ethyl lev-
ulinate (1) + methanol (2) mixture, (black) 283.15 K, (blue) 298.15 K, (red) 313.15 K. Redlich–Kister 
equation; (——–) methyl levulinate (1) + methanol (2) mixture, (- - - - - -) ethyl levulinate (1) + metha-
nol (2) mixture (Color figure online)
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being Ai the adjustable parameters. The number of these coefficients was chosen in 
order to minimize the standard deviations. The obtained parameters, Ai , along with 
the corresponding standard deviations, �(Δ�) , are given in Table 3.

The binary mixtures methyl levulinate + methanol and ethyl levulinate + metha-
nol present symmetrical curves of positive surface tension deviation over the whole 
composition range and at the three working temperatures. An increase in tempera-
ture leads to an increase in the surface tension deviation values. The binary mixtures 

Fig. 2   Surface tension deviations, Δ� , as a function of the molar fraction, x
1
 , at working temperatures 

and at P = 0.1 MPa for the binary mixtures alkyl levulinate (1) + ethanol (2). Symbols: experimental 
data obtained in this work; (circle) methyl levulinate (1) + ethanol (2) mixture, (triangle) ethyl levulinate 
(1) + ethanol (2) mixture, (black) 283.15 K, (blue) 298.15 K, (red) 313.15 K. Redlich–Kister equation; 
(——–) methyl levulinate (1) + ethanol (2) mixture, (- - - - - -) ethyl levulinate (1) + ethanol (2) mixture

Fig. 3   Surface tension deviations, Δ� , as a function of the molar fraction, x
1
 , at working temperatures 

and at P = 0.1 MPa for the binary mixtures alkyl levulinate (1) + 1-propanol (2). Symbols: experimental 
data obtained in this work; (circle) methyl levulinate (1) + 1-propanol (2) mixture, (triangle) ethyl lev-
ulinate (1) + 1-propanol (2) mixture, (black) 283.15 K, (blue) 298.15 K, (red) 313.15 K. Redlich–Kister 
equation; (——–) methyl levulinate (1) + 1-propanol (2) mixture, (- - - - - -) ethyl levulinate (1) + 1-pro-
panol (2) mixture
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containing ethanol present a sigmoidal behavior against composition of the sur-
face tension deviations: for the system methyl levulinate + ethanol, this behavior is 
observed at temperatures 298.15 K and 313.15 K, and at T = 283.15 K, the surface 
tension deviations are negative. While for the system ethyl levulinate + ethanol, the 
sigmoidal behavior is presented only at T = 283.15 K; at the rest of temperatures 
298.15 K and 313.15 K, the surface tension deviations are positive. That is, for these 
systems containing ethanol, the surface tension deviations tend to be more positive 
with temperature. The binary mixtures containing 1-propanol show negative surface 
tension deviations and less symmetrical curves over the entire composition range 
and at different temperatures, with the exception of the system ethyl levulinate + 
1-propanol which shows at T = 313.15 K a sigmoidal behavior positive surface ten-
sion deviation. The surface tension deviations for these systems tend to less nega-
tive or even positive with temperature. Finally, the binary mixtures studied which 
contain 1-butanol have negative Δ� values. It can be observed that increasing the 
temperature the deviations become less negative.

For a given alkyl levulinate, at the three temperatures, Δ� decreases in the 
sequence: methanol > ethanol > 1-propanol > 1-butanol,, although for ethyl lev-
ulinate at T = 313.15 K, and at high molar fractions of ethyl levulinate, the surface 
tension deviations for ethanol and 1-propanol are similar. On the other hand, the 
binary mixtures containing ethyl levulinate show more elevated positive surface 
tension deviations or less negative Δ� values than the systems with methyl levuli-
nate. Except in a couple of cases: for the binary mixtures containing methanol at 
T = 313.15 K for which the two alkyl levulinates present similar Δ� values; and for 
the systems alkyl levulinate with ethanol at T = 313.15 K in which only at low molar 
fractions the ethyl levulinate presents higher surface tension deviations values.

Fig. 4   Surface tension deviations, Δ� , as a function of the molar fraction, x
1
 , at working temperatures 

and at P = 0.1 MPa for the binary mixtures alkyl levulinate (1) + 1-butanol (2). Symbols: experimental 
data obtained in this work; (circle) methyl levulinate (1) + 1-butanol (2) mixture, (triangle) ethyl lev-
ulinate (1) + 1-butanol (2) mixture, (black) 283.15 K, (blue) 298.15 K, (red) 313.15 K. Redlich–Kis-
ter equation; (——–) methyl levulinate (1) + 1-butanol (2) mixture, (- - - - - -) ethyl levulinate (1) + 
1-butanol (2) mixture
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The graphical comparison between our surface tension results and those of Ramli 
and Abdullah [2] is presented in Figs. 5 and 6. For the system methyl levulinate + 
methanol at T = 298.15 K and 313.15 K, the average deviation is around 1 mN⋅m−1 
( ≈ 3 %), this deviation is higher and greater from x1 = 0.3 . While for the mixture 
ethyl levulinate + ethanol at the two temperatures, the average deviation is around 
0.6 mN⋅m−1 ( ≈ 2 %), being also this deviation bigger from x1 = 0.3

Linear gradient theory coupled with Peng–Robinson–Stryjek–Vera equation of 
state was used to model the behavior of surface tension in mixtures. First of all, 
it was necessary to obtain the parameters of the pure fluids that form the binary 

Table 3   Adjusted parameters 
and standard deviations, �(Y) , 
for Redlich–Kister equation

T (K) A
0

A
1

A
2

A
3

�(Δ�)

Methyl levulinate (1) + methanol (2)
283.15 5.26 − 0.22 − 0.19 1.08 0.01
298.15 6.44 0.49 0.20 0.01
313.15 8.05 − 0.06 − 0.01 0.01
Methyl levulinate (1) + ethanol (2)
283.15 − 3.39 2.00 − 0.03 − 0.21 0.00
298.15 − 1.11 1.84 0.01 0.14 0.00
313.15 1.82 2.62 0.00
Methyl levulinate (1) + 1-propanol (2)
283.15 − 8.17 − 1.34 − 0.05 0.01
298.15 − 6.14 − 0.33 0.01
313.15 − 4.54 − 0.62 0.04 − 0.17 0.01
Methyl levulinate (1) + 1-butanol (2)
283.15 − 10.71 − 3.24 − 0.05 0.33 0.01
298.15 − 8.44 − 2.04 − 0.16 0.01
313.15 − 6.64 − 1.77 − 0.10 0.01
Ethyl levulinate (1) + methanol (2)
283.15 6.28 − 0.10 0.04 0.01
298.15 7.17 0.14 − 0.05 0.01
313.15 8.08 − 0.25 0.01
Ethyl levulinate (1) + ethanol (2)
283.15 0.51 1.24 0.01 0.12 0.00
298.15 1.36 0.71 − 0.05 − 0.02 0.00
313.15 1.96 − 0.11 0.00 − 0.08 0.00
Ethyl levulinate (1) + 1-propanol (2)
283.15 − 2.18 0.44 − 0.02 0.00
298.15 − 0.89 0.84 0.01 0.00
313.15 0.67 0.83 − 0.02 0.08 0.00
Ethyl levulinate (1) + 1-butanol (2)
283.15 − 4.11 0.13 0.06 0.00
298.15 − 2.67 0.59 0.05 0.00
313.15 − 1.28 1.14 0.01 0.00
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mixtures, which are shown in Tables 4 and 5. Critical temperature and critical pres-
sure for all alcohols were obtained from DIPPR [22], while for the n-alkyl levuli-
nates, it was obtained from Nikitin et al. [23]. The c1 and c2 parameters were calcu-
lated by fitting the experimental vapor pressure [22, 23] from the minimization of 
the objective function defined by Eq. 12:

(12)FO =

N
∑

i=1

(

P
exp

i
− Pcalc

i

P
exp

i

)2

Fig. 5   Comparison between experimental and literature surface tensions, � , as a function of the molar 
fractions, x

1
 , at T = 298.15 K and 313.15 K, and P = 0.1 MPa for the binary mixture methyl levulinate 

(1) + methanol (2). Symbols: (circle) Experimental data obtained in this work, (triangle) Experimental 
data obtained from literature [2], (blue) 298.15 K, (red) 313.15 K.

Fig. 6   Comparison between experimental and literature surface tensions, � , as a function of the molar 
fractions, x

1
 , at T = 298.15 K and 313.15 K, and P = 0.1 MPa for the binary mixture ethyl levulinate (1) 

+ ethanol (2). Symbols: (circle) Experimental data obtained in this work, (triangle) Experimental data 
obtained from literature [2], (blue) 298.15 K, (red) 313.15 K
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where N represents the number of experimental points, exp and calc are experimen-
tal and calculated value, respectively.

According to Table 4, good results in vapor pressure were obtained for all fluids 
(overall deviation = 0.42 %); the smallest deviation was for methanol (0.00 %). The 
statistical deviation in vapor pressure was obtained by Eq. 13:

To obtain the adjustable parameters required in the computation of the surface ten-
sion of pure fluids, the objective function given by Eq. 14 was used, and the devi-
ation between the theoretical and experimental surface tension data was obtained 
through the Eq. 15,

(13)AADP% =
100

N

N
∑

i=1

|P
exp

i
− Pcalc

i
|

P
exp

i

(14)FO =

N
∑

i=1

(

�
exp

i
− �calc

i

�
exp

i

)2

Table 4   Critical properties 
and c

1
 , c

2
 fitted parameters for 

the pure fluids, and statistical 
deviation in vapor pressure. The 
temperature range was 283.15 K 
to 313.15 K

Fluid T
c
 /(K) P

c
 /(bar) c

1
c
2

AADP%

Methyl levulinate 668.0 32.7 1.110 0.017 1.38
Ethyl levulinate 669.0 29.7 1.220 − 0.118 0.98
Methanol 512.5 80.84 1.173 − 0.173 0.00
Ethanol 514.0 61.37 1.283 − 0.107 0.05
1-Propanol 536.8 51.69 1.260 0.079 0.05
1-Butanol 563.0 44.14 1.216 0.253 0.04
Overall 0.42

Table 5   Influence parameters for pure fluids, using a constant value and a correlation, and statistical 
deviation in surface tension. The temperature range was 283.15 K to 313.15 K

Fluid �
i
= constant 

(×10−19 J·m5 
·mol−2)

�
i
= f (T) (×10−19 J·m5 ·mol−2) AAD�% using 

�
i
= constant

AAD�% 
using 
�
i
= f (T)

Methyl levulinate 7.720 6.807 + 0.0031 ⋅ T[K] 0.22 0.05
Ethyl levulinate 8.403 8.061 + 0.0011 ⋅ T[K] 0.07 0.00
Methanol 0.227 0.193 + 0.0001 ⋅ T[K] 0.64 0.64
Ethanol 0.458 − 0.014 + 0.0016 ⋅ T[K] 1.76 0.17
1-Propanol 0.816 − 0.131 + 0.0032 ⋅ T[K] 1.98 0.23
1-Butanol 1.342 0.012 + 0.0045 ⋅ T[K] 1.72 0.23
Overall 1.07 0.22
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The results of the deviation in surface tension are published in Table 5. For all fluids 
(except methanol), the correlation allowed modeling the experimental surface ten-
sion with a smaller deviation (0.22 %) than that obtained with a temperature-inde-
pendent influence parameter (1.07 %). In the case of methanol, the approximately 
null value for the slope implies that a linear dependence between the temperature 
and the influence parameter does not improve the results for the temperature range 
of 283.15 K to 313.15 K. On the other hand, Figs. 7 and 8 show the variation of sur-
face tension with temperature for alkyl levulinate and alcohols, respectively. Accord-
ing to Fig. 7, both cases show a good agreement in the theoretical and experimental 

(15)AAD�% =
100

N

N
∑

i=1

|�
exp

i
− �calc

i
|

�
exp

i

Fig. 7   Comparison between experimental and calculated theoretical surface tensions for alkyl levulinate. 
(——–) using �

i
= constant, (- - - - -) using �

i
= f (T) . Symbols: experimental data obtained in this work; 

(black) methyl levulinate, (blue) ethyl levulinate

Fig. 8   Comparison between experimental and calculated theoretical surface tensions for alcohol. (——–) 
using �

i
= constant, (- - - - -) using �

i
= f (T) . Symbols: experimental data obtained in this work; (red) 

methanol, (brown) ethanol, (green) 1-propanol, (purple) 1-butanol
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data, while in Fig. 8, the theoretical surface tension is close to the experimental one 
only when the linear dependence was considered for the influence parameter.

To model the experimental surface tension of the n-alkyl levulinate (1) + alcohol 
(2) mixtures, it was necessary to previously obtain the phase equilibria. According 
to the literature related to the gradient theory, to guarantee consistency in the results 
of surface tension, the phase equilibrium must be correctly modeled. Therefore, it 
is necessary to adjust the adjustable parameter of the mixing rule with experimen-
tal information of the phase equilibria. Unfortunately, after a literature search, only 
the phase equilibria of ethyl levulinate (1) + ethanol (2) at 333.15 K were obtained 
[7]. Therefore, as no data are available for all mixtures in the temperature range of 
283.15 K to 313.15 K, a predictive equation of state approach to phase equilibria 
modeling was used in this manuscript, i.e., k12 = 0.

Figures S1 to S8 illustrate the isothermal phase equilibrium at 283.15 K, 298.15 
K, and 313.15 K in the plane P − x1 − y1 , which was obtained by pressure bubble 
computation, i.e., given the temperature and the liquid phase mole fraction, the 
vapor phase mole fraction, pressure, and densities can be calculated. In all Figs. S1 
to S8, it is observed that the bubble curve is above the dew curve. Next, attention 
will be paid to Fig. S6. In this figure, in addition to the predictions, the result of 
the adjustment to 333.15 K is shown. Clearly, although k12 = 0 under-predicts the 
pressure of the mixture, PRSV-EoS qualitatively predicts the mixture pressure. On 
the other hand, it was found that a binary interaction parameter equal to 0.0251 cor-
rectly adjusts the phase equilibria for the ethyl levulinate (1) + ethanol (2) mixture 
at 333.15 K [7]. However, even though optimal k12 differs from zero, the fact that 
k12 = 0 qualitatively represents phase equilibria is a good idea to consider in the 
absence of experimental data.

Two approaches were used to study the surface tension obtained with LSGT + 
PRSV-EoS, i.e., an predictive approach (set �12 = 0 ) and fitted approach ( �12 = con-
stant and �12 = f (T) , where the adjustable parameters are obtained by regression of 
experimental tension data of the mixture). Table  6 shows the statistical deviation 

Table 6   Statistical deviation in 
surface tension using predictive 
approach. The temperature 
range was 283.15 K to 313.15 K

Mixture AAD�% using 
�
i
= constant

AAD�% 
using 
�
i
= f (T)

Methyl levulinate (1) + methanol (2) 2.26 2.11
Methyl levulinate (1) + ethanol (2) 5.02 4.91
Methyl levulinate (1) + 1-propanol (2) 6.40 6.27
Methyl levulinate (1) + 1-butanol (2) 6.61 6.50
Overall 5.07 4.95
Ethyl levulinate (1) + methanol (2) 1.42 1.38
Ethyl levulinate (1) + ethanol (2) 3.29 3.18
Ethyl levulinate (1) + 1-propanol (2) 3.27 3.12
Ethyl levulinate (1) + 1-butanol (2) 3.49 3.34
Overall 2.87 2.76
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using Eq. 15 and the impact of using constant influence parameter or linear func-
tions of temperature. According to the table, a slight improvement in the prediction 
of surface tension (4.95  % and 2.76  % obtained for methyl levulinate (1) + alco-
hol (2) mixtures and ethyl levulinate (1) + alcohol (2) mixtures, respectively) is 
obtained when a linear dependence between temperature and the influence param-
eter has been considered, compared to 5.07  % and 2.87  % for the same mixtures 
when a constant influence parameter was used. Also, for both cases, the predictions 
were better for the mixtures of alcohol with ethyl levulinate. The lowest deviation 
(with both models, ≤ 1.42%) was obtained for the ethyl levulinate + methanol mix-
ture; this can be explained because a linear dependence between the fluid density 
in the mixture and the position in the interface does not significantly affect the sur-
face tension calculations when the symmetric parameter has a null value. In order 
to improve the results obtained predictively, LSGT was also applied with a fitted 
approach using two cases, constant values for the pure influence parameters and the 
symmetric parameter, and using linear functions of temperature for the pure influ-
ence parameter and symmetric parameter. The objective function used in this inves-
tigation was that of Weiland et al. [24, 25], which is given by Eq. 16:

Smith et al. [26] also used LSGT and recommended using Eq. 16 because weights 
all the surface tension (high and low) equally.

Table  7 shows the results of the fitted approach, when a constant symmetric 
parameter and a linear correlation with temperature were used. Applying the two 
cases of the fitted approach, the deviation in surface tension was lower for the ethyl 
levulinate + alcohol mixtures. On the other hand, the use of the influence and sym-
metric parameters depending on the temperature allowed a better representation of 
the surface tensions of all the mixtures (overall deviation = 1.43 % for methyl lev-
ulinate + alcohol mixtures and overall deviation = 0.72  % for ethyl levulinate + 
alcohol mixtures). Also, according to Table 7, the symmetric parameter decreases 
with increasing temperature. The smallest deviation was for the methyl levulinate 
+ methanol mixture (0.60  %, obtained using linear correlations for the influence 
parameter and for the symmetric parameter) and the highest deviation was for the 
methyl levulinate + 1-propanol (2.35 %, obtained using constant values for influence 
parameter and symmetric parameter). Therefore, using case 2 of this fitted approach, 
at 32 % and 50 %, decrease in surface tension deviation is achieved with respect to 
case 1.

To illustrate the variation of the surface tension with the liquid mole fraction of the 
alkyl levulinate, two temperatures were selected (283.15 K and 313.15 K) and both 
approaches with both cases were used. The results are shown in Figs. 9, 10, 11, 12, 13, 
14, 15, and 16. From these figures, it is seen that as the liquid mole fraction of the alkyl 
levulinate increases, the surface tension of the mixture increases. The graphical results 
for the surface tension of the mixtures indicate that the predictions obtained with fitted 
parameters (constant, or part of a correlation) give similar results, which is according 
to reported results in Table 6. Figures 9 and 13 show that the best predictions were 

(16)FO =

N
∑

i=1

(�
exp

i
− �calc

i
)2

�
exp

i
⋅ �calc

i
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for methyl levulinate (1) + methanol (2) a 313.15 K and for ethyl levulinate (1) + 
methanol (2) at 283.15 K and 313.15 K, respectively. On the other hand, for all the 
mixtures, it can be seen graphically that the fitted approach greatly improves the rep-
resentation of the experimental surface tension data. Finally, it is relevant to mention 
that using linear density profiles reduces the computational cost compared to SGT, 
and good results can be obtained for surface tension despite the assumption of lin-
earity. The disadvantage of the linear model used in this work is that is not possible 
to determine interfacial properties such as density profile, interfacial thickness, and 

Fig. 9   Surface tension for the methyl levulinate (1) + methanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K

Fig. 10   Surface tension for the methyl levulinate (1) + ethanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K
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adsorption/desorption of the components. For this reason, null symmetric parameters 
in LSGT + PRSV-EoS do not guarantee good results (overall deviation considers all 
mixtures = 3.97 % and 3.86 % using constant values and correlations for influence 
parameters), because clearly the density profile is not linear (according to SGT), so the 
fitted approach (overall deviation considers all mixtures = 1.77 % and 1.08 % using 
constant values and correlations for influence and symmetric parameters) forces the 
model to improve the prediction although linear density profiles are considered.

Fig. 11   Surface tension for the methyl levulinate (1) + 1-propanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K

Fig. 12   Surface tension for the methyl levulinate (1) + 1-butanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K
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5 � Conclusions

In this study we present the surface tensions of binary mixtures of methyl lev-
ulinate and ethyl levulinate with methanol, ethanol, 1-propanol, and 1-butanol at 
several temperatures (283.15, 298.15, and 313.15 K) and at P = 0.1 MPa. The 
surface tension deviations from a linear dependence of mole fraction were calcu-
lated. These surface tension deviations change from positive values to negative 
ones with increasing alkanol chain length. With respect to differences between 

Fig. 13   Surface tension for the ethyl levulinate (1) + methanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K

Fig. 14   Surface tension for the ethyl levulinate (1) + ethanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K
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alkyl levulinates, mixtures containing ethyl levulinate present higher surface 
tension deviation positive values or less negative ones than mixtures involving 
methyl levulinate.

Peng–Robinson–Stryjek–Vera equation of state (PRSV-EoS) was able to pre-
dict the vapor-liquid equilibrium for the alkyl levulinate (1) + alcohol (2) mixtures. 
These results can be used as a reference for future works where the phase equilibria 
for alkyl levulinate (1) + alkanol (2) systems are measured experimentally, because 
only one work with experimental data is available in the literature [7].

Fig. 15   Surface tension for the ethyl levulinate (1) + 1-propanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K

Fig. 16   Surface tension for the ethyl levulinate (1) + 1-butanol (2) mixture at 283.15 K and 313.15 K 
using LGT + PRSV-EoS. (- - - - -) predictive approach and �

i
 = constant, (——–) predictive approach 

and �
i
= f (T) , (— — —) fitted approach, �

12
 = constant, and �

i
 = constant, (— - —) fitted approach, 

�
12

= f (T) , and �
i
= f (T) . Symbols: experimental data obtained in this work; (black) T = 283.15 K, (red) 

T = 313.15 K (Color figure online)
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For the modeling of the surface tension, the linear square gradient theory (LSGT) 
was used plus the equation of state (PRSV-EoS). The linear dependence of the influ-
ence parameter with the temperature allowed to correctly fit the surface tension 
data of the pure fluids (overall deviation = 0.22 %). The theoretical model LSGT + 
PRSV-EoS was used as predictive and fitted in order to model the experimental data 
obtained in this work. A null symmetric parameter was not able to correctly predict 
the experimental data of all the mixtures (overall deviation = 3.97 % and 3.86 %), 
except for ethyl levulinate (1)  +  methanol (2) mixture (deviation  =  1.42  % and 
1.38 %). The predictive results were improved by correlating the symmetric param-
eter with temperature. The fitted approach allowed to reduce the deviation (obtained 
predictively) by 72 %. Therefore, the assumption of linear density profiles and the 
use of two adjustable parameters of the mixture in LSGT correctly modeled the sur-
face tension for all mixtures (overall deviation = 1.08 %).

Supplementary Information  The online version contains supplementary material available at https://​doi.​
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