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Abstract Partition coefficients for the carboxylic acids

(A) acetic and formic acids between oil and water were

measured, correlated, and predicted. The experiments were

conducted by equilibrating the systems, soybean oil (SO)–

H2O–A and fatty acid methyl ester (FAME)–H2O–A, at

40 �C employing different compositions. The partition

coefficients were correlated using the UNIQUAC model

and, also, predicted by calculating the activity coefficients

of the carboxylic acid in the two phases using a group

contribution method, the UNIFAC equation. Agreement of

experimental partition coefficients values with those esti-

mated by UNIFAC are fair. Other experimental data from

literature were also correlated and are discussed.

Keywords Partition coefficient for carboxylic acids �
Soybean oil/FAME–water � Epoxidation systems

List of symbols

a Activity

C Concentration (mol/L)

Kc Partition coefficient using molar concentration

Kw Partition coefficient using mass fraction

Kx Partition coefficient using molar fraction

m Mass (g)

M Molecular mass

N Number of data points

NFA Total number of FA in the oil

OF Objective function

R Universal gas constant

SO Soybean oil

T Temperature (�C or Kelvin)

u Adjustable binary parameter (cal/mol)

w Mass fraction

x Molar fraction

y Number of (CH2) groups

z Number of (CH=CH) groups

Greek letters

c Activity coefficient

q Density (g/L)

qm Molar density (mol/L)

s Interaction parameter

Superscripts

cal Calculated value

exp Experimental value

i Phase

o Oil phase

w Water phase

Subscripts

A Acid

i, j, k Component of the mixture

Introduction

Many industrial reactions are carried out in immiscible

liquid–liquid reacting systems. Careful analysis of the

regime(s) under which these reactions are conducted (i.e.,
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kinetic vs. diffusive control) establishes well-founded cri-

teria for reactor design and determines whether obtaining

intrinsic kinetic data under process conditions is feasible.

An example of this class of reacting systems appears in

vegetable oil (VO) epoxidation reactions, which are gen-

erally performed using organic peracids generated in situ

[1–5]. In these in-situ processes, two liquid phases are

simultaneously present in the reacting system: an aqueous

phase and an oil phase. Epoxidized VOs and epoxidized

fatty acid methyl esters (FAME) are extremely valuable

because of the many reactions they undergo. They have

been used for numerous commercial applications, e.g., as

plasticizers and stabilizers in chlorine-containing resins, as

additives in lubricants, as components in thermosetting

plastics, in cosmetics and pharmaceutical formulations, in

urethane foams, and as wood impregnates [6–13].

This work forms part of a comprehensive research

program that analyzes the liquid–liquid reacting epoxida-

tion process of VO (i.e., soybean oil, SO) and FAME,

taking into account each of the transport and intrinsic

kinetic steps in both phases. In particular, in this paper we

determined and correlated the partition coefficient of for-

mic and acetic acids between aqueous and oil phases. This

coefficient is needed to be able to model the aforemen-

tioned two-phase system. The model used to correlate

partition coefficients was UNIQUAC. The partition coef-

ficients were also estimated by applying the activity

coefficients of the carboxylic acid in the two phases using

a predictive group contribution method, the UNIFAC

equation.

Experimental Procedures

Materials

Edible, refined SO (Sojola brand, Aceitera General Deheza,

Argentine) was used as a model VO feedstock. Its fatty

acid (FA) composition was determined by gas chroma-

tography (GLC) after derivatizing the triglycerides into

fatty acid methyl esters, following the AOCS’s recom-

mended practice [14]. SO had the following composition:

palmitic 9.86%, stearic 3.93%, oleic 21.10%, linoleic

57.74%, linolenic 7.05%, and arachidic 0.32% [14]. Formic

acid (acs, 99.8%), glacial acetic acid (acs, 99.8%), sodium

hydroxide (acs), and methanol (acs) were purchased from

Fisher Scientific (Pittsburgh, PA, USA). Distilled water

was used in all the experiments.

Preparation of FAME

Batches of the refined soybean oil were interesterified with

methanol in a 1,000 mL glass reactor furnished with a

reflux condenser, at 70 �C. The oil (700 mL) was first

heated to the reaction temperature, then 270 mL methanol

and 8.28 g NaOH were added, under moderate mixing. The

mixture was kept for 1 h, after which the agitation was

stopped to allow phase separation (30 min). The heavier,

glycerol rich fraction was discarded and the soybean

FAME was washed with 100 mL H3PO4 (0.015 N) at

60 �C. After another three washes with distilled water

(100 mL each) at the same temperature, the soybean

FAME was dried by rotary evaporation at 10 mmHg and

60 �C for 3 h.

Determination of Partition Coefficients

For this purpose, SO or FAME were placed together with the

water and the carboxylic acid (acetic or formic acid) in a

three-necked 100-mL round-bottomed flask equipped with a

mechanical stirrer, thermometer, and condenser. The mix-

tures were equilibrated to the desired temperature (40 �C) in

a thermostatted bath, under constant stirring (1,000 rpm), for

4 h. The mixtures were then left to stand for 3 h until

complete separation of the phases was achieved at the

working temperature. The samples were then centrifuged at

10,000 rpm for 10 min. Afterwards, the phases were care-

fully separated and analyzed. The fatty acid composition was

measured, and no differences were observed with the initial

values indicating that hydrolysis reaction of the SO and

FAME has not taken place during this period.

Analysis

Iodine value, acid value, and fatty acid composition of the

SO and FAME were analyzed using AOCS recommended

practices [14]. SO had an iodine value of 129.95 and

FAME had 129.59. The mono, di, and triglycerides that

resulted after the conversion of SO to FAME were deter-

mined by GLC, using a European Norm [15]. FAME

contained 160 ppm H2O (Karl–Fischer), 0.8545% mono-

glycerides, 0.114% diglycerides, and 0.1295% triglycer-

ides. The FAME composition was: palmitic 9.80%, stearic

3.86%, oleic 22.03%, linoleic 56.67%, linolenic 7.11%,

and arachidic 0.35% [13].The carboxylic acid content of

both phases was determined by titration, NaOH for water

phase and KOH for oil phase [14].

Modeling Procedures

The partition coefficient for acid between the oil (o) and

water (w) phases is defined as follows:

Kc ¼
Co

A

Cw
A

ð1Þ
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where CA
i (mol/L) is the concentration of acid (A) in phase i.

The particular concentration of acid in phase i can be

determined by the equation:

Ci
A ¼

mi
Aqi

MAmi
¼ xi

Aqi
m ð2Þ

where mA
i , mentioned in the list of symbols, indicates the

mass of acid in the sample of phase i, determined

experimentally by NaOH/KOH titrations; mi indicates the

mass of the sample of phase i; qi (g/L) is the density of

phase i; MA is the molecular mass of acid; xA
i is the molar

fraction of acid in phase i; and qm
i is the molar density of

phase i. Combining Eqs. 1 and 2:

Kc ¼
mo

A

MA

qo

mo

mw
A

MA

qw

mw

¼ wo
Aqo

ww
Aqw
¼ Kw

qo

qw
¼ xo

Aqo
m

xw
Aqw

m

¼ Kx
qo

m

qw
m

ð3Þ

where wj
i is the mass fraction of component j in phase i; Kw

is the partition coefficient as a quotient of mass fraction,

and Kx is the partition coefficient as quotient of molar

fraction. If immiscibility between oil and water is assumed:

ao
A ¼ co

Axo
A ¼ cw

Axw
A ¼ aw

A ð4Þ

where aA is the activity of the acid; cA indicates the activity

coefficient of the acid; and xA is the molar fraction of the

acid. Eq. 4 could be combined with Eq. 3 giving:

Kc ¼ Kx
qo

m

qw
m

¼ xo
A qo

m

xw
A qw

m

¼ cw
A qo

m

co
A qw

m

ð5Þ

The molar fraction (xj
i) of component j in the phase i is

defined by the expression:

xi
j ¼

mi
j M�1

j

P3

k¼1

mi
k M�1

k

ð6Þ

where mj
i and mk

i are the masses of components j and k,

respectively, in phase i; and Mj and Mk are molecular

masses of components j and k, respectively.

Table 1 Partition coefficients for formic acid between oil and water at 40 �C

Feed composition Equilibrium composition Partition coefficient, Kw

Exp Calculated

wA wH2O wOIL wA
o 9 100 wA

w 9 100 UNIFAC UNIQUAC -2 par. UNIQUAC -4 par.

FAME

0.0341 0.4864 0.4795 0.2347 6.4909 0.0362 0.0541 0.0300 0.0334

0.0518 0.4755 0.4727 0.3037 9.7162 0.0313 0.0554 0.0309 0.0332

0.0704 0.3407 0.5889 0.4961 16.8187 0.0295 0.0584 0.0330 0.0328

0.0839 0.2336 0.6825 0.7635 24.5086 0.0312 0.0625 0.0359 0.0323

0.0682 0.2345 0.6973 0.6659 17.8170 0.0374 0.0605 0.0345 0.0325

0.0428 0.3659 0.5913 0.3248 9.3727 0.0347 0.0555 0.0310 0.0332

0.0296 0.3934 0.5771 0.1533 4.6354 0.0331 0.0542 0.0301 0.0334

0.1535 0.6393 0.2072 1.5630 40.7135 0.0384 0.0599 0.0339 0.0327

0.0898 0.4515 0.4588 0.4906 16.0286 0.0306 0.0583 0.0329 0.0328

0.1282 0.4333 0.4385 0.7041 22.3730 0.0315 0.0614 0.0349 0.0325

RMSDa 0.0250 0.0037 0.0030

AADb 0.0247 0.0034 0.0025

ARE(%)c 75.31 10.23 7.23

SO

0.0547 0.4726 0.4727 0.1517 10.2301 0.0148 0.0321 0.0147 0.0151

0.1054 0.4487 0.4460 0.3362 18.7838 0.0179 0.0346 0.0159 0.0159

0.1876 0.4043 0.4081 0.5202 31.3431 0.0166 0.0390 0.0181 0.0177

0.1553 0.2153 0.6294 0.7998 40.0292 0.0200 0.0430 0.0203 0.0196

0.0563 0.7049 0.2388 0.1108 7.7087 0.0144 0.0314 0.0143 0.0148

RMSDa 0.0195 0.0011 0.0010

AADb 0.0193 0.0008 0.0008

ARE(%)c 115.62 4.58 4.81

a Root mean square deviation, RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ðy
exp
i � ycal

i Þ
2=N

q
; y ¼ Kw

bAverage absolute deviation, AAD ¼ 1
N

PN
i¼1 yexp

i � ycal
i

�
�

�
�

cAverage relative error (% ), ARE ¼ 100
N

PN
i¼1

y
exp

i �ycal
i

y
exp

i

�
�
�

�
�
�
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The activity coefficient of the acid in the phase i is a

function of composition and temperature:

ci
A ¼ f ðxi

A; x
i
H2O; x

i
OIL; TÞ: ð7Þ

Activity coefficients were calculated using the UNIFAC

[16] and the UNIQUAC [17] models. UNIFAC is based on

a group contribution method and UNIQUAC requires two

binary parameters for each component of the system. The

UNIQUAC binary interaction parameter (sij) is given by

the expression [17]:

sij ¼ expð� uij

RT
Þ ð8Þ

where uij is an adjustable binary parameter for components

i and j in the mixture; and R is the universal gas constant.

The masses of each component in both phases (mj
i) are

obtained doing liquid–liquid separation calculation [18,

19]. Given the feed mixture, composition mj
i are calculated

using activity coefficient models solving the mass balances

and liquid–liquid equilibrium conditions.

The phase molar densities (qm
i ) are calculated assuming

ideal mixture and using the Rackett equation [19] for water,

formic acid, and acetic acid. SO and FAME are treated as

pseudo components with q [kg/m3] = 1,106.9 - 0.64T [K]

for SO [20] and q [kg/m3] = 879.71 - 1.24T [�C] for

FAME [21].

Results and Discussion

Tables 1 and 2 present the experimental partition coeffi-

cients of formic and acetic acid, respectively. The tables

show feed mixture composition and acid mass fraction in

the oil and in the water phases. Each table displays

experimental partition coefficient with FAME and SO.

To model the liquid–liquid phase equilibrium of the SO–

acid–water system by use of the UNIFAC and UNIQUAC

models, the SO has to be defined as a pseudo-component.

In this work, it was represented as pseudo-triglyceride with

Table 2 Partition coefficients for acetic acid between oil and water at 40 �C

Feed composition Equilibrium composition Partition coefficient, Kw

Exp Calculated

wA wH2O wOIL wA
o 9 100 wA

w 9 100 UNIFAC UNIQUAC-2 par UNIQUAC-4 par

FAME

0.0453 0.4774 0.4772 0.5884 8.1795 0.0719 0.1064 0.0704 0.0711

0.0705 0.4624 0.4671 0.9550 12.5631 0.0760 0.1060 0.0723 0.0725

0.1346 0.4334 0.4320 1.6925 22.8881 0.0740 0.1054 0.0773 0.0770

0.2098 0.3922 0.3980 3.0769 39.0088 0.0789 0.1053 0.0850 0.0846

0.0707 0.6960 0.2334 0.6692 9.3924 0.0713 0.1063 0.0708 0.0713

RMSDa 0.0316 0.0015 0.0016

AADb 0.0315 0.0012 0.0012

ARE(%)c 42.52 1.67 1.64

SO

0.2076 0.0945 0.6980 1.2971 28.9786 0.0448 0.0624 0.0489 0.0488

0.2510 0.2503 0.4988 2.4585 47.9959 0.0512 0.0595 0.0415 0.0426

0.3806 0.3832 0.2362 2.5406 68.3759 0.0372 0.0595 0.0416 0.0428

0.0446 0.4818 0.4736 0.2875 8.1515 0.0353 0.0637 0.0381 0.0371

0.0743 0.4627 0.4630 0.5193 13.2669 0.0391 0.0628 0.0382 0.0375

0.1314 0.4345 0.4342 0.8609 22.2165 0.0388 0.0614 0.0386 0.0383

0.2397 0.3812 0.3791 1.5306 36.5292 0.0419 0.0597 0.0397 0.0404

0.1877 0.2044 0.6079 2.2437 44.6376 0.0503 0.0594 0.0409 0.0420

0.0727 0.6954 0.2319 0.3327 9.2847 0.0358 0.0635 0.0381 0.0372

RMSDa 0.0209 0.0051 0.0047

AADb 0.0197 0.0040 0.0037

ARE(%)c 50.33 9.03 8.35

aRoot mean square deviation, RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ðy
exp
i � ycal

i Þ
2=N

q
; y ¼ Kw

bAverage absolute deviation, AAD ¼ 1
N

PN
i¼1 yexp

i � ycal
i

�
�

�
�

cAverage relative error (% ), ARE ¼ 100
N

PN
i¼1

y
exp

i �ycal
i

y
exp

i

�
�
�

�
�
�
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the molecular structure [22], RCOO-CH2CH(-OOCR0)
CH2-OOCR00 or for UNIFAC group counting:

ðCH2COOÞðCHCOOÞðCH2COOÞ½ �
ðCH2ÞyðCH ¼ CHÞzðCH3Þ3 ð9Þ

where (CH3)3 are the three terminal methyl group of R, R0,
and R00. The values of y and z that indicate the numbers of

(CH2) and (CH=CH) groups in oil, respectively, were

calculated from the fatty acid (FA) composition of SO as

follows:

y ¼
XNFA

j¼1

xjyj ¼ 38 ð10Þ

z ¼
XNFA

j¼1

xjzj ¼ 5 ð11Þ

where xj is the molar fraction of the FA j; yj is the number

of (CH2) groups in the FA j; zj is the number of (CH=CH)

groups in the FA j; and NFA is the total number of FA in

SO. The FA composition of SO is given above. To model

the liquid–liquid phase equilibrium of the FAME–acid–

water system by use of the UNIFAC and UNIQUAC

models, the FAME was represented by a pseudo-fatty acid

methyl ester with the molecular structure [22], RCOOCH3

or for UNIFAC group counting:

ðCH3ÞðCH ¼ CHÞzðCH2ÞyðCH2COOÞðCH3Þ ð12Þ

where y = 11 and z = 2 obtained using Eqs. 10 and 11

with the FA composition of FAME given above.

For application of the UNIFAC method, the following

groups of system components were taken into consider-

ation: CH3, CH2, CH, CH=CH, CH2COO, COOH, and

H2O. The interaction parameters of the components in the

UNIQUAC model were determined by fitting the experi-

mental values of the partition coefficient for the acids given

in Tables 1 and 2.

The following objective function was used:

OF ¼
XN

i¼1

ðKexp
w � Kcal

w Þ=Kexp
w

� �2
i

ð13Þ

where Kw
exp and Kw

cal are experimental and calculated par-

tition coefficients (using mass fraction) and N the number

of data points. The program SIMULIS [19] was used for all

calculations. Interaction parameters for water–SO and

water–FAME were set at 1 9 104 given the assumption of

immiscibility. Two cases were considered. In the first,

interaction parameters for acid–SO and acid–FAME were

determined while interaction parameters for acid–water

were obtained from UNIFAC; binary system activity

coefficients calculated using UNIFAC were fitted with

UNIQUAC. In the second case, all four interaction

parameters were determined by fitting the experimental

partition coefficient, Kw
exp. Table 3 reports interaction

parameters. The experimental values of the partition

coefficient for the carboxylic acids and the calculated Kw

with UNIFAC and the two cases of UNIQUAC are pre-

sented in Tables 1 and 2. As expected, the lowest errors are

obtained when all four binary parameters of UNIQUAC are

fitted to the data, but differences are not large and acid–

water binary parameters could be obtained from UNIFAC

parameters given in the literature [16]. Errors using

UNIFAC are larger than those achieved by application of

UNIFAC correlation.

Table 3 UNIQUAC binary parameters (uij) for the ternary systems

Formic acid Water FAME

Formic acid – -171.51a 3,385.55b

392.66c 3,387.93c

Water -179.03a – 10,000

-112.03c

FAME 28.05b 10,000 –

512.28c

Formic acid Water SO

Formic acid – -171.51a 3,868.36b

371.42c -20.81c

Water -179.03a – 10,000

-753.51c

SO 280.54b 10,000 –

801.44c

Acetic acid Water FAME

Acetic acid – 61.45a -321.91b

811.71c 71.48c

Water 34.62a – 10,000

-635.49c

FAME 1,002.43b 10,000 –

232.10c

Acetic acid Water SO

Acetic acid – 61.45a -352.42b

-344.80c 1,065.52c

Water 34.62a – 10,000

362.10c

SO 1,197.09b 10,000 –

34.62c

sij ¼ exp � uij

RT

� �
; uij cal=molð Þ

a From UNIFAC at T = 40 �C
b UNIQUAC-2 par
c UNIQUAC-4 par
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Table 4 Comparison of experimental and calculated acetic acid partition coefficients between soybean oil and water

Temperature (�C) Feed composition Partition coefficient, Kc Reference

Exp Kc
Exp Calculated

wA wH2O wSO UNIFAC UNIQUAC-2 par UNIQUAC-4 par

Literature

20 0.0871 0.3199 0.5929 0.0389 0.0678 0.0317 0.0318 [23]

0.1263 0.3040 0.5697 0.0424 0.0670 0.0319 0.0326 [23]

0.1606 0.2920 0.5474 0.0408 0.0665 0.0322 0.0333 [23]

35 0.0871 0.3199 0.5929 0.0409 0.0587 0.0342 0.0340 [23]

0.1263 0.3040 0.5697 0.0482 0.0576 0.0345 0.0347 [23]

0.1606 0.2920 0.5474 0.0424 0.0569 0.0348 0.0354 [23]

40 0.2413 0.2532 0.5054 0.0980 0.0538 0.0372 0.0382 [1]

0.0713 0.2058 0.7229 0.0671 0.0559 0.0352 0.0350 [1]

0.3852 0.3843 0.2305 0.0750 0.0538 0.0376 0.0386 [1]

50 0.0871 0.3199 0.5929 0.0400 0.0524 0.0368 0.0362 [23]

0.1263 0.3040 0.5697 0.0451 0.0513 0.0371 0.0368 [23]

0.1606 0.2920 0.5474 0.0433 0.0505 0.0375 0.0375 [23]

60 0.2441 0.2618 0.4941 0.0280 0.0466 0.0408 0.0408 [1]

0.0710 0.2021 0.7269 0.0360 0.0487 0.0387 0.0379 [1]

0.3838 0.3862 0.2300 0.0230 0.0466 0.0413 0.0413 [1]

65 0.0871 0.3199 0.5929 0.0427 0.0479 0.0395 0.0383 [23]

0.1263 0.3040 0.5697 0.0466 0.0467 0.0398 0.0389 [23]

0.1606 0.2920 0.5474 0.0403 0.0460 0.0402 0.0395 [23]

80 0.0871 0.3199 0.5929 0.0452 0.0444 0.0422 0.0405 [23]

0.1263 0.3040 0.5697 0.0423 0.0433 0.0426 0.0410 [23]

0.1606 0.2920 0.5474 0.0477 0.0426 0.0430 0.0416 [23]

RMSDa 0.0143 0.0067 0.0089 [23]

AADb 0.0110 0.0060 0.0063 [23]

ARE(%)c 26.40 13.71 14.47 [23]

RMSDa 0.0245 0.0332 0.0327 [1]

AADb 0.0219 0.0273 0.0269 [1]

ARE(%)c 49.08 48.77 47.96 [1]

This work

40 0.2076 0.0945 0.6980 0.0407 0.0561 0.0440 0.0438

0.2510 0.2503 0.4988 0.0463 0.0538 0.0374 0.0385

0.3806 0.3832 0.2362 0.0333 0.0538 0.0375 0.0386

0.0446 0.4818 0.4736 0.0323 0.0583 0.0348 0.0340

0.0743 0.4627 0.4630 0.0358 0.0575 0.0349 0.0343

0.1314 0.4345 0.4342 0.0353 0.0560 0.0351 0.0349

0.2397 0.3812 0.3791 0.0381 0.0542 0.0360 0.0366

0.1877 0.2044 0.6079 0.0456 0.0538 0.0370 0.0379

0.0727 0.6954 0.2319 0.0328 0.0581 0.0349 0.0340

RMSDa 0.0191 0.0047 0.0043

AADb 0.0180 0.0036 0.0033

ARE(%)c 50.50 9.04 8.37

aRoot mean square deviation, RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ðy
exp
i � ycal

i Þ
2=N

q
; y ¼ Kc

bAverage absolute deviation, AAD ¼ 1
N

PN
i¼1 y

exp
i � ycal

i

�
�

�
�

cAverage relative error (% ), ARE ¼ 100
N

PN
i¼1

y
exp

i �ycal
i

yexp
i

�
�
�

�
�
�
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An additional calculation was performed, using the

binary parameters of Table 3. In Table 4, calculated par-

tition coefficients, Kc
cal, are compared with experimentally

determined partition coefficients taken from Refs. [1] and

[23]. To obtain Kc from Kw with Eq. 3, SO density was

calculated as q [kg/m3] = 1,106.9 - 0.64T [K], [20]. As

shown, the deviation for Rangarajan et al. [1] are much

larger than for Sinadinović-Fišer and Janković [23]. These

results seem to indicate that our experiments are consistent

with those of Ref. [23].

The work described in this manuscript is extremely

important, because it facilitates better understanding of the

epoxidation system. This work forms part of a compre-

hensive research program that analyzes this liquid–liquid

reacting system. The partition coefficient, as mentioned in

the Introduction, is an important property that must be

known to enable modeling of this two-phase system. This

property will help in the design of the epoxidation reaction

with the objective of obtaining high yields of epoxide. As

we can observe, UNIQUAC can be employed to calculate

the partition coefficient of carboxylic acids in a two-phase

system, and this method will be useful on an industrial

scale when modeling the epoxidation system to predict the

yields of epoxide.
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13. Guo A, Javni I, Petrović ZS (2000) Rigid polyurethane foams

based on soybean oil. J Appl Polym Sci 77:467–473

14. Official and Recommended Practices of the American Oil

Chemists’ Society (1997) 5th edn. AOCS Press, Champaign

15. Fat and oil derivative. Fatty acid methyl ester (FAME). Deter-

mination of free and total glycerol and mono-, di- and triglyceride

contents. (Reference method) (2003). European Norm EN 14105

16. Gmehling J, Jiding L, Schiller M (1993) A modified UNIFAC

model. 2. Present matrix and results for different thermodynamic

properties. Ind Eng Chem Res 32:178–193

17. Abrams DJ, Prausnitz JM (1975) Statistical thermodynamics of

liquid mixtures: a new expression for the excess Gibbs energy of

partly or completely miscible systems. AIChE J 21:116–128

18. Prausnitz J, Anderson T, Grens E, Eckert C, Hsieh R, O0Connell J

(1980) Computer calculations for multicomponent vapor–liquid

and liquid–liquid equilibria. Prentice-Hall, New Jersey

19. Simulis� Thermodynamics, Software license for academic

research purposes, ProSim SA, France, http://www.prosim.net

20. Campanella A (2005) PhD thesis: Selective catalytic epoxidation

of vegetable oils in multiphase systems. Universidad Nacional del

Litoral

21. Tate RE, Watts KC, Allen CAW, Wilkie KI (2006) The densities

of three biodiesel fuels at temperatures up to 300�C. Fuel

85:1004–1009

22. Espinosa S, Fornari T, Bottini SB, Brignole EA (2002) Phase

equilibria in mixtures of fatty oils and derivatives with near critical

fluids using the GC–EOS model. J Supercrit Fluids 23:91–102
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