
Liquid-Liquid Phase Equilibrium of
Glycerolysis Precursors: Experimental and
Modeling Study

The mutual immiscibility of glycerol and free fatty acids limits glycerolysis, a reac-
tion capable of upgrading waste-derived oils. In the present work, the liquid-liquid
phase equilibrium data for the glycerol-water-oleic acid and glycerol-monoolein-
oleic acid ternary systems were determined experimentally and compared with
predictions of the UNIFAC-LLE and COSMO-SAC models. Monoolein was found
to affect the glycerol solubility in oleic acid strongly. None of the models investi-
gated adequately determined phase equilibria for the glycerol-monoolein-oleic
acid system. COSMO-SAC predictions showed the best trend for glycerol solubili-
ty in the fatty phase. For the glycerol-water-oleic acid system, UNIFAC-LLE pre-
dictions were in good agreement with experimental data.
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1 Introduction

Esterification processes, generally biphasic, are common for
producing essential compounds, e.g., monoolein (MO) and
diolein (DO), among other essential glycerides of different
acids [1]. One valuable reaction is glycerolysis [2], in which
glycerol reacts with free fatty acids (FFAs) to produce glycer-
ides (mono-, di-, and triglycerides) of respective FFAs and
water as a byproduct. Glycerides of various FFAs are utilized
industrially for food and oleo chemical products. Biodiesel is
one such oleo chemical industry where glycerides of FFAs are
utilized as potential substitute feedstock for vegetable oils [3, 4].
Thus, glycerolysis provides a pathway to upgrading non-edible
waste-derived lipids, such as industrial grease (brown/yellow)
and vegetable oil refinery rejects, among many others, making
glycerolysis a worthy research investigation.

In a glycerolysis reaction, the reactant glycerol (G) contains
three hydroxyl groups linked to it and is a hydrophilic mole-
cule [5]. Therefore, it is far less soluble in organic solutions; for
example, it is only 4–5 % soluble in typical hydrophobic fats.
This poor solubility impedes the process, and unless a catalyst
is used, the reaction is slow and requires high temperatures,
around 523 K, when glycerol solubility is roughly 45 % [6].
Such poor immiscibility between reactants, glycerol, and FFAs
makes the reaction a biphasic affair, only to homogenize at
higher temperatures or in the presence of a solvent or catalyst,
and most importantly, it makes reactants phase solubility with-
in a biphasic system a necessary consideration [7].

In our previously published review [8] on glycerolysis of
oleic acid (OA), the FFA conversion rate is higher initially
when the MO yield is also higher, irrespective of the reaction

being catalyzed or non-catalyzed. The presence of MO dictat-
ing the conversion of OA in the glycerolysis reaction has been
recently well established by the work of Gomes et al. [9]. MO,
an ester of OA, was found to act as a phase transfer agent,
accelerating the reaction. Given the evidence [9], it is intuitive
that the glycerolysis biphasic system’s reaction kinetics will be
impacted by this changing phase behavior, and thus is worth-
while of an investigation.

The reaction rate and selectivity of the desired product can
all be improved with a deeper understanding of the process
and knowledge of the phase equilibrium in such a system.
Moreover, given that liquid-liquid equilibrium (LLE) holds
great significance, the accurate description of an LLE system is
of utmost importance. One of the key requirements to get good
system predictions is the use of precise models. Similar systems
have been described by some authors using UNIFAC [10, 11],
while others have applied UNIQUAC [12], NRTL [13, 14], and
COSMO-SAC [15]. Although the NRTL and UNIQUAC
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models provide good data correlation, the UNIFAC-LLE model
has higher predictive power, as it describes the interaction
between functional groups, providing the model with more ver-
satility for data prediction [16, 17].

In the last few decades, the COSMO-SAC model, a highly
predictive excess Gibbs energy model, has been successfully
used for several thermodynamics properties predictions and
equilibrium calculations, including LLE [18, 19]. Thus, these
two predictive models, namely, (i) UNIFAC-LLE, requiring
binary interaction parameters for every pair of groups in the
mixture, which are obtained here from empirical correlations,
and (ii) COSMO-SAC, which relies on the ab initio calculation
of the molecular electrostatic potential, were used to evaluate
ternary tie lines data.

In this study, phase equilibria of the glycerol-monoolein-
oleic acid at 343 K and of the glycerol-water-oleic acid at 303 K,
323 K, and 343 K, were experimentally investigated. The experi-
mentally obtained data were compared with predictions by
UNIFAC-LLE and COSMO-SAC thermodynamic models.

2 Material and Methods

2.1 Materials

Tab. 1 presents the materials used in this investigation with
their necessary specifications. Water (deionized) was available
in lab and used without any modifications. For analysis of the
glycerol-water-oleic acid system, technical-grade OA was used,
while for glycerol-monoolein-oleic acid system analytical-grade
OA was taken. The choice of using different grades of OA in
the two ternary systems was influenced by the cost of chemicals
and a perceived relative sensitivity of glycerol-monoolein-oleic
acid ternary system towards impurities in comparison to the
other ternary system.

Also, the analysis of the supplied technical-grade OA showed
that the overall content of C-18 (C18:0–C18:3) was 98 ± 1 %, of
which the OA content was 85 ± 1 %. Thus, the technical-grade
OA was found suitable for the LLE investigation of the glycer-
ol-water-oleic acid system. 1-Oleoyl-rac-glycerol and analyti-
cal-grade OA were used for preparing standards for gas
chromatography (GC) calibration (Fig. S1, Supplementary In-
formation). The water contents of hygroscopic glycerol and
technical-grade OA were 0.17 % and 0.12 %, respectively, ana-

lyzed via Karl-Fischer titration, a methodology which is dis-
cussed in Sect. 2.4. All the chemicals listed in Tab. 1 were used
without any modifications.

2.2 Thermodynamic Modeling

2.2.1 UNIFAC-LLE Model

At equilibrium, two liquid phases can be described by Eq. (1):

xI
i yI

i T; P; xI� �
¼ xII

i yII
i T; P; xII� �

(1)

where xi and yi are the molar fraction and activity coefficients
of component i in phase I and vice versa for phase II; T and P
are the temperature and pressure of the system; xI and xII are
the vectors of compositions of the phases I and II.

Predictive methods such as UNIFAC [20] can be used to cal-
culate yi, when the experimental data is not available. However,
as it is well-known that model predictions can sometimes
diverge significantly from reality, and experimental data are
required to validate model predictions. Such experimental data
can also be helpful for estimating the thermodynamic models’
missing parameters. UNIFAC details can be found in the litera-
ture [16, 20].

Magnussen et al. [17] introduced the UNIFAC parameters
for the LLE data prediction. A few issues related to the applica-
tion of UNIFAC-LLE to the ternary systems examined in this
study consist of a narrow recommended temperature range
(283–313 K), and when molecules of significantly different sizes
are involved, the activity coefficients at infinite dilution are
frequently inadequate. The group contributions of molecules
[17] present in the examined system according to UNIFAC-
LLE are given in Tab. S1 (Supporting Information).

2.2.2 COSMO-SAC Model

The COSMO-SAC model is based on the COSMO (conductor
like screening model) theory, presented by Klamt and Schüür-
mann [21], which considers the solvation energy of a molecule
in a perfect conductor. This allows the determination of the
chemical potential of any species in a mixture from quantum
mechanics calculations [22], making COSMO-SAC an excess
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Table 1. Material list with specifications.

Reagent IUPAC (PIN) CAS No. Supplier Assay

1-Oleoyl-rac-glycerol (monoolein) 2,3-Dihydroxypropyl (Z)-octadec-9-enoate 111-03-5 Sigma-Aldrich ‡ 99 %

Glycerol Propane-1,2,3-triol 56-81-5 ECP Ltd. ‡ 99.5 %

n-Hexane Hexane 110-54-3 ECP Ltd. ‡ 99 %

Oleic acid (technical) (9Z)-Octadec-9-enoic acid 112-80-1 ECP Ltd. 75 %

Oleic acid (analytical) (9Z)-Octadec-9-enoic acid 112-80-1 Sigma-Aldrich ‡ 99 %

HYDRANAL� Water Standard 10.0a) – 108-32-7 Merck –

a)IUPAC (PIN) and assay unavailable.
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Gibbs energy model with high predictive capacity. The highly
predictive capacity of the COSMO-SAC model arises from a
very important feature of the molecule for the model, i.e., the
sigma profiles. The sigma profiles are characteristic of each
molecule and can be obtained solely by quantum mechanics
calculations based on each atom type and position. The rele-
vant computational details are provided in the Supplementary
Information. In Fig. 1, the sigma profiles of the four molecules
used in this work, namely, glycerol, OA, MO, and water, are
depicted.

It can be seen, for instance, that the sigma profile for water
has a very low area in the neutral charge density region, having
most of its charge densities distributed close to +0.01 and
–0.01 e A–2, representing the water capacity of being both
hydrogen-bond donor and acceptor. On the other hand, the
OA, which is mostly comprised by CH3 functional groups, has
a highly apolar chain, resulting in a large area for neutral
charge densities. The glycerol molecule presents both neutral
(central alkyl groups) and non-neutral charges (positive, arising
from the charges induced by the oxygen, and negative from the
charges induced by the hydroxyl group).

The sigma profile for MO shows some small positive
induced charges areas, being mostly due to the oxygen in the
hydroxyl group, and the carbonyl functional group in the
molecule. There are also considerable negative induced charge
areas for MO which overlaps the glycerol’s negative charge
area. Again, like that of glycerol, this can be attributed to aris-
ing from the charges induced by the hydrogen in the hydroxyl
group. However, most of the MO molecule is composed of
hydrocarbyls, which explains the large neutral area shown in
Fig. 1 for MO.

Hsieh and co-workers [23] reported a modified version of
the COSMO-SAC model which can improve vapor-liquid equi-
librium (VLE) and LLE prediction accuracy. In this version, the
electrostatic interaction parameter is a temperature-dependent
parameter, and the hydrogen-bonding term is divided between
hydroxyl group interactions with another hydroxyl group
(OH–OH), hydroxyl group with other hydrogen bonding
group (OH–OT), and only non-hydroxyl hydrogen bonding
groups interacting with each other (OT–OT); where OT repre-

sents the other hydrogen bonding/acceptor that is not OH.
Hence, in this work, the COSMO-SAC (2010) was used to
describe the LLE of the ternary systems.

In essence, first the thermodynamic models UNIFAC-LLE and
COSMO-SAC were applied individually to calculate the activity
coefficients. Finally, the Rachford-Rice algorithm was used to
compute the tie lines of the ternary LLE. The tie lines computa-
tional procedure for ternary LLE for both thermodynamic mod-
els used is provided in the Supplementary Information.

2.3 Experimental Setup and Procedure

During experimental investigations in a non-catalyzed glycer-
olysis of OA where the glycerol-to-OA molar ratio was 6:1, at
363 K for 5 h, the conversion was found to be negligible
( £ 1 %). A conservative strategy of investigating phase solubili-
ty at lower temperature than 363 K was adopted to avoid any
chance of reaction taking place. The two ternary systems were
investigated at 303 K, 323 K, and 343 K both via thermodynam-
ic modeling and experimentally. Due to a rather expensive MO,
the glycerol-MO-OA ternary system was only experimentally
verified at 343 K.

A glass vessel fitted with an IKA EUROSTAR 60 Overhead
Stirrer was used to perform the LLE experiments. The glass
vessels were heated to the desired temperature by a Grant labo-
ratory heated water bath equipped with GD100 digital control-
ler. The experiments with the glycerol-water-OA system were
performed in a 20-mL glass vessel, and the experiments with
the glycerol-MO-OA system in a 2-mL glass vessel. The typical
procedure, identical in both cases, involved adding two immis-
cible components (glycerol and OA) into the glass vessel at a
specific molar ratio, and the third component (water or MO)
was added in steps to obtain phase compositions for different
tie lines.

Afterwards, the phases were stirred vigorously using axial
stirring to ascertain that well-dispersed conditions were main-
tained. The stirring at 600 rpm was done for 150 min, a time in
which good phase dispersion was achieved. Then, the mixture
was allowed to separate until both phases were clear. For the

Chem. Eng. Technol. 2024, 47, No. 1, 208–216 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 1. Sigma profiles of glycerol, oleic acid, monoolein, and water.
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glycerol-water-OA system, samples of 1.5 mL were withdrawn
from both phases systematically with a clean glass syringe
equipped with an 18-gauge stainless-steel needle for GC analy-
sis and then for water content analysis. During sample with-
drawal, every effort was made to avoid interfering with the
phases which became more difficult and important when using
a 2-mL glass vessel.

After the samples from the OA phase were withdrawn for
OA content analysis using GC, from the same volume, samples
were sent for water content analysis. For the glycerol-MO-OA
system, samples of 20 mL volume were withdrawn from both
phases and sent for GC analysis to ascertain the OA and MO
content. In both systems, the glycerol content was then
straightforward to calculate once the other two components
have been calculated analytically as described above. In the case
of the glycerol-water-OA system, no OA was detected in the
glycerol phase.

The aforementioned experimental procedure was adapted
from the works of Negi et al. [11], with only modifications in
GC analysis owing to the difference in instrument specifica-
tions used and nature of solute-solvent interactions in the GC
instrument.

2.4 Analysis

The water content was measured using a Karl Fischer Moisture
Analyzer (T5, Mettler Toledo). The measurement accuracy of
the Karl Fisher coulometer was checked with HYDRANAL–
water standard (10.00 mg g–1). This standard was supplied in
glass ampoules from Merck Pty Limited. For the determination
of OA and glycerides content, the analysis was performed using
a Shimadzu GC 2010 gas chromatograph equipped with split
injection and flame ionization detector (FID). The GC method
adopted here has been previously used by Zhang et al. [24] vali-
dating the methodology.

Separation occurred on an Agilent capillary DB-1HT column
(15 m, 0.25 mm ID, 0.1 mm film thickness). Instrument-grade
helium served as carrier gas at a constant flow of 30 mL min–1

and the makeup gases consisted of hydrogen and dry air at
constant flows of 40 and 400 mL min–1, respectively. Sample
volumes of 0.5mL were injected at 563.15 K with a split ratio of
20:1, while the FID detector was set to 653.15 K. The column
oven temperature was programmed as follows: 323.15 K held
for 1 min; 373.15 K at 50 K min–1; 493.15 K at 80 K min–1;
563.15 K at 30 K min–1; 603.15 K at 50 K min–1 and held 2 min;
and 653.15 K at 50 K min–1 and held for 3 min.

Linearity was established for standard solutions of OA and
MO from 50 to 1000 ppm, and 1 mg mL–1 solutions of the
product were taken from the upper layer using n-hexane as the
solvent. The solution was then filtered through a 0.22-mm
PTFE filter and vialed for GC analysis. The determination of a
fatty acid and its glycerides is dependent on the interactions be-
tween internal column materials with the specific glycerides.
Analysis was done on duplicates.

The mass of component i in the injected sample, wi, is pro-
portional to the area, Ai, of the GC peak:

wi / fiAi (2)

where fi is the response factor of component i as obtained by
calibration.

The mole fraction (x) of component i in the injected sample
can be calculated as:

xi ¼ wi=Mið Þ=
X

wi=Mið Þ (3)

where Mi is the molecular weight of component i. For the dou-
blets analyzed for all the samples taken from each phase, the
standard deviations were under 10 %, and very good calibra-
tions for GC-FID were achieved for OA (R2 0.998) and MO (R2

0.999). For water content analysis, the maximum standard de-
viations were under 5 %.

Additionally, the root-mean-square error (DxRMS) was also
evaluated for both the models to explore the extent of devia-
tions. The root-mean-square error between the experimental
and predicted tie lines in ternary diagrams [15] is defined as
per Eq. (4):

DxRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
nT

X
nP

X
nC

xP � xEð Þ2

nT � nP � nCð Þ

s
(4)

where xP is the predicted mole fraction, xE is the experimental
value of the mole fraction, nT denotes the number of tie lines,
nP the number of phases (nP = 2), and nC the number of com-
ponents (nC = 3).

3 Results and Discussion

3.1 Glycerol-Monoolein-Oleic Acid System

The experimental data and computed component mole frac-
tions for the two phases at equilibrium at 343 K, in addition to
the tie lines computed from UNIFAC-LLE and COSMO-SAC
models, are depicted in Fig. 2. The effect of MO on the glycerol
solubility in the fatty phase was observed to be significant and
desirable. On the contrary, the lipid solubility in the glycerol
phase is negligible. It was interesting to observe that when the
MO-to-OA molar ratio is 0.5, no glycerol was detected in the
fatty phase, marking the lower limit for the MO-to-OA molar
ratio for having any increase in glycerol solubility in the fatty
phase. As the MO-to-OA molar ratio increases, the glycerol
solubility rises in proportion. For equimolar MO and OA in
the feed composition, glycerol solubility was observed to be ap-
proximately 43 %. For higher MO-to-OA molar ratios in the
feed composition, the glycerol solubility in the fatty phase fur-
ther increments to 57 % and 60 %.

Moving on the model predictions, the predictions based on
the two models for the glycerol phase are in a good agreement
with the experimental data to some extent, showing signifi-
cantly less solubility for MO and OA in the glycerol phase.
Both model predictions can only be treated as qualitatively cor-
rect for the fatty phase, given both models forecast an increase
in glycerol solubility in OA on the addition of MO. The solubil-
ity of glycerol in the fatty phase was predicted to be substan-
tially lower by UNIFAC-LLE. COSMO-SAC predictions for the
fatty phase showed the best trend. This suggests that the inter-

Chem. Eng. Technol. 2024, 47, No. 1, 208–216 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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action parameters adopted in this study need more optimiza-
tion in case of the UNIFAC-LLE model. For COSMO-SAC
used in this study (see Supporting Information), even though
different types of H-bonding for a molecule were considered
to improve the accuracy of LLE predictions, it is still not satis-
factory yielding only qualitative results. This opens up the
scope for further optimization in the present COSMO-SAC
model.

Both of the models’ predictions were similar at 303 K, 323 K,
and 343 K, hence model predictions at lower temperatures was
not mentioned here. The tie line data are provided in Tab. 2.
The root mean square (RMS) errors evaluated for COSMO-
SAC and UNIFAC-LLE thermodynamic models, were 15.97 %
and 23.34 %, respectively.

3.2 Glycerol-Water-Oleic Acid System

Fig. 3 presents the experimental data for the glycerol-water-OA
system at three temperatures investigated during the LLE study.
It is observed that the tie lines for the three temperatures over-
lap each other. The tie line data is provided in Tab. 3. The glyc-
erol solubility in the fatty phase and OA solubility in the glyc-
erol phase were both negligible with changing the water-to-OA
molar ratios. This suggests that water does not influence any
change in glycerol and OA mutual solubility, as observed with
MO.

A similar trend was observed in predictions for both
UNIFAC-LLE and COSMO-SAC models, where tie lines over-
lapped each other for all three temperatures. These results
demonstrate that within the examined range the temperature
has a negligible impact on the mutual solubility of glycerol-OA.
A comparison of the experimental data and predictions based
on UNIFAC-LLE and COSMO-SAC is displayed in Fig. 4.

Chem. Eng. Technol. 2024, 47, No. 1, 208–216 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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Figure 2. Ternary diagram for glycerol-monoolein-oleic acid at
343 K (± 3 K). Comparison of experimental data (black solid lines
with triangle symbol) with UNIFAC-LLE (green dashed lines with
circle symbol) and COSMO-SAC (red dashed lines with square
symbols) models.

Table 2. Compositions of the points on the tie lines in the ter-
nary diagram for glycerol-monoolein-oleic acid at 343 K (± 3 K).

Glycerol phase Fatty phase

x ¢
G x ¢

MO x ¢
OA x ¢ ¢

G x ¢ ¢
MO x ¢ ¢

OA

0.95 0.02 0.04 0.00a) 0.28 0.72

0.87 0.09 0.04 0.60 0.29 0.11

1.00 0.00 0.00b) 0.43 0.26 0.31

0.89 0.04 0.04 0.57 0.25 0.18

a)The ratio of oleic acid to monoolein mole fraction in the feed
was much lower. b)No oleic acid was detected in GC analysis.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
0.0

0.2

0.4

0.6

0.8

1.0

303 K

323 K

343 K

O
leic A

cidW
at

er

Glycerol

Figure 3. Experimental data-based ternary diagram for glycerol-
water-oleic acid at 303 K (± 3 K) (black dashed lines with rhom-
bus symbol), 323 K (± 3 K) (green dashed lines with circle sym-
bol), and 343 K (± 3 K) (red dashed lines with square symbol).

Table 3. Compositions of the points on the tie lines in the ter-
nary diagram for glycerol-water-oleic acid at 343 K (± 3 K).

Glycerol phase Fatty phase

x ¢
G x ¢ ¢

H2O x ¢
OA x ¢ ¢

G x ¢ ¢
H2O x ¢ ¢

OA

0.91 0.09 0.00a) 0.0020 0.0010 0.9970

0.88 0.12 0.00a) 0.0020 0.0015 0.9965

0.82 0.18 0.00a) 0.0025 0.0020 0.9955

0.67 0.33 0.00a) 0.0020 0.0040 0.9940

0.63 0.37 0.00a) 0.0020 0.0050 0.9930

a)No oleic acid was detected in GC analysis.
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UNIFAC-LLE predictions for glycerol phase and fatty phase
are in good agreement with experimental data, whereas for
COSMO-SAC a much greater glycerol solubility in the fatty
phase is predicted, similar to the glycerol-MO-OA system as
before. The RMS error evaluated for COSMO-SAC and
UNIFAC-LLE thermodynamic models were 15.24 % and 1.55 %,
respectively. The good predictions by the UNIFAC-LLE model
for this ternary system indicate that for a less complex molecule,
i.e., water, the interaction (group contribution) parameters
adopted were optimized. However, this was not the case in the
MO-based ternary system in Sect. 3.1. As for COSMO-SAC, the
overpredictions for glycerol solubility in the fatty phase suggest
similar solution to Sect. 3.1. i.e., further optimize the model.

3.3 Tie Line Correlation

Tie line correlation, as equated below and introduced by
Othmer and Tobias [25], can be used to evaluate the validity of
experimental results in a ternary system at LLE.

log
1� a

a

� �
¼ n � log

1� b
b

� �
þ S (5)

where a is the mole fraction of the solvent in the solvent phase
and b is the mole fraction of the diluent in the conjugate phase.

As can be seen in Figs. 5 and 6, the experimentally acquired
data for the two ternary systems provide a good linear fit with

Chem. Eng. Technol. 2024, 47, No. 1, 208–216 ª 2023 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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Figure 4. Ternary diagram for glycerol-water-oleic acid system at: (a) 303 K (± 3 K), (b) 323 K (± 3 K), and (c) 343 K (± 3 K). Com-
parison of experimental data (black solid lines with triangle symbol) with UNIFAC-LLE (green dashed lines with circle symbol)
and COSMO-SAC (red dashed lines with square symbols) models.
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the tie line correlation, indicating the consistency of the experi-
mental results.

Furthermore, the deviation of slope (n) from unity (i.e., lines
are not at 45�), suggests that the systems investigated are not
completely immiscible. The reason for this variation in the
slope is attributed to the formation of either associated or dis-
associated molecules in the solution [25]. Referring to Fig. 1, it
was previously mentioned that in the sigma profiles the small
negative induced charge areas of glycerol were exactly over-
lapped by negative induced charge areas for MO.

Upholding the above two empirical evidences, it can be con-
cluded that the mutual presence of hydroxyl groups in glycerol
and MO in the present investigated system might promote the
formation of an associated or dissociated complex between
these species, favoring the glycerol solubility in the fatty phase.
This justification is in agreement with the results of Gomes
et al. [10], where the authors attributed MO to behave as a

phase transfer agent, which necessarily aims towards the for-
mation of associated or dissociated molecules in the solution.

4 Conclusion

An LLE study was conducted for two nearly immiscible
glycerol and fatty phases to investigate the effects of the third
component, MO and water, both being the products in the
glycerolysis of OA. LLE phase solubility was explored via ther-
modynamic models, namely, UNIFAC-LLE and COSMO-SAC,
as well as experimentally. Model predictions for the glycerol-
MO-OA system were only qualitatively accurate with
COSMO-SAC showing the best trend whereas UNIFAC-LLE
was found inadequate. Predictions for the glycerol-water-OA
system were in good agreement with experimental data for the
UNIFAC-LLE model whereas COSMO-SAC overpredicted the
glycerol solubility in the fatty phase. Phase predictions for both
models were not very accurate, especially in the fatty phase,
suggesting that more work on model parameter optimization is
required for the present ternary systems investigated.

The results for the glycerol-MO-OA system suggest that the
presence of MO in the biphasic immiscible system increases
the glycerol solubility in the fatty phase, even though the
mutual solubility of glycerol and OA does not much change in
the temperature range studied. The increased glycerol solubility
in the fatty phase, dictated by the MO concentration, also
opens up the scope of process intensification for glycerolysis
reaction by introducing MO at the beginning of the reaction.
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mole fraction of glycerol in the glycerol phase and b is the mole
fraction of oleic acid in the fatty phase.
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Symbols used

f [–] calibration-based response factor
M [g mol–1] molecular weight
P [bar] pressure of the system
T [K] temperature of the system
w [g] mass of any component in the

injected sample
x [–] molar fraction of a component
x [–] vector compositions in any phases
y [–] activity coefficient of a component

Greek letters

r(s) [A2] sigma profile
sm [e A–2] screening charge density

Sub- and superscripts

i a component in the mixture
I, II phases I and II in a biphasic system
¢, ¢¢ glycerol phase / fatty phase

Abbreviations

FFA free fatty acid
LLE liquid-liquid equilibrium
MO monoolein
OA oleic acid
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