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ABSTRACT

The liquid-liquid equilibrium behavior is important when describing the separation of components involved in
alkyl ester production during the glycerol-settling step. Therefore, this study presents original data on a li-
quid-liquid equilibrium system composed of glycerol + ethanol + ethyl esters from coconut oil at 298 K using
an untapped approach based on the Hansen solubility parameters describing the individual ethyl ester dis-
tribution between the glycerol and ester rich phases. The difference in average molar masses of the ester mix-
tures in both phases when compared to fatty acid alkyl ester in overall composition reaches more than 10%
depending on the ethanol content in the overall composition. The individual partition of ethyl esters in the
glycerol-rich phase increases as result of the decrease in molecular size of this class of components. This behavior
was shown based on the smaller difference in Hansen solubility parameters among esters with less carbon and
the glycerol-rich phases as compared to esters with longer carbon chain atoms. Deviations between the ex-
perimental and calculated mass fractions were 0.83%, 4.07%, and 0.87% when using NRTL, UNIFAC-LLE, and
UNIFAC-OHgly.
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1. Introduction

Esters from fatty compounds have diverse technological uses. Fatty
alcohols are produced for use as intermediates in the chemical industry
for products including surfactants or cleaning supplies. The use of
branched fatty acid alkyl esters as lubricants is attractive from an en-
vironmental perspective owing to their improved biodegradability.
Such compounds have similar or better solvent properties as compared
to hydrocarbons. The use of certain esters from vegetable oils as plas-
ticizers have been proposed in the polymer industry, and long-chain
alkyl esters can be used as high boiling point absorbents of nonpolar
gases for the scrubbing of industrial emissions [1-5]. Additionally, alkyl
ester mixtures obtained from fatty materials have been used as alter-
natives to diesel fuel. Some advantages of this biofuel as compared to
diesel are its renewability, non-toxicity, availability, absence of sulfur
and aromatic compounds, high cetane number, improved lubricating
qualities, higher combustion efficiency, simple and short production
time, and available production in most countries utilizing different raw
materials [6-8].

The use of ethanol for fatty acid alkyl ester production as compared
to methanol presents certain drawbacks that need solving to make this
process technically and economically feasible. However, the use of
ethanol is advantageous from ecological and safety perspectives be-
cause, in contrast to methanol, which is mainly produced from fossil
fuels, ethanol is produced from the fermentation of several different
crops, resulting in a complete bio-renewable and agricultural product.
In addition, methanol is highly toxic compared to ethanol [9,10]. One
of the main routes for the synthesis of alkyl esters is the transester-
ification of glyceride species with alcohol. Depending on the synthesis
process, which may include enzymatic, alkaline catalysis, and acid
catalysis using supercritical alcohol, the molar alcohol-to-oil ratio
varies from 6:1 to 50:1 [11-13]. The ethanol concentration in the
mixture determines the phase separation behavior in the first step of
biodiesel production, during which glycerol is separated from biodiesel
through a settling process, resulting in a glycerol-rich phase (GRP) and
an ester-rich phase (ERP). As result of this behavior, research into the
liquid-liquid equilibrium (LLE) in systems containing a fatty acid ethyl
ester mixture + ethanol + glycerol is extremely important for an un-
derstanding, prediction, and design of this particular process.

A large number of chemical components in equilibrium systems
complicate the thermodynamic modeling because a great number of
binary interaction parameters are required to describe the equilibrium
behavior. Consequently, a large amount of experimental data is needed
for the model fitting owing to the large number of degrees of freedom. A
pseudocomponent approach is used when an equilibrium system is
made up of compounds having similar thermodynamic properties.
During this procedure, these components are separated into pseudo-
components representing the real mixture properties that affect the
equilibrium. The classic pseudocomponent procedure based on the
vapor-liquid equilibrium properties cannot be used in LLE because this
equilibrium is strongly affected by the chemical structure of the mole-
cules. However, the average molar mass calculated from an individual
component mixture having a similar chemical structure has been used
in the pseudocomponent approach for LLE modeling [14-16].

The partition of nonelectrolytes between two liquid phases cannot
be successful described based on macroscopic properties such as the
dielectric constant or dipole moment. The application of Hildebrand’s
solubility parameters is a reasonable method for describing this beha-
vior, showing a good correlation with the partition coefficient in a li-
quid system [17]. Because Hildebrand’s method does not take into ac-
count the association among molecules based on the polar or hydrogen-
bonding interactions, the solubility parameter approach was proposed
by Hansen as an alternative method for evaluating the interactions
among molecules. This last theory considers the effects of atomic dis-
persion forces, molecular permanent dipole-permanent dipole forces,
and molecular hydrogen-bonding, as represented by the parameters &,
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p, and &y, respectively [18-20].

A large number of studies have addressed LLE data for systems
containing glycerol + short chain alcohol + ethyl ester mixture treated
as a pseudocomponent, but only three [21-23] have studied the in-
dividual partition of alkyl esters in a complex mixture of this chemical
class of components. In addition, no studies have reported and/or ex-
plained the differentiation in ester partition as result of the carbon
chain length and number of saturations of molecules between the GRP
and ERP in systems related to the glycerol-settling step during ester
production. Therefore, the objectives of this study were to determine
experimental LLE data of a system containing glycerol (1) + ethanol
(2) + fatty acid ethyl esters (3) from coconut oil at 298K, and ex-
plaining the partition of individual ethyl esters between GRP and ERP
using an unusual approach based on the Hansen solubility parameters
(HSPs). In addition, thermodynamic models were used to describe the
LLE of the system using a pseudocomponent approach for the NRTL
model, as well as an individual component approach based on UNIFAC-
LLE and UNIFAC-OHgly [24].

2. Experimental procedure
2.1. Materials

Refined coconut oil was used for ethyl biodiesel production.

Glycerol (Sigma, > 0.99), ethanol (Merk, > 0.999), methanol
(Honeywell, 0.9999) and anhydrous sodium hydroxide (Carlo
Erba, > 0.97) were used in several steps of this study.

2.2. Production of distilled biodiesel from coconut oil

Aiming the removal of impurities such as soap, glycerol, ethanol,
catalyst, monoacylglycerols and diacylglycerols, and other byproducts,
the ethyl ester mixture from coconut oil was synthesized, washed, and
distilled following the procedure described in the literature [21].

The ethyl ester mixture profile of the mixture obtained is shown in
Table 1.

2.3. LLE experiments

Components were weighted on an analytical balance (Adam
Equipment, model AAA160L + 0.0001 g). Experimental LLE data were
determined using headspace tubes (20mL) vigorously stirred on a
vortex (Phoenix, model AP56) and then centrifuged (Centrifuge Jouan,
model BR4i) for 300 s at 4000 rpm. All systems were left at rest for at
least 12h at 298K in a controlled thermostatic bath (Paar Physica,
model VT2 T+ 0.2K). The system was considered to be in equilibrium
when a defined interface and two clear layers were formed in the tubes,
with the top and bottom layers constituting the ERP and GRP, respec-
tively.

The expression “fatty acid alkyl esters” FAEE was used to designate,
the mixtures of alkyl esters in the overall composition and the mixtures

Table 1

Experimental composition of FAEE from coconut oil in mass percentage.
Ester name Molecular MM (gmol™ ')  100w"

formula

Octanoic acid ethyl ester C10H2002 172.26 2.92
Decanoic acid ethyl ester C12H240, 200.32 3.12
Dodecanoic acid ethyl ester C14H2505 228.37 48.57
Tetradecanoic acid ethyl ester C16H320, 256.42 16.80
Hexadecanoic acid ethyl ester C18H3605 284.48 8.90
Ethyl octadecanoate Co0H4002 312.53 2.10
9-Octadecenoic acid ethyl ester Ca0H3g05 310.51 15.65
9,12-Octadecadienoic acid Ethyl Co0H3602 308.50 1.94

ester

@ Mass fraction of the ethyl ester.
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of alkyl esters in the equilibrium phases.
2.4. Analytical methodology

The composition of FAEE in overall composition (Table 1) was de-
termined in triplicate using a Perkin Elmer Clarus 600 gas chromato-
graphic system, FID detector, and Elite capillary column (crossbond,
50% cyanopropylmethyl and 50% phenylmethyl polysiloxane) mea-
suring 30 m in length, 0.25 mm internal diameter, and 0.25 pm in film
thickness according to the methodology describe in the literature [21].

Quantitations of glycerol, ethanol and individual esters in each
equilibrium phase were determined in at least triplicate using an
Agilent capillary column (crossbond, 50% dimethylplolysiloxane and
50% cyanopropyl-phenil) with dimensions of 0.25 um, 0.25 mm, and
30 m for the film thickness, internal diameter, and length, respectively,
in the equipment described above, as well as a method previously de-
veloped specifically for this analysis under the following conditions: an
injector and detector temperature of 523 K; an oven temperature of
313K for 1 min, between 313 and 333 K at temperature rate of 5 K/min
and held at 333K for 1 min, between 333 K and 473 K at a temperature
rate of 25 K/min and held at 473 K for 1 min, between 473 K and 508 K
at a temperature rate of 7 K/min and held at 508 K for 1 min; a helium
carrier gas of 1 mL/min for 5min, 2.5 mL/min for 6 min, and 1.5 mL
until the end of the experiment; a 1:40 split; and an injected volume of
0.4 uL [21].

The components were quantified based on an external calibration.

3. Theoretical calculations
3.1. Calculations of deviation in mass balance of the phases

The validity of the equilibrium experiments was confirmed ac-
cording to a procedure reported by Marcilla [25] and calculated using
spreadsheets developed by Rodrigues [26]. This method is based on a
comparison of the sum of the calculated mass in both liquid phases with
the actual total mass value used in the initial mixture, and therefore a
relative deviation for each point of the overall mixture was obtained.

This approach uses independent component balances, totalizing K
balances, given by Eq. (1):

MOCWiOC - MGRPWiGRP + MERPWiERP

@

where i describes each individual component; M€ is the mass of the
overall composition; MR and M™®* are the total masses of the GRP and
ERP, respectively; wPC is the mass fraction of component i in the initial
mixture; and wiR® wERP are the mass fractions of component i in GRP
and ERP, respectively.

After the calculations using equations representing the K balances,
the values of M** and M®®* were obtained. The sum of M®** and M*R?
was compared to M°€ to calculate the deviations in overall mass bal-

ance using Eq. (2):
§(%) = 100-I(MORP 4+ MERP)_pfOC|/pfOC 2)

The relative average deviation in the mass balance of each com-
ponent is calculated using Eq. (3):

>, (100. )/N
n 3

where n is the tie line number and N is the total number of tie lines.

N
|(WE§PMGRP _ WEII}PMERP) _ W81CM0C|

0Cjp70C
win M

6 (%)

3.2. Distribution of ethyl esters between GRP and ERP

The deviations in the average molar mass of FAEE in the GRP and
ERP from the average molar mass of FAEE in the overall composition
were calculated using Eq. (4).

dMM = 100-IMP — M|/M* @

727

Fuel 241 (2019) 725-732

where MP? is the average molar mass of FAEE in the GRP or ERP, and
M is the average molar mass of the FAEE mixture obtained from the
transesterification reaction in the overall composition.

The partition coefficient was calculated using Eq. (5).

— wOGCP EP
k= Wester/wester

(5)

3.3. NRTL thermodynamic modeling

Experimental LLE data for the system were used to adjust the binary
interaction parameters of the NRTL model. Despite the differences in
distribution of the individual ethyl esters between phases in the LLE,
the pseudocomponent approach was used to represent this component
class. Thus, the FAEE was treated as an individual ethyl ester having the
average molar mass of biodiesel. Therefore, the adjustments were
conducted by considering the systems as pseudoternary for NRTL
modeling. Because the FAEE contains eight individual esters, this
mathematical approach is necessary to reduce the number of experi-
mental data points required to adjust the NRTL binary interaction
parameters. Otherwise, the modeling of the LLE behavior considering
the ten individual components of the system would require the ad-
justment of 135 binary interaction parameters.

The mass fractions were used to report the composition owing to the
difference in molar masses of the components. From this approach, the
activity coefficient for the LLE is expressed through Eq. (6).

K W
in:yi/ Mizj]
( T M 6)

where yis the activity coefficient calculated according to the NRTL
model; 3" is the activity coefficient expressed on a mass fraction basis;
and w; and M; are the mass fraction and molar mass of the components,
respectively; and i represents the component number.

The procedure used for estimating the NRTL parameters involves
flash calculations for the midpoint composition of the experimental tie
lines, and is based on the algorithm developed by Stragevitch and
d’Avila [27], consisting of minimizing the objective function of the
composition according to Eq. (7):

)2
7

D N K-1 | GRPexpt _ i GRPcale)? W
OF — Ln,m Ln,m +
BR[|

where D is the is the number of data groups; N is the number of tie lines;
K is the number of components; w is the mass fraction of the compo-
nents; subscripts i, n, and m represent the component, tie line, and
group number, respectively; exp and calc denote experimental data and
calculated values; GRP and ERP denote the glycerol-rich and ester-rich
phases, respectively; and o is the standard deviation obtained for the
composition of each phase.

The average relative deviations between the calculated mass frac-
tions and experimental data were determined using Eq. (8).

'ERP,calc\2 /2
W<%)={ Wi )]}

3.4. UNIFAC-LLE and UNIFAC-OHgly

ERP,expt ERP,calc
i,n,m — Winm

o ERP
Win,m

Yo Xi LOVEEeP — wigknete)? 4 (Wie? —
2NK

(8

The UNIFAC thermodynamic model was used to predict the LLE of
the experimental data. Two parameter sets were evaluated to test the
prediction capability of the model. The first, UNIFAC-LLE, with the
structural molecular groups CHs3, CH,, CH, CH=CH, CH,COO, and OH,
was reported by Fredenslund et al. [28], and their binary interaction
parameter values for predicting the LLE behavior were updated by
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Table 2
Experimental LLE data for the system glycerol (1) + ethanol (2) + FAEE (3) at 298 K, using the pseudoternary approach.
TL* Overall Composition Glycerol Rich Phase Ester Rich Phase 5(%)°
w1 wy w3 w1 wy w3 wi wa w3
1 0.2021 0.397 0.4009 0.3904 0.5156 0.094 0.0707 0.3387 0.5906 0.50
2 0.2451 0.355 0.3999 0.4819 0.4717 0.0465 0.0438 0.2705 0.6857 0.15
3 0.2932 0.2959 0.4109 0.5711 0.409 0.0199 0.0264 0.2127 0.7609 0.04
4 0.3425 0.2640 0.3934 0.6503 0.3384 0.0113 0.0197 0.1892 0.7911 0.03
5 0.3899 0.2072 0.4030 0.7115 0.2836 0.0049 0.0134 0.1367 0.8499 0.40
6 0.4409 0.1598 0.3993 0.7774 0.2208 0.0018 0.0070 0.1033 0.8897 0.60
? Tie line identification number.
® Overall mass balance deviation calculated by Eq. (2).
Magnussen et al. [29]. The second, UNIFAL-OHgly, containing the same graph, calculated through the following Egs. (15)—(17) [33]:
set of molecular groups with readjusted parameter values, in addition to
group Justed p 100f; = 10084/(84 + 8, + Sup) (15)
a new molecular group, OHgly, was created to represent the OH group
attached to the glyFerol molecule, as rep(.)rted by .Bess.a.l et. a.l. [24]. 100f, = 1008,/(81 + 8, + Gyp) 16)
UNIFAC modeling was conducted using all eight individual ethyl
esters, considering a system composed of eight esters + gly- 100f,;, = 10084/(84 + Sp + Sip) a7

cerol + ethanol. Solely for the representation of the LLE, the ethyl ester
mixture was grouped into a single pseudocomponent.

3.5. Hansen solubility parameters
The HSPs for each ethyl ester were calculated using only Egs.

(9)-(11), from the group contribution method proposed by Stefanis and
Panayiotou, and updated by Stefanis and Panayiotou [30,31].

0.4126
8y = (Z NCi+ ), MD; + 959.11)
i i

©)]

8= (Z NCi+ ), MD; + 7.6134]
i i (10)

S = (Z NCi+ ), MD; + 2.6560]
i i an

where §;(MPa'/?) is the dispersion solubility parameter, §,(MPa'/?) is
the polar solubility parameter, &y,(MPa'/?) is the hydrogen bonding
solubility parameter, C; is the contribution of the first-order group i that
appears N; times in the molecule, and D; is the contribution of the
second-order group j that appears M; times.

The total solubility parameter, 6,(MPa'/?), for each component ob-
tained from the interactions of the atomic dispersion forces, molecular
permanent dipole-permanent dipole forces, and molecular hydrogen
bonding is calculated using Eq. (12) [18,19].

8 = (8] + & + )2 12)

The three HSPs for the component mixtures in the GRP and ERP
were calculated from the volume fraction using Eq. (13) [20].

6= Z 901'51
where

P = (Wi/Pi)/Z (wi/p,)

13

14

Here, § (MPa'/?) are the HSPs (&;, 6,, or &) for the mixture of
components i, ¢ is the volume fraction calculated using Eq. (14), and p
is the component density calculated from the molar volume obtained
through the group contribution model reported by Constantinou et al.
[32].

HSPs were plotted using the diagram proposed by Teas, where each
parameter (3q, Jp, Spp) is represented by a single point on a ternary
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4. Results and discussion

FAEE from coconut oil contains ethyl laurate and ethyl myristate,
which are saturated esters composed of 14 and 16 carbon atoms, re-
spectively, as the major components, totaling more than 65% of the
entire mixture. Ethyl oleate, an unsaturated ester presenting 20 carbon
atoms, is the third-most representative component, representing 15.7%
of the total ester mixture. The high content of saturated ethyl esters
containing up to 16 carbon atoms and monounsaturated ester improve
the FAEE oxidative stability while not resulting in a higher melting
point. This composition is favorable for the production of esters used as
surfactants in the chemical and cosmetic industries, high performance
lubricants, solvents for flavorings, plasticizers, and other start materials
in the oleochemical industry. In some countries, mainly in southeast
Asia, esters from coconut oil with a high acid content have been con-
sidered a possible raw material for biodiesel production once the high
free fatty acid composition makes this oil a relatively low-cost raw
material [34-36].

The average molar mass of FAEE in overall composition equal to
246.66 g-mol~! was calculated from the eight ethyl esters quantified
using gas chromatography (Table 1). This value was used as a reference
to evaluate the deviations in the average molar mass of FAEE in the
GRP and ERP.

The mass fraction compositions of the overall experimental data,
and the correspondent tie lines for the system glycerol (1) + ethanol
(2) + FAEE (3) using the pseudoternary approach, are presented in
Table 2. The overall deviations in the mass balance per tie line (Eq. (2))
equal to or lower than 0.60% indicate the high quality of the experi-
mental data. The average deviations per component (Eq. (3)) were
1.25%, 2.97%, and 0.44%, respectively, for glycerol, ethanol, and
FAEE.

Fig. 1 shows ethanol distribution in the GRP and ERP, with high
affinity for the former, as shown by the tie line slopes. A similar be-
havior was observed in the system containing gly-
cerol + methanol + methyl oleate when methanol showed a higher
partition to a glycerol-rich phase than to an ester-rich phase [37]. On
the other hand, FAEE and glycerol are only slightly miscible, and their
distribution between the phases is determined based on the ethanol
mass fraction in the overall composition because high concentrations of
this alcohol cause a higher miscibility between the components. This
behavior indicates that a decrease in the ethanol mass fraction before
the glycerol-settling step, and after the transesterification reaction ends,
can reduce the biodiesel losses to the GRP, improving the glycerol
purity during biodiesel production.
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0.20

0.40 0.60

w3

0.80 1.00

Fig. 1. LLE for the pseudoternary system glycerol (1) + ethanol (2) + FAEE (3)
at 298 K: (w) mass fraction of the component or pseudocomponent; (O) ex-
perimental data; (—) NRTL calculated values.

The biphasic region for  the system containing
glycerol + ethanol + FAEE from coconut oil is smaller than the bi-
phasic  region observed for systems  containing = gly-

cerol + methanol + commercial biodiesel (majority esters, 36.8% me-
thyl oleate, 33.0% methyl linoleate, and 14.7% methyl palmitate) and
glycerol + methanol + methyl biodiesel from soybean or palm oil
[38,39]. This behavior results in a higher miscibility of esters with a
small carbon chain, such as those from coconut oil, in the glycerol-rich
phase, and a lower ethanol affinity for a glycerol-rich phase as com-
pared to methanol.

The similarity between the experimental data and the calculated
mass fractions using the NRTL model shows a good fit of the para-
meters, as presented in Table 3. The average relative deviation between
the experimental data and calculated mass fractions is low (0.83%).
Regardless of a different partition of the individual ethyl esters between
the GRP and ERP, the use of the pseudocomponent approach did not
reduce the applicability of the model when the focus is the distribution
of biodiesel as a single compound, showing the descriptive power of the
LLE behavior for the entire system. Using the pseudocomponent ap-
proach for NRTL and UNIQUAC modeling, other authors have reported
the proper description of LLE behavior in commonly studied systems to
represent the glycerol settling step [40,41] and washing step [42] in the
biodiesel production process.

The UNIFAC-LLE model overestimates and underestimates the
ethanol mass fractions in the GRP and ERP, respectively, when
grouping all individual ethyl esters to represent the LLE behavior of this
system, as shown in Fig. 2. UNIFAC-OHgly presented an improved de-
scription for such equilibrium behavior. The average deviations be-
tween the experimental data and calculated values (Eq. (8)) using
UNIFAC-LLE and UNIFAC-OHgly were 4.07% and 0.87%, respectively,
showing an improved prediction capability of the model owing to a
parameter readjustment and the creation of the OHgly group. In con-
trast, the capability of the UNIFAC-OHgly to represent the individual
ethyl ester mass fractions is poor, as shown in Table 4. The new
UNIFAC-OHgly approach cannot properly represent the mass fractions
of the individual ethyl esters in the GRP, mainly for saturated ethyl

Table 3
NRTL binary interaction parameters for the system glycerol (1) + ethanol
(2) + FAEE (3).

Pair (ij) A (0) ij A (0) ji a(0) ij = a (0) ji
12 —2640.200 429.800 0.5687
13 4302.700 349.300 0.1000
23 312.820 2656.200 0.5064
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0.20

0.40 Wy 0.60 0.80
Fig. 2. LLE of the system glycerol (1) + ethanol (2) + FAEE (3) at 298K de-
scribed by UNIFAC-LLE and UNIFAC-OHgly: (w) mass fraction of the compo-
nents or pseudocomponent; (O) experimental data; (sm) UNIFAC-LLE (---)

UNIFAC-OHgly.

Table 4
Average relative deviations between experimental and calculated mass frac-
tions using UNIFAC-LLE and UNIFAC-OHgly.

UNIFAC-LLE UNIFAC-OHgly

AD-GRP® AD-ERP* AD-GRP* AD-ERP*
Glycerol 0.0534 0.0286 0.0413 0.0090
Ethanol 0.0575 0.1219 0.0093 0.0302
C1oH2002 0.0009 0.0034 0.0049 0.0037
C12H2405 0.0005 0.0042 0.0026 0.0010
Cy4H250, 0.0054 0.0698 0.0203 0.0081
C16H320, 0.0016 0.0255 0.0035 0.0075
C1sH360, 0.0007 0.0139 0.0008 0.0054
CaoH4002 0.0002 0.0033 0.0001 0.0015
CaoHs502 0.0026 0.0270 0.0004 0.0113
GCaoHs602 0.0004 0.0034 0.0001 0.0014

? Calculated by: AD(%) = Y, (Iw*? — w®|)/n, were n is the number of tie

lines.

esters presenting less than eighteen carbon atoms per molecule, re-
sulting in higher average deviations when compared to the experi-
mental values than in the UNIFAC-LLE model.

Another study reported an average deviation and a maximum
average deviation of lower than 0.20% and 0.66% (lower than UNIFAC-
OHgly), respectively, for systems containing glycerol + methanol or
ethanol + several biodiesels using the UNIFAC parameters readjusted
through an evolutionary algorithm for minimization of the objective
function [43]. On the other hand, another study addressing the read-
justment of the UNIFAC parameters for systems containing
water + biodiesel reported an average absolute relative deviation of
4.69% [44].

The average molar masses of FAEE per tie line in the GRP and ERP
ranged from 221.44 to 236.84 g-mol~! and 245.21 to 246.37 g-mol™,
respectively, as shown in Table 5. The FAEE in the ERP has an average
molar mass extremely similar to the FAEE in the overall compositions
(246.66 g-mol™!), whereas the GRP shows a decrease of up to 10.23%,
indicating a different partition between esters as a result of the carbon
chain length. Deviations for these components in the GRP showed an
inverse correlation with the ethanol mass fractions in the overall
composition. This behavior could result in minor changes in the bio-
diesel composition during the glycerol-settling step when esters
showing a very different molecular size are present.

Three other researches studied the partition of individual ethyl es-
ters in systems containing complex mixtures of ester from natural ve-
getable oils + glycerol + ethanol, and none reported deviations be-
tween the average molar masses of ester mixtures in ERP and in the
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Table 5

Individual ester mass fraction in the ERP and GRP.
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TL® C10H2002 C12H2402 C14H2502 C16H3202 C1gH3602 C20H4002 CooH3502 C20H3602 amMm” (g-mol™1)
Ester Rich Phase

1 0.0198 0.0190 0.2832 0.0983 0.0527 0.0125 0.0936 0.0115 246.37
2 0.0230 0.0222 0.3300 0.1145 0.0611 0.0141 0.1076 0.0132 246.20
3 0.0258 0.0250 0.3686 0.1268 0.0670 0.0157 0.1175 0.0145 245.90
4 0.0275 0.0263 0.3845 0.1315 0.0692 0.0160 0.1211 0.0150 245.65
5 0.0308 0.0287 0.4137 0.1408 0.0738 0.0170 0.1292 0.0159 245.35
6 0.0316 0.0301 0.4358 0.1479 0.0770 0.0175 0.1333 0.0165 245.21
Glycerol Rich Phase

1 0.0060 0.0044 0.0515 0.0139 0.0059 0.0011 0.0098 0.0014 236.84
2 0.0039 0.0026 0.0263 0.0064 0.0024 0.0004 0.0039 0.0006 232.49
3 0.0022 0.0013 0.0116 0.0024 0.0008 0.0001 0.0013 0.0002 227.55
4 0.0015 0.0008 0.0065 0.0013 0.0004 0.0001 0.0006 0.0001 225.22
5 0.0008 0.0004 0.0024 0.0005 0.0001 0.0001 0.0005 0.0001 225.27
6 0.0004 0.0001 0.0008 0.0002 0.0001 0.0000 0.0002 0.0000 221.44

2 Tie line identification number.
> Average molar mass.

overall compositions of higher than 5.2% [21-23]. These low devia-
tions are probably due to the molecular structure (carbon chain length
and number of saturations) of the esters in those systems, which differ
from the very heterogeneous molecular structure of ethyl esters from
coconut oil.

As observed in Fig. 3, the partition coefficient of all individual ethyl
esters increased exponentially with the ethanol mass fraction in the
overall composition. This behavior is the result of the higher miscibility
of these compounds in GRP caused by the increased ethanol content.
The affinity of saturated ethyl ester for the GRP increases as a function
of the decrease in the carbon number of the molecules, resulting in
partition coefficients for CyoHyy0, and CjoH, O, ranging from 1.0-10 >
to 1.21072 and 8.8107 2 to 3.0-10 " !, respectively, for the lowest and
highest mass fractions of ethanol in the overall composition. The dis-
tribution of ethyl esters CyoHyO,, CooHig 02, and CpoHssO,, all with the
same number of carbon atoms, between the GRP and ERP is correlated
with the number of double bonds in the molecule, presenting respective
partition coefficients of 0.09, 0.10, and 0.12 for the ethanol mass
fraction in the overall composition of 0.39.

Fig. 4 shows the HSPs for each component and for the component
mixtures in the GRP and ERP. The contribution of dispersion forces in
the ERP is higher than in the GRP as a result of the major content of the
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Fig. 4. Hansen Solubility Parameters: (M) CioHxO,; (A) Ci2Hy05; (@)

CiaHa30y; [) Ci6H3202; (A) CigHz6 O2; (#) CaoHap O2; (0) CapHag O2; (O)Ca0Hz6 025
(<)glycerol; (»)ethanol; (x) glycerol-rich phase; (+) ester-rich phase.

ethyl esters. In contrast, the contribution of the molecular permanent
dipole-permanent dipole forces and molecular hydrogen bonding are
higher in the GRP than in the ERP owing to the higher mass fractions of
0.14 4
0.12 4 |
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Fig. 3. Distribution coefficients of individual ethyl esters between the glycerol-rich and ester-rich phases as function of ethanol in the overall composition: k

distribution coefficient; w ¢ ethanol in the overall composition.
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Table 6
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Hansen solubility parameters for ethyl esters and for component mixtures in GRP and ERP.

Individual ethyl esters TL* Component mixture in GRP Component mixture in ERP
8d 8 Snb & 84 8 Snb 8 8d 8 Snb 8

C10H2002 15.88 5.93 5.27 17.75 1 16.28 9.30 20.64 27.88 17.40 6.81 11.34 21.86
C12H2402 15.90 5.31 4.50 17.36 2 15.81 9.44 21.43 28.26 17.41 6.29 9.52 20.82
C14H2802 15.93 4.68 3.72 17.02 3 15.33 9.46 21.82 28.30 17.39 5.87 8.08 20.06
C16H3202 15.96 4.05 2.95 16.73 4 14.87 9.39 21.88 28.07 17.39 5.71 7.51 19.78
C18H3602 15.99 3.42 2.17 16.50 5 14.52 9.33 21.91 27.89 17.33 5.38 6.37 19.23
C20H4002 16.02 2.79 1.39 16.32 6 14.14 9.25 21.88 27.64 17.31 5.15 5.61 18.91
C20H3802 16.22 2.92 2.04 16.61

C20H3602 16.41 3.04 2.70 16.91

2 Tie line identification number.

ethanol and glycerol. These two polar molecules interact, forming
permanent dipole-permanent dipole forces, and in a less intense way,
hydrogen bonds.

The parameter 6§, is the main association parameter in ethyl esters,
and its value increases as a function of the number of carbon atoms
because the induced dipole-induced dipole forces are correlated with
the surface area of the molecules. In this class of components, the
parameters &, and Sy decrease owing to the increase in molecular size,
and increase with the unsaturation level in the molecules. This ten-
dency was also observed for &, calculated by other authors for methyl
esters using the group contribution method presented by Steffanis
[45,31]. Experimental determination of the methyl ester dielectric
constant, which provides a quantitation of the molecule polarization,
confirms this behavior [46]. Because only the COO~ functional groups
are responsible for permanent dipole-permanent dipole forces and for
hydrogen bonding in the alkyl esters, longer carbon chains hinder the
molecular association, reducing §, and &y.

The previous explanation correlates the mechanism causing the
difference in individual ethyl ester partition between the ERP and GRP
to the molecular structure and molecular interactions forces using the
Hansen solubility parameters. This correlation has the potential to
predict and describe the partitioning of other components in several
works on liquid-liquid equilibrium, correlating the equilibrium beha-
vior with the physical parameter.

Table 6 shows a reduced difference among &, from shorter-chain
ethyl esters to the mixture of components in the GRP, as compared to &,
of longer-chain esters. This tendency is observed in Fig. 4 where the
HSPs of larger alkyl esters are more distant from the parameters of the
GRP than the HSPs of smaller esters, indicating a greater association of
the latter for the GRP. Therefore, this behavior results in lower partition
coefficients for longer chain esters reducing the average molar masses
of the FAEE in the GRP, causing a diminishing of up to 10.23% with this
parameter.

5. Conclusions

The description of the LLE behavior for the system
glycerol + ethanol + FAEE from coconut oil at 298 K using the NRTL,
UNIFAC-OHgly, and UNIFAC-LLE models resulted in low deviations for
the first and second models, and a high deviation for the third. Despite
the consideration of pseudocomponents for FAEE, this approach works
well for NRTL modeling. The differences in molar mass of ester mix-
tures in both phases, as compared to FAEE in the overall composition,
reached higher than 10% depending on the ethanol content in the
overall composition. The experimental data show an increase in the
partition of individual ethyl esters to the GRP as a function of the de-
crease in the molecular size of this class of components. The HSPs
correlate this behavior with the reduced difference between g, and &,
for short chain esters as compared to longer chain ethyl esters in rela-
tion to the values of these parameters for the mixture of components in
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the GRP. The HSP approach has the potential to explain the affinity
among the many components in this type of system, allowing for an
estimate of their distribution during in the equilibrium phases.
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