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Abstract

This work is focused on the thermodynamic modeling of systems related to biodiesel
processing using the Perturbed Chain form of the Statistical Associating Fluid Theory (PC-
SAFT). Different binary ester + ester and methanol or ethanol + ester systems were investigated.
The PC-SAFT equation of state was able to predict the vapor-liquid equilibrium and solid-liquid
equilibrium of different esters + esters binary systems. Furthermore, using a transferable cross-
association parameters approach, the phase behavior of alcohols + alkyl esters of biodiesel was
successfully predicted for a wide range of pressure and temperature conditions. Polar interactions

seem to play a minor role in determining the phase behavior of mixtures considered in this work.
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1. Introduction

Biodiesel has worldwide risen as a promising and an alternative biofuel. Its downstream
process is mainly characterized as a complex mixture of long chain alkyl esters and short
alcohols such as methanol, ethanol or glycerol. Mono, di, and triacylglycerols as well as fatty
acids and water can also be present in minor quantities. These mixtures are normally found after
the esterification or transesterification reaction units, where they must be separated to purify the
biodiesel and to recover and recycle the unreacted alcohol [1].

The knowledge and the ability to predict the phase behavior of binary and
multicomponent systems containing alkyl esters of fatty acids and alcohols is of a great interest
to the biodiesel industry. A particular feature of ester + alcohol systems is the fact that the
alcohols molecules are self-associating and both esters and alcohols are moderately polar in
nature. Reliable thermodynamic models that can accurately predict the vapor-liquid equilibrium
(VLE) of associating fluids are essential for an adequate process design and optimization.
Despite their importance, it is quite challenging to predict the phase equilibrium of these
systems, owing to their large deviation from ideality. Only few of the available models are able
to capture the thermodynamics of such systems without requiring a significant amount of data to
regress the model parameters [2, 3]. Experimental data on the VLE of binary and pseudo-binary
systems related to the biodiesel production has recently been published in the literature [2, 4-10].
Even though those binary ester + ester and ester + alcohol systems have been correlated well
using activity coefficient models, the ability of these models in accurately predicting the phase

equilibria at conditions where experimental data lack is limited.
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Ferreira et al. [11], using an equation of state approach, applied the group contribution
with association equation of state (GCA-EoS) to model binary systems of short esters and
alcohols. Later, Andreatta et al. [12] applied the new GCA-EoS parameters, estimated by
Ferreira et al. [11], to predict the liquid-liquid equilibrium (LLE) of the ternary mixture methyl
oleate + glycerol + methanol. Moreover, Oliveira et al. [2, 3] applied both the Cubic Plus
Association equation of state (CPA) [13] and the Soft version of Statistical Associating Fluid
Theory (soft-SAFT) [14, 15] to correlate the VLE of different binary systems involving esters +
short alcohols, at low to high pressures conditions.

The Perturbed Chain form of the Statistical Associating Fluid Theory (PC-SAFT),
proposed by Gross and Sadowski [16, 17], has been successfully applied to a wide range of
associating and non-associating systems. Moreover, Al-Saifi et al. [18] demonstrated that adding
the polar term, as developed by Jog and Chapman [19-21], to the perturbation theory results in a
significant improvement in the VVLE predictions for alcohols + alkanes mixtures.

SAFT-based equations of state or its variances have been successfully applied to deal
with complex systems and it has becoming popular in engineering applications due its accurate
results. Such thermodynamics models have shown to be an important tool for phase behavior
description of complex systems when a prediction capability is required. In this context, we
attempt to investigate the performance of PC-SAFT and polar PC-SAFT (named PC-SAFT-JC)
approach to predict the phase behavior of systems concerning alkyl esters related to biodiesel and

alcohols, at low and high pressures-temperature conditions.

2. Thermodynamics modeling and parameters estimation
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The SAFT equation of state is based on Wertheim’s thermodynamic perturbation theory
of first-order [3, 16, 22-25]. This thermodynamic approach is normally expressed as a
summation of contributions to the residual Helmholtz free energy of the system. Such
contributions include: the hard sphere reference, the chain formation, the dispersion, the
association and the dipolar interactions. Different SAFT versions have been developed,
depending on the type of reference fluid and dispersion term adopted. Chapman et al. [22]
originally proposed the hard-chain reference term for the SAFT equation of state. Later, Gross
and Sadowski [16] used a more rigorous second and third order perturbation theory to model the
square well dispersion term in PC-SAFT. Other versions include: SAFT-VR which uses a
square-well with a variable range [26] as reference, soft-SAFT with a Lennard-Jones reference
fluid [14, 15], and GC-SAFT which uses a group contribution approach [27, 28].

The polar PC-SAFT EoS, as developed by Jog and Chapman [19-21], can be written as a
sum of contributions to the residual Helmholtz free energy, as follows:

disp

ares — ahc +a + aassoc + apolar (1)

Where, hc represents the reference term of hard-chain (a™ =a™ +a™", sum of hard-spheres and
chain formation terms); disp is the dispersion term, and assoc and polar are the terms
representing the association and dipolar contributions, respectively.

In the PC-SAFT framework, three pure component parameters, namely, the temperature-
independent segment diameter (o), the dispersion energy between segments (&) and the number
of segments per chain (m), must be fitted to saturated liquid density and vapor pressure data.

When mixtures are considered, the binary diameters and dispersion energies are calculated from

the conventional Berthelot-Lorentz combining rule [16]:

0y ==(0,-,) @
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Where, one binary interaction parameter (k;) is used to correct the segment-segment dispersion
energy of unlike molecules.

The association term [23-25, 29] takes into account the inter-molecular interactions due

to hydrogen bonding. Two pure component parameters, the association energy (&, ) and the

association volume (&), determine the interaction between different association sites on a pure

component i. Additionally, for a mixture of associating compounds the combining rule as

proposed by Wolbach and Sandler [17, 30] has been used:

1
ginB = E(gi'i*B + g;B ) 4)

fg.g.
HB HB_ _HB i
= ./ K

K

o= a K Ky | (5)
ij ii jj
% (o,+0)
For binary mixtures of alcohols (self-associating compounds) and esters evaluated in this
work, the cross-association parameters (&;° =& and «}® = ™ ) were fitted using vapor-liquid

equilibrium data of ethyl acetate + alcohols and thereafter these parameters were transferred to
predict the phase behavior of longer alkyl esters with methanol or ethanol.

The dipolar term of Jog and Chapman (JC) has been proven to be successful in describing
associating systems [18, 31]. The contribution of the dipolar interactions to the change in free
energy has been taken by dissolving all of the bonds in a chain and forming a mixture of non-
bonded segments of both polar and non-polar segments. When adding the polar term in the PC-
SAFT framework one additional adjustable pure-component parameter is included (x,), which
represent the polarizable fraction of the molecule. As demonstrated by Dominik et al. [31], x,m is

expected to be constant when working on a specific homologous series of compounds. On the

5



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

other hand, Al-Saifi [18] argued that better results are obtained by fitting x, for methanol and
ethanol. They also evaluated three different dipolar terms for modeling and predicting the phase
behavior of alcohol containing systems. In general, the Jog and Chapman approach showed
superiority over other dipolar terms.

Systems considered in this work were modeled using PC-SAFT [31, 32], in which the
inclusion of dipole-dipole interactions, as proposed by Jog and Chapman[19, 20], was also
evaluated. Both models were fitted to pure saturated liquid densities and vapor pressure data.

The modified Nelder-Mead Simplex method [33] was used to fit the pure component
parameters by minimizing the objective function shown in Equation 6. Particle Swarm

Optimization (PSO) [34] algorithm was applied to obtain the initial guesses.

cal

exp
pi p.exppl ‘ (6)

cal

p* - p
e

NPP

min Fy, =

i=1

NPD

2

cal

In Equation (6), p™® and p,

are respectively the experimental and calculated vapor

pressures of pure components at the “i” data. p™® and p™ are the experimental and calculated

density (saturated or subcooled liquid) of pure component, respectively. NPP and NPD are the
number of vapor pressure and density data used, respectively.
For the cross-association parameter estimations (Equations 4 and 5) the same optimization

strategy presented above was used, however through minimizing the function in Equation 8:

NOBS

OF = Z (Yiexp _Yical)z (7)

Where, Y*® and Y,®' are the pressure or the temperature of saturation of the liquid phase. In

order to calculate the pressure or temperature saturation (bubble or dew point) an algorithm

based on saturation point calculations [35] was used.
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In this work, the statistical evaluation was performed throughout the absolute deviation
(AD), absolute average deviation (AAD) and/or root mean square deviation (rmsd) were used as

presented in Equation 8, 9 and 10, respectively.

NOBS

NOBS Z ‘ X

(8)

100 Noss ‘xiexp _ Xical
NOBS & X

NOBS (Xiexp _ Xica| )2 .
- S 1
rsmd .Zl: NOBS (10)

©9)

Where X® and X are the respective experimental and calculated variables involved in

the calculations.

3. Results and Discussion

3.1 Pure components fitting

Table 1 presents the fitted parameters for methyl and ethyl esters using polar (PC-SAFT-
JC) and non-polar (PC-SAFT) models. Other esters considered in this work are also showed in
Table 1. Pure component parameters for short alcohols are reported in Table 2. The absolute
average deviation (AAD%) in fitting the vapor pressure and density is also shown in these tables.

As mentioned previously, the product of x,m is expected to be constant for components
within a homologous series. As presented in Table 1, the product x,m was fixed to a value of 1.5
(Set 1), while fitting x, for the other two sets of parameters. It can be seen from Table 1 that Set
3 provided a lower error in terms of the vapor pressure with an acceptable error in the saturated
liquid density. Therefore, the x,m value of 0.6 was fixed for fitting the PC-SAFT-JC parameters

for all others alkyl esters.
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Figures 1-3 show the vapor pressure and liquid density of different alkyl fatty acid esters
as a function of temperature. It can be seen that both versions of PC-SAFT were able to correlate
well the experimental data.

Figures 1,2 and 3

Higher deviations from experimental data were observed regarding the vapor pressure

calculated by PC-SAFT for some of the ethyl esters. This drawback might be attributed to the

scattering observed in the experimental data measured for the corresponding pure esters [43].

3.2 Ester + ester binary systems

Processes under low pressures have gained importance in the chemical industry mainly
when fatty acids and its esters are involved. Such conditions can avoid the use of high
temperature that leads to the reduction of the energy consumption and degradation reactions [3,
51]. A molecular model that can deal with complex interactions in multicomponent systems and
accurately predict their phase behavior has a major importance in the fatty acid esters processing,
as well as in the biodiesel industry. Understanding the VLE of fatty acid ester containing systems
is significant for proper design and operation of units at low pressure conditions [52].
Consequently, we investigated how the models perform in predicting the phase behavior of
different ester + ester binary systems.

Vapor-liquid predictions using both PC-SAFT versions used in this work are presented in
Figures 4 to 6. In reference to Figure 4, it can be seen that PC-SAFT was able to predict the
vapor-liquid equilibrium of different ethyl ester systems, in which binary interaction parameters
were set to zero (kij = 0). As mentioned above, the small discrepancies observed for the binary

mixtures are related to the error observed in the measured vapor pressures of pure esters [53].
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Still, PC-SAFT was able to capture the phase behavior of unsaturated mixtures (Figure 4(A)), as
well as saturated + unsaturated esters (Figure 4(C)). Regarding the former system, the
compositions of both phases are found to be very close to each other resulting in a narrower
vapor-liquid envelop, when compared to phase diagram involving saturated esters only.

Figure 4

In reference to Figure 5, PC-SAFT was also able to predict well the phase behavior of

binary methyl ester systems. The methyl palmitate + methyl stearate [40, 54] binary system
appears to present a larger deviation from ideality (Raoult’s Law) in comparison to other similar
ethyl ester system (ethyl palmitate + ethyl stearate). As presented and discussed by Hou et al.
[40], the binary methyl palmitate + methyl stearate system tends to form an azeotrope at high
concentrations of methyl palmitate. For this system, both models with ki; = 0 were not able to
predict correctly the experimental phase behavior observed for this binary mixture (Figure 6(A)).
However, setting the binary interaction parameter to kj; = 0.01 proved to be adequate in getting
the correct vapor-liquid equilibrium for all isobars evaluated in this work, as it is shown in
Figure 6(B).

Figure 5

Figure 6

Predicting the melting point of different esters mixture is another important property for

biodiesel processing. In Figure 7, the melting point predictions for different ethyl esters using
PC-SAFT to correct the non-ideality in the liquid phase are presented. Following the approach
proposed by Corazza et al. [55], the solid-liquid equilibrium calculations were performed using

the phase change values reported in Table 3. In reference to Figure 7, it is observed that PC-
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SAFT can be an important tool for the prediction of melting points for mixtures involving
saturated or unsaturated esters.
Figure 7 (SLE)

The non-polar version of PC-SAFT performed satisfactory well for most of the systems
composed by long-chain alkyl esters. This can be attributed to the small degree of non-ideal
behavior in such systems due to the similarity in molecular size and interactions. Consequently,
we concluded that the polar term is unnecessary to predict correctly the vapor-liquid equilibrium

of systems under consideration.

3.3 Alcohol + ester mixtures

The cross-association was considered in order to correctly predict the phase behavior of
alcohol + ester systems. VLE data for ethyl acetate with methanol, ethanol, 2-propanol and 1-
butanol [57] were used to fit the cross-association parameters. Again, binary interaction
parameters (ki) were all set to zero. Table 4 depicts the cross-association energy (¢"°) and
volume (x®) fitted between the positive site in the alcohol molecules and the negative sites in
the ester molecule. In this work, alcohols were modeled with two sites (a positive site on the
hydrogen and a negative site on one of the oxygen’s lone pair of electrons). Esters were modeled
with two negative association sites, one on each of the oxygen atoms. Taking into account cross-
association, PC-SAFT was able to predict the phase diagram of alcohol + ester systems and from
(Supplementary Material) it can be seen the good performance of both PC-SAFT and polar PC-
SAFT in correlating ethyl acetate + alcohols binary systems considered in this work.

Considering the cross-association parameters to be transferable, the vapor-liquid

equilibrium of different alcohol + ester systems was predicted. Again, the binary interaction

10
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parameters k;; were all set to zero. Table 5 illustrates the computed deviations in bubble point and
vapor phase composition as predicted by the model in comparison to experimental data.
Deviations calculated for both models without considering the cross-association are presented in
parentheses (see Table 5). In general, it can be seen that the transferrable cross-association
energy and volume parameters were able to provide a good estimation of the saturation data. The
highest deviation of 3.45 K was observed for the system methanol + hexyl acetate, while the
lowest observed value was 2.02 K for the system ethanol + ethyl acetate. It is also shown that the
deviations related to the experimental and predicted values at high-pressure conditions both
models, PC-SAFT and polar PC-SAFT, presented similar results, in which smaller absolute
average deviation were found as the temperature is lower.

Figures 8 to 10 depict a comparison between the models predictions and experimental
data considering different binary systems presented in Table 5. All systems were predicted well
using the PC-SAFT equations of state where slightly lower deviations were observed for the
predictions using the non-polar version of PC-SAFT. It is visually observed that the correct
shape of the coexistent curves is obtained when the cross-association was included. Moreover,
predictions for alcohols + long chain alkyl esters (methyl or ethyl) were found to be in good
agreement with experimental data found in the literature up to high temperature and pressures
(Figure 10), in which the shape of phase envelopes was predicted in a satisfactory way.

Furthermore, regarding the systems at low pressure conditions (Figure 8 and 9), the
SAFT models were able to predict the sudden and sharp decrease in the bubble point temperature
as minor quantities of alcohol are added to the pure long chain esters. On the other hand, the
model tends to under-predict the saturation temperature when cross-association is not included.

In conclusion, adding the polar term seems to be unnecessary to describe well the phase behavior

11
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of binary systems involving alkyl esters with short chain alcohols. Otherwise, including cross-
association was helpful in predicting the correct phase diagrams of ester + alcohol systems.
Figure 8
Figure 9
Figure 10
4. Conclusions
This works reports a thermodynamic modeling of systems involved in the biodiesel
processing, namely, fatty acid methyl and ethyl esters and alcohols. Vapor-liquid equilibrium for
binary systems comprising ester + ester and alcohol + ester were investigated using the PC-
SAFT equation of state, in which the Jog and Chapman polar term was also include and
compared. It was verified that both approaches were able to satisfactory predict the phase
behavior of esters + esters systems. Additionally, PC-SAFT accurately predicted the solid-liquid
equilibrium of ethyl ester binary systems. The VLE of ester + alcohol systems was predicted
using transferable cross-association parameters from methanol and ethanol with ethyl acetate
while setting the ki; to be zero.
In general, the results presented in this work are helpful in understanding better the
interactions and the phase behavior of ester + short alcohol systems related to the biodiesel
downstream. PC-SAFT equation of state proved to be a promising and a reliable tool for

predicting the phase behavior of complex fluids.

Acknowledgement
This work was supported financially by Conselho Nacional de Desenvolvimento

Cientifico e Tecnologico (CNPq), a Brazilian government agency for the advancement of

12



267

268

269

270
271

272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

science. Research scholarship was granted to M.L.C. through the Science Without Borders
Program - CNPq (Grant 230174/2013-2). W.A.F. gratefully acknowledges the Abu Dhabi

National Oil Company (ADNOC) for financial support through a Ph.D. scholarship.

References

[1] Hoekman SK, Broch A, Robbins C, Ceniceros E, Natarajan M. Ren Sust Energy Rev
2012;16(1):143-69.

[2] Oliveira MB, Miguel SI, Queimada AJ, Coutinho JA. Ind Eng Chem Res 2010;49(7):3452-8.

[3] Oliveira MB, Llovell F, Cruz M, Vega LF, Coutinho JA. Fuel 2014;129:116-28.

[4] Guo Y, Zhong J, Xing Y, Li D, Lin R. Volatility of blended fuel of biodiesel and ethanol.
Energ Fuel 2007;21(2):1188-92.

[5] Kuramochi H, Maeda K, Kato S, Osako M, Nakamura K, Sakai S-i. Fuel 2009;88(8):1472-7.

[6] Silva DIS, Mafra MR, Silva FR, Ndiaye PM, Ramos LP, Cardozo-Filho L, Corazza ML. Fuel
2013;108:269-76.

[7] Coelho R, Santos PG, Mafra MR, Cardozo L, Corazza ML. J Chem Thermodyn
2011;43(12):1870-6.

[8] Veneral JG, Benazzi T, Mazutti MA, Voll FAP, Cardozo L, Corazza ML, Guirardello R,
Oliveira JV. J Chem Thermodyn. 2013;58:398-404.

[9] Veneral JG, Junior DLR, Mazutti MA, Voll FAP, Cardozo L, Corazza ML, Oliveira JV. J
Chem Thermodyn 2013;60:46-51.

[10] Veneral JG, Junior DLR, Mazutti MA, Voll FAP, Cardozo L, Corazza ML, Silva EA,
Oliveira JV. J Chem Thermodyn 2013;64:65-70.

[11] Ferreira O, Brignole EA, Macedo EA. J Chem Thermodyn 2004;36(12):1105-17.

[12] Andreatta AE, Casas LM, Hegel P, Bottini SB, Brignole EA. Ind Eng Chem Res
2008;47(15):5157-64.

[13] Kontogeorgis GM, Voutsas EC, Yakoumis IV, Tassios DP. Ind Eng Chem Res
1996;35(11):4310-8.

[14]] Blas FJ, Vega LF. Mol Phys 1997;92(1):135-50.

[15] Blas FJ, Vega LF. Ind Eng Chem Res 1998;37(2):660-74.

[16] Gross J, Sadowski G. Ind Eng Chem Res 2001;40(4):1244-60.

13



297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

[17] Gross J, Sadowski G. Ind Eng Chem Res 2002;41(22):5510-5.

[18] Al-Saifi NM, Hamad EZ, Englezos P. Fluid Phase Equilibr 2008;271(1):82-93.

[19] Jog PK, Chapman W. Mol Phys 1999;97(3):307-109.

[20] Jog PK, Sauer SG, Blaesing J, Chapman WG. Ind Eng Chem Res 2001;40(21):4641-8.

[21] Sauer SG, Chapman WG. Ind Eng Chem Res 2003;42(22):5687-96.

[22] Chapman WG, Gubbins KE, Jackson G, Radosz M. Fluid Phase Equilibr 1989;52:31-8.

[23] Wertheim M. J Stat Phys 1984;35(1-2):19-34.

[24] Wertheim M. J Stat Phys 1986;42(3-4):459-76.

[25] Wertheim M. J Stat Phys 1986;42(3-4):477-92.

[26] Gil-Villegas A, Galindo A, Whitehead PJ, Mills SJ, Jackson G, Burgess AN. J Chem Phys
1997;106(10):4168-86.

[27] Lymperiadis A, Adjiman CS, Galindo A, Jackson G. J Chem Phys 2007;127(23):234903.
[28] Peng Y, Goff KD, dos Ramos MC, McCabe C. Fluid Phase Equilibr 2009;277(2):131-44.
[29] Chapman WG, Gubbins KE, Jackson G, Radosz M. Ind Eng Chem Res 1990;29(8):1709-21.
[30] Wolbach JP, Sandler Sl. Ind Eng Chem Res 1998;37(8):2917-28.

[31] Dominik A, Chapman WG, Kleiner M, Sadowski G. Ind Eng Chem Res 2005;44(17):6928-
38.

[32] Ting PD, Joyce PC, Jog PK, Chapman WG, Thies MC. Fluid Phase Equilibr
2003;206(1):267-86.

[33] Press WH, Teukolsky SA, Vetterling WT, Flannery BP. Numerical recipes in FORTRAN
Cambridge. Cambridge Univ. Press; 1992,

[34] Ferrari JC, Nagatani G, Corazza FC, Oliveira JV, Corazza ML. Fluid Phase Equilibr
2009;280(1-2):110-9.

[35] Michelsen ML. Fluid Phase Equilibr 1985;23(2):181-92.

[36] Rose A, Supina WR. J Chem Eng Data 1961;6(2):173-9.

[37] Scott TA, Macmillan D, Melvin EH. Ind Eng Chem 1952;44(1):172-5.

[38] Pratas MJ, Freitas S, Oliveira MB, Monteiro SC, Lima AS, Coutinho JA. J Chem Eng Data
2010;55(9):3983-90.

[39] Chen R, Ding H, Liu M, Qi J, Zhou H, Chen N. Fluid Phase Equilibr 2014;382:133-8.

[40] Hou J, Xu S, Ding H, Sun T. J Chem Eng Data 2012;57(10):2632-9.

[41] Rose A, Schrodt V. J Chem Eng Data 1964;9(1):12-6.

14



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

358

[42] Ott LS, Huber ML, Bruno TJ. J Chem Eng Data 2008;53(10):2412-6.

[43] Silva LYA, Falleiro RMM, Meirelles AJ, Kraehenbuehl MA. J Chem Thermodyn
2011;43(6):943-7.

[44] Shigley J, Bonhorst C, Liang P, Althouse P, Triebold H. J Am Oil Chem Soc
1955;32(4):213-5.

[45] Tang G, Ding H, Hou J, Xu S. Fluid Phase Equilibr 2013;347:8-14.

[46] Widegren JA, Bruno TJ. Fuel 2011;90(5):1833-9.

[47] Ledanois J-M. Select thermodynamic models for process simulation: A practical guide
using a three steps methodology: Technip Ophrys Editions; 2012.

[48] Pratas MJ, Freitas S, Oliveira MB, Monteiro SC, Lima AS, Coutinho JA. J Chem Eng Data
2011;56(5):2175-80.

[49] Rowley R, Wilding W, Oscarson J, Yang Y, Zundel N, Daubert T, et al. DIPPR data
compilation of pure chemical properties. Design Institute for Physical Properties. 2006.

[50] De Reuck K, Craven R. Methanol, international thermodynamic tables of the fluid state, vol.
12. IUPAC, Blackwell Scientific Publications, London. 1993.

[51] Wanasundara UN, Wanasundara P, Shahidi F. Novel Separation Techniques for Isolation
and Purification of Fatty Acids and Oil By-Products: Wiley Online Library; 2005.

[52] Shahidi F, Wanasundara UN. Trends Food Sci Technol 1998;9(6):230-40.

[53] Silva LYA, Falleiro RMM, Meirelles AJ, Kraehenbuehl MA. Thermochimica Acta
2011;512(1):178-82.

[54] Monick J, Allen H, Marlies C. Oil Soap 1946;23(6):177-82.

[55] Corazza ML, Filho LC, Oliveira JV, Dariva C. Fluid Phase Equilibr 2004;221(1-2):113-26.
[56] Costa M, Boros L, Batista M, Coutinho J, Krahenbihl M, Meirelles AJ. Fuel
2012;91(1):177-81.

[57] Bank DD. DDBST GmbH; Oldenburg, Germany, 2004.

[58] Arce A, Blanco A, Martinez-Ageitos J, Soto A. J Chem Eng Data 1995;40(2):515-8.

[59] Ortega J, Espiau F, Postigo M. J Chem Eng Data 2005;50(2):444-54.

[60] Shimoyama Y, Iwai Y, Abeta T, Arai Y. Fluid Phase Equilibr 2008;264(1):228-34.

[61] Shimoyama Y, Iwai Y, Jin BS, Hirayama T, Arai Y. Fluid Phase Equilibr 2007;257(2):217-
22.

15



