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Accurate knowledge of the components in the purification of biodiesel is important in achieving con-
sistency in quality for the separation and purification process. In this paper, ternary phase diagrams were
used to study the phase separation and purification of tropical almond biodiesel at temperatures of 20 �C,
30 �C and 40 �C. The biodiesel was produced using alkaline transesterification of the seed oil. The bio-
diesel was characterized using ASTM and EN standard methods. A modified cloud point titration pro-
cedure under constant temperature was used to determine the tie lines and binodal compositions. The
phase mixture compositions were determined using gas chromatographic method. Distribution coeffi-
cient and selectivity analysis were performed and data accuracy, consistency and reliability were done
using a first-order linear polynomial model. The result revealed free fatty acid values for the oil and the
biodiesel as 0.63 and 0.23 respectively. The data quality and reliability showed a high coefficient of
determination of 0.9998, adjusted coefficient of determination of 0.9887, a standard deviation of 0.0327,
and a correlation coefficient of 0.8349 at the investigated temperatures. Methanol was prevalent in the
glycerol phase. Ternary phase diagrams provided the visual means of estimating the distribution of the
components.
© 2020 Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/li

censes/by/4.0/).
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1.0. Introduction

In today’s global energy utilization scenario, there is no escaping
the fact that alternative energy sources will eventually replace a
vast segment of fossil energy fuels in the nearest future [1,2]. A
point in time will arise when non-renewable energy fossil fuel
sources would be depleted such that humans would be required to
find sustainable alternatives with which to power households,
vehicles, and machinery [1,3]. The imperatives for intensive
development of substitutes are based on the increasing world en-
ergy demand due to population explosion and industrialization [2].
Biodiesel production presents the most promising source of
renewable energy with potentially high prospect to replace or
compliment petroleum-derived fuel due to similarities in proper-
ties. It is highly biodegradable and has minimal toxicity when
compared to fossil-based fuels. Generally, the separation and pu-
rification of biodiesel pose huge challenges in the commercial
production of the product. The phase separation and purification is
a significant factor in any biodiesel production process because it
indicates the economic viability of the process. Presently, soap
formation in biodiesel production causes significant difficulty in
http://creativecommons.org/licenses/by/4.0/).
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product separation and purificationwhich leads to high production
costs in terms of time, energy, and water consumption [4,5]. Also,
ineffective biodiesel separation and purification cause severe diesel
engine problems which include but are not limited to plugging of
filters, coking of injectors, excessive carbon deposits, excessive
engine wear, and many more [5,6].

Conventional biodiesel separation techniques such as gravita-
tional settling or centrifugation and supercritical methanol pro-
cesses though effective have some drawbacks. These processes are
influenced by factors such as intense mixing, the formation of
emulsion, solubility of biodiesel in glycerol, and glycerol in bio-
diesel [7]. The drawbacks include the use of chemical catalysts that
have high energy demand, high methanol consumption, and
generate large volumes of alkaline wastewater [8,9]. The methanol
can act as an emulsifier causing emulsification which can result in
severe difficulties in the separation of the biodiesel layer from the
water layer during the water-washing process [8]. Conventional
biodiesel purification techniques such as washing with distilled
water, washingwith acids, washingwith solid adsorbent, ether, and
water as well as membrane separation and purification also in-
troduces some operational challenges. These include high capital
cost, low specific area for mass transfer, and other related pro-
duction cost issues [7e9].

Biodiesel separation and purification are usually based on the
unit operation processes of distillation, extraction, and adsorption
[10,11]. To enhance the efficiency of the separation and purification
processes, accurate phase equilibrium data for the interactions of
the products of the biodiesel are required. This requires the
determination of the composition of the components of the specific
biodiesel, alcohol, and glycerol which are the fundamental infor-
mation required for biodiesel purification [10e12]. Since the pro-
duction, separation, and purification of biodiesel is normally
characterized by multiple objectives, quantitative prediction of the
system behavior from rudimentary physical and chemical princi-
ples is often inadequate and sometimes difficult. The process in-
volves lots of challenges which include the chemical reaction of the
liquid-liquid systems, phase separation of the products, complex
two-phase flows, mass transfer from reaction and diffusion [13,14],
and application of phase-field theory [15,16]. Equilibrium data for
biodiesel ternary systems are needed to properly situate the reac-
tion and purification process [15,16]. Adequate knowledge on the
phase equilibrium involving the determination of the binodal sol-
ubility curve composition and tie line composition data in the
biodiesel mixture is essential for enhanced understanding of the
process, improvement of the reaction, the selectivity of the targeted
product and separation process for the entire product mixture
[16e18].

Tropical almond fruits are found littering the environment in
Nigeria and many tropical countries of the world. They are either
randomly collected by children as playful edible fruits or disposed-
off as waste due to non-consumption by individuals. Thus, the use
of tropical almond seeds as biodiesel feedstock would serve as a
means of waste disposal alternative. Though tropical almond seed
oil is from an edible feedstock, its use in biodiesel production may
not likely competewith its use as food because it is not a staple food
source in many parts of the world. It is also not widely consumed in
Africa. The use of tropical almonds in biodiesel production is sup-
ported by the fact that some researchers have kicked against the
first, second, and third-generation classification of biodiesel feed-
stock [19]. They have rather emphasized the need to consider
possible feedstock for biodiesel production based on fuel-related
qualities of the derived biodiesel. Several non-edible biodiesel
feedstocks have been reported to possess poor cold flow properties
than biodiesel derived from edible feedstock such as rapeseed,
palm, and soybean seed oil [3,4,20]. Tropical almond seed oil
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possesses several substitutes such as canola and jojoba oils which
could also be used as viable feedstock [20]. The variety of tropical
almonds used in this study is known botanically as Terminalia
catappa. It is a large tropical tree in the leadwood tree family known
as Combretaceae. It is popularly known as tropical almond, Indian
almond, sea almond and, false Kamani. Sun-dried nuts of tropical
almond contain about 34e60% of bland, yellow, semi-drying oil
which becomes turbid over time [21]. It is abundantly available as
waste in Nigeria and other tropical African countries.

This research created a basis for a concerted approach to tropical
almond biodiesel production and development. A component
phase diagram is applied to phase separation and purification of
tropical almond biodiesel at the investigated temperatures. It
provided the basis for determining the distribution of the compo-
nents in the phases. Thus, enhancing the viability of the process in
terms of product quality and purity. The objective is to achieve
sustainability in the production process, reduce environmental is-
sues associated with production (wastewater generation) and
produce cleaner and high-quality biodiesel with minimal con-
straints in terms of time, cost, composition, and temperature.

There is little or no published work on the phase components
separation, purification, and distribution in tropical almond bio-
diesel at any known temperature. This research seeks to fill that
identified knowledge gap.

2.0. Materials and methods

2.1. Materials

Thematerials used in this experiments included tropical almond
seeds (TAS) obtained from Awo-Akpali and Ukpaba villages in
Ankpa, Kogi State of Nigeria; tropical almond seed oil (TASO);
tropical almond biodiesel (TAB) produced by alkaline trans-
esterification reaction; glycerol (99%e100% JDH, Acros Organics,
USA), methanol (Merck, Germany, 99.5% purity) and potassium
hydroxide pellets (85% BDH Labtech Chemicals, Poole, England).
The chemicals were of high analytical grade and no further puri-
fication was undertaken before it was used.

2.2. Methods

Fig. 1 shows the process flow diagram of the experimental setup
used in the study. Each activity in the diagram was undertaken
sequentially to obtain the phase composition.

2.2.1. Almond seed preparation
The tropical almond seeds used in this research were obtained

from mature tropical almond fruits. The seed preparation process
included cleaning, drying, size reduction, hull removal, drying, and
extruding. The seeds were crushed and ground using a motorized
industrial grindingmachine. The particle thickness (fraction size) of
the ground seeds were between 0.3 mm and 0.4 mm. The ground
seeds were aerated at normal atmospheric temperature and pres-
sure (room condition) for five days before oil extraction.

2.2.2. TASO preparation
The ground tropical almond seeds were wrapped in filter cloths

woven from horse-hair in small batches of 400 g each. The oilseeds
were thenmanually loaded into perforated, horizontal boxes below
the head block and above the ram of the hydraulic press. The boxes
were pressed together using upward hydraulic pressure on the ram
to extract the oil. Oil extraction was done with a temperature-
controlled stainless steel prototype hydraulic press (Mikel-Mex-
icol). It had a maximum load capacity of 400 g, a cylinder to enclose
the ground oilseeds, and a plunger for applying pressure. The



Fig. 1. Process flow diagram for the experimental procedure.

K.K. Adama, E.O. Aluyor and A.T.O. K Renewable Energy 165 (2021) 67e76
system had a thermal casing, maximum pressure capacity of
68.65 MPa, 150 mm piston diameter, 1000 W commercial strength
at 127 V, and a data logger system connected to a k-type thermo-
couple for temperature-controlled oil extraction. The extraction
was conducted at room temperature. The oil was pressed out
through the filter cloths and spent cakes were manually removed
from the hydraulic press. The oil after extraction and sedimentation
was filtered using a fine cloth and heated to 40 �C to drive off traces
of water and any bacteria present. The resulting oil was repeatedly
centrifuged at 1200 rpm for 20 min using a centrifuge to further
remove any contaminants present. It was thereafter packaged and
stored in clean dry glass and plastic containers for biodiesel
production.
2.2.3. Reaction mechanism in tropical almond biodiesel (TAB)
production (alkaline transesterification)

The reaction mechanism employed in the production of the
biodiesel was alkaline transesterification. Biodiesel was prepared in
a batch glass reactor (500 ml) from the oil with a molar ratio of 6:1
for methanol and oil respectively. The reaction temperature was
maintained at 60 �C with the stirrer speed set at 1200 rpm. On
completion of the reaction, the content of the reaction chamber
was drained into a separating funnel and allowed to separate into
two layers. The biodiesel and glycerol layers. The glycerol lower
layer was drained off. The biodiesel top layer was thenwashed with
Table 1
Components calibration curves of mass fraction (w) versus peak area (A).

Component Conc. range

(mg/ml) Calibration curve

Glycerol
(biodiesel-rich phase) 0.6 to 12.4
Glycerol
(glycerol-rich phase) 20.4 to 108.7
Methanol 0.7 to 92.4
Methyl Palmitate 0.3 to 6.6
Methyl Oleate 1.1 to 14.0
Methyl linoleate 1.2 to 24.8
Methyl linolenate 1.3 to 14.4
Methyl Ricinoleate 0.8 to 36.4
Methyl Myristate 0.005 to 0.56
Methyl Pentadecanoate 1.1 to 8.89
Methyl Palmitoleate 1.1 to 6.6
Methyl Stearate 0.1 to 12.2
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1 L of acidified water (0.01M H2SO4) to neutralize any catalyst
remaining and further washed with 1 L of distilled water to remove
glycerol and soaps. Samples of the biodiesel were subsequently
stored in a small glass and plastic containers.
2.2.4. Characterization of TASO and TAB
The oil (TASO) obtained after extraction and clarification were

subjected to physico-chemical characterization and fatty acid
profiling following AOAC, AOCS, ISO and CODEX STAN 210e1999
amended 2015 standard procedures: the acid value by AOAC Ca5a-
40, saponification value by AOAC 920:160; iodine value by AOAC
920:158 and peroxide value by AOAC 965.33 while viscosity was
determined by using Oswald viscometer apparatus, the density by
using density bottle and moisture content by the Rotary evaporator
oven (BTOV 1423). The ash content was by heating to dryness in
Veisfar muffle furnace and the refractive index by using the Abbe
refractometer (Model: WAY-25, Search Technology Instruments).

The physico-chemical properties of the biodiesel produced
(TAB) were investigated following techniques prescribed by ASTM
D 9751, ASTM D 6751, and EN 14214 standard procedures. The
properties determined were: saponification value, iodine value,
peroxide value, free fatty acid value, acid value, specific gravity,
refractive index, moisture content, density, ash content, smoke
point, fire point, flash point, cloud point and viscosity using stan-
dard test methods. The gas chromatographic (GC) analysis of the
R2

w ¼ 2.9191 � 10�8 A þ 6.8734 � 10�3 0.9997

w ¼ 4.0278 � 10�8 A þ 6.7606 � 10�4 0.9991
w ¼ 2.1053 � 10�8 A þ 7.9544 � 10�4 0.9999
w ¼ 9.9949 � 10�8 A þ 4.2 � 10�4 0.9986
w ¼ 9.4972 � 10�9 A þ 4.8 � 10�5 0.9997
w ¼ 9.2430 � 10�9 A þ 1.72 � 10�4 0.9991
w ¼ 9.5324 � 10�9 A þ 4.14 � 10�5 0.9997
w ¼ 10�8 A þ 6 � 10�5 0.9995
w ¼ 10�6 A þ 6 � 10�5 0.9998
w ¼ 10�6 A þ 6 � 10�5 0.9998
w ¼ 9.9949 � 10�8 A þ 4.2 � 10�4 0.9986
w ¼ 9.4972 � 10�9 A þ 4.8 � 10�5 0.9986



Table 2
Physico-chemical characterization of tropical almond seed oil.

Parameters Results AOAC/AOCS/ISO/CODEX

Density (g/cm3) 0.855 0.889e0.921
Moisture content (%g/gOil) 0.580 e

Refractive index 1.452 1.448e1.469
Saponification value (mg/KOH/gOil) 165.50 162e186
Iodine value (g/100g) 35.70 28e55
Peroxide value (mleq.oxy/kg) 1.472 � 10.0 max.
Acid value (mgKOH/g) 2.811 � 4.0 max.
Acid value after pretreatment (mgKOH/g) 0.380 � 0.6 max,
Free fatty acid as oleic (%) 1.400 1.2e7.3
Free fatty acid after oil treatment (%) 0.630 <1.0
Ash content (%) 1.011 e

Viscosity (mm2/s) 6.154 e

Smoke point (�C) 40.00 e

Flash point (�C) 157.02 e

Cloud point (�C) �2.00 e

Table 4
Comparison of obtained parameters of TAB with the different standards.

Parameters TAB ASTM
D9751

ASTM
D6751

EN 14214

Density (g/cm3) 0.849 0.850 0.880 0.860
e0.900

FFA (%) 0.230 0.31 0.25 0.25
Acid value (mgKOH/g) 0.460 0.062 0.50 0.50
Moisture content (%) 0.02 e e e

Ash content (%) 0.10 0.01 0.02 0.02
Conductivity (us/cm) 140 e e e

Refractive index 1.4402 e e e

Viscosity (mm2/s) 3.52 2.6 1.9e6.0 3.5e5.0
Saponification value (mgKOH/

g)
161.05 e e e

Iodine value (Wij’s) 28.02 42-46 e 120max
Peroxide value (Meq/kg) 4.37 e e e

Flash point (�C) 136 60-80 100e170 120
Fire point (�C) 40 e e e

Cloud point (�C) �2 �20 �3 to 12 e

Pour point (�C) �6 �35 �15 to 16 e

Smoke point (�C) 34 e e e

Table 5
Fatty acid profile of tropical almond biodiesel.

Parameters Results (%)

Capric acid methyl ester 1.06
Caprylic acid methyl ester 1.36
Stearic acid methyl ester 1.32
Eicosenic acid methyl ester 7.14
Erucic acid methyl ester 0.73
Palmitic acid methyl ester 7.88
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biodiesel was carried out with a split injection onto an analytical
column with a polar stationary phase and a flame ionization de-
tector (FID). The GC configuration was a Trace GC Ultra, Thermo
scientific 3000 Auto - Sampler system interfaced to a mass spec-
trometer equipped with Elite e 5MS fused silica capillary column
fitted with a capillary split/splitless injector and FID. The analytical
column was the Elite-Famewax column (Crossbond®polyethylene
glycol). The inlet temperature was maintained at 250 �C with a
column flow rate of 1 ml/min, a split flow of 50 ml/min, and an
injection volume of 0.5 ml. The initial and final temperature of the
oven programwas set at 210 �C and 230 �C respectively with a hold
time 1 and hold time 2 of 13.00 min and 15.00 min respectively
while the equilibration time was 0.0 min. The ramp1 was set at
5 �C/min while Elite e Famewax, 30 m � 320 mm � 0.25 mm film
columnwas used. Heliumwas used as the carrier gas while the FID
temperature was set as 250 �C, hydrogen, and airflow rates of
45 ml/min and 450 ml/min respectively with a range and attenu-
ation of 1 and -5 respectively. The analysis undertaken made use of
a biodiesel mixture at a known concentration and determined the
response and retention time of each component experimentally.
The result for the FAME content was expressed as a mass fraction
using a commercial mix of FAME as a calibration-check internal
standard. The internal standard used in the analysis was methyl
pentadecanoic (C15). It was because it behaved similarly to the
analytes of interest and was unlikely to be present in the sample
mixture because it has an odd number of carbon atoms on the
backbone [22,23]. Practically, natural sources of fats and oils
possess an even number of carbon atoms because the biosynthetic
pathways build the backbone in a two-carbon atom at a time.
Software adapted to handlemass spectra and chromatogramswas a
Turbo-Mass Version 5.2.0. Interpretation of mass-spectrum GC-MS
FID was conducted using the database of the National Institute of
Table 3
Fatty acid composition of tropical almond seed oil (wt. %).

Parameters Results

Palmitic (C16:0) 9.3
Palmitoleic (C16:1) 0.3
Oleic (C18:1) 69.7
Stearic (C18:0) 1.8
Linoleic (C18:2) 18.2
Linolenic (C18:2) 0.7
Total saturated acids (Cn: 0) 11.1
Total unsaturated acids 88.9
Total monosaturated acids (Cn:1) 70.1
Total polyunsaturated acids (Cn:2,3) 18.9
Molecular weight (g/mol) 874.5
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Standard and Technology (NIST) having more than 62,000 patterns.
Table 1 gives the component’s calibration curves mass fraction

(w) versus peak area (A) for the ternary systems studied.Where
R2 ¼ linear correlation coefficient, w ¼ mass fraction, A ¼ response
peak area.

Table 1 presents the components calibration curves used for the
quantification of biodiesel-rich and glycerol-rich phases. These
curves were obtained using gas chromatographic analysis. The ta-
ble was obtained in the order of elution and further confirmed by
checking the concentration against the relative areas of the peaks.
2.2.5. Ternary phase composition/diagram experiment
Procedures used in the determination of phase components

composition/diagram of biodiesel þ methanol þ glycerol system
(determination of binodal solubility curve and tie line data).

The equipment used for the ternary phase experiments were
burette, mechanical agitator e the stirrer, analytical balance,
Lignoceric acid methyl ester 4.75
Oleic acid methyl ester 40.34
a- Linoleic acid methyl ester 8.07
Palmtoleic acid methyl ester 0.58
Elaidic acid methyl ester 1.09
Arachnidic acid methyl ester 4.30
Behenic acid methyl ester 3.71
Myristic acid methyl ester 3.69
Hexadecane 0.69
9-dodecanoic acid methyl ester 0.54
Pentadecanoic acid methyl ester 0.56
Hexanaldimethyl acid 0.41
Linolenic acid methyl ester 0.83
Gadolic acid methyl ester 0.14
5-octadecanolenic acid methyl ester 0.63
g-linoleic acid methyl ester 3.41
Vaccenic acid methyl ester 1.78
10-undecanoic acid methyl ester 1.97



Fig. 2. Tie lines for overall composition at A) 20 �C B) 30 �C C) 40 �C.
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pipette, thermostatic water-bath with a circulation pump for
temperature control, conical flasks, stopwatch, beakers and
analytical instrument for analyzing the composition of the mixture
- Gas chromatograph-mass spectroscopy/flame ionization detector
(GCMS/FID). The binodal solubility curve and tie line data for the
tropical almond biodiesel ternary system at temperatures of 20 �C,
30 �C and 40 �C and time intervals were determined by the cloud-
point method using titration procedure under isothermal condi-
tions employed by several researchers with some modifications
[14,18,24]. The changes involved withdrawing samples from the
mixture at 2min intervals for 32min under constant agitation. Each
sample, at a different time interval, was then analyzed using GC for
the component composition from the withdrawn mixture.
3.3. Distribution coefficient, K, and solvent selectivity, S

The distribution coefficient, K, and the solvent selectivity, S, was
calculated using experimental compositions of both phases
employed by several researchers [14,18,24]. ‘K’ is used to establish
the minimum solvent-to-feed ratio for the experimental process
while ‘S’ is the ratio of the distribution coefficient ‘K’ for any two
components of the system. Both parameters are measures of the
chemical equilibrium between the phases. ‘K’ and ‘S’ are mathe-
matically represented as:

K ¼mass fraction of methanol in the biodiesel� rich phase
mass fraction of methanol in the glycerol� rich phase

(1)
71
¼ mass fraction of glycerol in the biodeisel� rich phase
mass fraction of glycerol in the glycerol� rich phase

(2)

S¼ distribution coefficient of methanol
distribution coefficient of glycerol

(3)

¼ Kmethanol

Kglycerol
(4)
3.4. Data correlation

The Othmer-Tobias correlation parameter was used to plot the
experimental ternary solubility and tie line data. This was used to
validate the reliability and quality of the experimental data ob-
tained from the tie line and binodal or solubility experimental
procedures [25]. The correlation was expressed as a linear plot
shown mathematically as:

log
�
1� a
a

�
¼nlog

�
1� b
b

�
þ C (5)

where.

a ¼ mass fraction of glycerol in the glycerol-rich phase at the
different temperatures and times



Fig. 3. Tie line plot for tropical almond oil biodiesel/glycerol/methanol system at (A) 20 �C (B) 30 �C (C) 40 �C.
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b¼mass fraction of biodiesel in the biodiesele rich phase at the
different temperatures and times
n ¼ slope
c ¼ constant for each system.

Portable graphics format language (command line program)
PGFPlot, OriginLab e OriginPro version 9.1, Mathematica version 10
and MATLAB 8.5 software 2015 version were used for graphical
analysis.
4. Results and discussion

4.1. TASO and TAB production and characterization

The physico-chemical properties of the tropical almond seed oil
are presented in Table 2.

Table 2 presents the analysis conducted on the tropical almond
seed oil in terms of its physico-chemical characterization. From the
table, the values of the properties fall within the range of values for
oils used in similar applications regarding the different standards
(AOAC, AOCS, ISO standards and, CODEX STAN 210-1999 amended
2015). These properties established the identity of the particular oil.
They measured the specific characteristics of the oil. Some of the
properties specified the characteristics of the oil and, others were
empirical. The fuel properties all showed that the oil had huge fuel
potentials for industrial applications.

The fatty acid composition of tropical almond seed oil is shown
in Table 3.
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The result shows the major and minor fatty acid constituent of
the oil. The fatty acid constituents of the TASO in this research were
similar to those reported by some researchers [26,27] that were
quite different from those reported by Ref. [28] for other species
and varieties of tropical almonds in different geographical locations
of the world. Also, it was observed that the fatty acid profile of the
tropical almond seed oil was similar to that of canola oil as reported
by another author [29]. Studies were undertaken [30,31] that
revealed that fatty acids with single double bonds were considered
to be the best choice for biodiesel andmost fatty acid constituent of
oils and biodiesels remained practically the same even after the oil
had undergone the transesterification process.

Table 4 presents the results of the physico-chemical properties
of the tropical almond biodiesel in comparison with the different
standards.

The values of the properties investigated in Table 4 showed high
levels of conformity to the various standards used in biodiesel
analysis as shown in the table.

The results of the fatty acid profile of tropical almond biodiesel
are presented in Table 5.

The results revealed the presence of different methyl esters
defining the character of the tropical almond biodiesel. Similarly, it
was observed that the major fatty acid constituent of the unsatu-
rated acid of both the oil and the biodiesel was the same (oleic acid
and methyl oleate respectively). The fatty acid methyl oleate
accounted for more than 70% of the unsaturated fatty acid
composition of biodiesel and so was the major influence on the
character of the biodiesel produced.
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4.2. Application of ternary phase diagrams

4.2.1. Overall ternary phase mixture composition for tropical
almond biodiesel/glycerol/methanol system

Fig. 2 shows the tie line plots for the overall feed composition at
the different withdrawal time intervals for the investigated tem-
peratures of 20 �C, 30 �C and 40 �C respectively.

From Fig. 2, it could be observed that the three components
(tropical almond biodiesel, methanol and glycerol) were equally
dispersed in the mixture with high levels of homogeneity at the
different temperatures and time intervals. The influence of tem-
perature and time on the overall mixture composition was negli-
gible. There were uniform distribution of the three components
throughout the mixture at the various temperatures and times
investigated.
4.2.2. Analysis of tie line data and plots for tropical almond
biodiesel upper-rich and glycerol lower-rich phases’ mixture
composition after separation at the studied temperature and time
intervals

Fig. 3 shows the ternary phase diagrams for the biodiesel-rich
and glycerol-rich compositions at temperatures of 20 �C, 30 �C
and 40 �C respectively.

From the figure, the concentration of biodiesel was higher in the
biodiesel-rich phase as expected than glycerol due to the density
difference between biodiesel and glycerol in the first instance. There
was greater affinity or force of attraction between methanol and
glycerol thanbetweenmethanol andbiodiesel.Methanolandglycerol
are both polarmolecules, hence the forces of interaction between the
Fig. 4. Binodal curve plot for tropical almond biodiesel/glyc
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molecules. Also, therewas a gradual decrease in the shape of the two-
phase envelope as the temperature was increasing. As a result, the
volume and size of the homogeneous region increased with
increasing temperature. This phenomenon could be assumed to
imply thatmethanol favorablydispersedand solubilizeglycerol in the
glycerol-rich phase than in the biodiesel-rich phase, hence acting as a
better solvent in this particular investigation [18,24,32]. The meth-
anol enabled the reaction mixture to form a two-phase mixture. The
large homogeneous region observed indicated that biodiesel and
glycerolwere relatively still immiscible at higher temperatures in the
presence of methanol [18,33e35]. Generally, polar molecules like
methanol andglycerol havehigh solubility indicators unlikenonpolar
molecules likebiodiesels thathave lowsolubility indicatorswhichare
all related to the solvent’s polarity parameter [36e38]. Also, from
Fig. 3, it could be seen that component withdrawal was time and
temperature-dependent indicating that at every time interval, the
phase composition at the particular temperature was a function of
phase mixture constituents. This was in accord with studies con-
ducted by other researchers [11,14,39e41].

Fig. 4 presents the ternary phase diagram at the investigated
parameters.

The methanol dispersed between the two phases with a larger
proportion of residents in the glycerol phase [18,39,42]. The
temperature-influence was minimal as seen from the figures. The
solubility and concentration, however, was observed to be influ-
enced by the time interval. From the figures of the binodal solubility
curve, the size of the splitting or two-phase region decreased
slightly with increasing temperature. This behavior agreed with
other researches conducted [40e42].
erol/methanol system at (A) 20 �C (B) 30 �C (C) 40 �C.



Table 6
Distribution coefficients of glycerol (Kglycerol), methanol (Kmethanol) and solvent
selectivity (S) at temperatures of (20, 30 and 40) �C and different time intervals for
tropical almond biodiesel/methanol/glycerol phase composition.

Temperature, T/�C Time Interval, t/min Kglycerol Kmethanol S

20 2.00 0.0280 0.1410 5.0360
4.00 0.0220 0.1310 5.9550
6.00 0.0550 0.1590 2.8910
8.00 0.0160 0.1100 6.8750
10.00 0.0170 0.1410 8.2940
12.00 0.0150 0.0960 6.4000
14.00 0.0340 0.2460 7.2350
16.00 0.0300 0.1240 4.1330
18.00 0.0330 0.0960 2.9090
20.00 0.0140 0.2470 17.6430
22.00 0.0170 0.1230 7.2350
24.00 0.0020 0.0520 26.0000
26.00 0.0130 0.1960 15.0770
28.00 0.0120 0.1610 13.4170
30.00 0.0120 0.1810 15.0830
32.00 0.0120 0.1610 13.8330

30 2.00 0.0280 0.1440 5.1430
4.00 0.0190 0.1520 8.0000
6.00 0.0290 0.1540 5.3100
8.00 0.0150 0.1280 8.5333
10.00 0.0190 0.1420 7.4740
12.00 0.0150 0.0880 5.8670
14.00 0.0410 0.1700 4.1460
16.00 0.0220 0.1780 8.0910
18.00 0.0140 0.1810 12.9290
20.00 0.0130 0.2360 18.1540
22.00 0.0070 0.1120 16.0000
24.00 0.0010 0.0770 77.0000
26.00 0.0070 0.1620 23.1430
28.00 0.0060 0.1090 18.1670
30.00 0.0120 0.1090 9.0830
32.00 0.0060 0.1380 23.0000

40 2.00 0.0280 0.1450 5.1790
4.00 0.0220 0.1320 6.0000
6.00 0.0160 0.1290 8.0630
8.00 0.0140 0.1540 11.0000
10.00 0.0200 0.1420 7.1000
12.00 0.0160 0.0820 5.1250
14.00 0.0160 0.0830 5.1880
16.00 0.0140 0.2370 16.9290
18.00 0.0100 0.3920 39.2000
20.00 0.0120 0.2200 18.3333
22.00 0.0130 0.0930 7.1540
24.00 0.0100 0.1140 11.4000
26.00 0.0140 0.1330 9.5000
28.00 0.0100 0.0550 5.5000
30.00 0.0130 0.0500 3.8460
32.00 0.0120 0.1100 9.1670

Table 8
Parameter estimation for the ANOVA.

Estimate Standard error Confidence interval

1 �0.27 6.14468 � 10�17 (-0.27, �0.27)
X 0.15 8.56241 � 10�18 (0.15, 0.15)
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The distribution coefficient, K, and the solvent selectivity, S, are
salient parameters in determining the nature of any solvent to be
used in a liquid-liquid equilibrium process. At the studied tem-
peratures and time intervals, the K-values were all positive and less
than one. The S-values were all greater than one (see Table 6). The
methanol used was effective and efficient for the phase mixture
separation and purification. The methanol’s K-values were rela-
tively low. It had minimal influence on the volume of methanol
required for the process, contrary to similar studies conducted
Table 7
Othmer-Tobias correlation parameter constants and analysis of variance (ANOVA) param
conditions.

T (�C) Degree of Freedom Mean Square Fisher-Stats A

20 1 0.295781 6.1944 0.619875
30 1 0.378827 17.9415 0.641541
40 1 0.585371 12.7415 0.554439
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[42,43]. The selectivity, S, was dependent on the phase properties at
the given operating conditions. The distribution coefficient was a
function of the properties of the mixture.

Tables 7 and 8 present a summary of the Othmer-Tobias corre-
lation parameter constants and analysis of variance (ANOVA) pa-
rameters for the tropical almond biodiesel phase mixture
composition at the investigated temperatures.

The data quality and reliability are shown in Table 7. Table 8
presents the parameter estimation for the ANOVA. The quality of
the data was validated by a low experimental error in analysis and
testing with the correlation used. The results showed a high coef-
ficient of determination (R2), comparatively high values for the
adjusted coefficient of determination (adj. R2), relatively low values
of the standard deviation (sOT) and correlation coefficient (r) and p-
values less than 0.05 (p < 0.05) across the three temperatures
investigated. A research [43] reported data quality values of R2 ˃
0.98 and sOT ˂˂ 0.0348 for castor biodiesel system. These values
agreed with those obtained in this research. Another study [42]
reported data reliability analysis values of 0.97 and 0.99 for R2 at
two different temperatures that also agreed with the present study.
A study [18] presented linear fit of the data with Othmer-Tobias
correlation indicating the consistency of the data although the R2,
adj. R2, standard deviation and, the correlation coefficient param-
eters were not determined. Similar results [12,14,43] were obtained
for soybean and castor oil biodiesel systems at two different
temperatures.

Fig. 5 A, B and C present the measurement uncertainties for the
data at the different investigated temperatures. The linearity of the
plot further confirms the reliability of the data showing minimal
deviations.

Table 9 presents the ANOVA data for the measurement uncer-
tainty at the different temperatures.

Table 9 shows the ANOVA data for the uncertainty measure-
ments at the investigated temperatures. The result revealed high
values for the parameter estimations of the investigated data.

The mathematical models at the investigated temperatures
from the experimental data were:

At 20 �C; fðxÞ¼0:619875þ 0:739852x (6)

At 30 �C; f ðxÞ¼ 0:641541þ 0:766589x (7)

At 40 �C; f ðxÞ¼ 0:554439þ 0:675982x (8)

Based on the result in Table 9 and the measurement uncertainty
plots, the model and the experimental data were significantly
correlated. It indicated a high degree of consistency and reliability
of the experimental data obtained at different temperatures.
eters for tropical almond biodiesel phase mixture composition at the investigated

B P-Value R2 Adj. R2 sOT r

0.739852 0.0260 0.9998 0.9887 0.0327 0.8349
0.766589 0.0008 0.9998 0.9887 0.0323 0.8344
0.675982 0.0031 0.9998 0.9887 0.0298 0.8348



Fig. 5. Measurement uncertainty of the Othmer-Tobias correlation at (A) 20 �C (B)
30 �C (C) 40 �C.
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4.3. Implications for theory and practice

Based on sustainability, phase separation, and, purification us-
ing water-washing is highly uneconomical and generates waste-
water. The use of ternary phase diagrams to study the phase
separation and purification at different temperatures provided a
means of ascertaining and estimating the composition of the
components of the biodiesel. It will engineer a process with the
Table 9
ANOVA data for uncertainty measurements.

T
(�C)

Coefficient of
determination
(R)2

Adjusted coefficient of
determination (R)2

Root mean
square error
(RMSE)

Residual sum
of square (RSS)

20 0.9997 0.9987 0.0227 0.00669
30 0.9943 0.9934 0.0121 0.00190
40 0.9921 0.9909 0.0185 0.00480
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terminal aim of producing higher quality biodiesel at reduced
production cost while minimizing wastewater generation. It would
lead to a highly efficient production process. With in-depth
knowledge of the biodiesel component composition that can give
improved quality and purity, the production process would become
more efficient and sustainable.

5. Conclusions

Phase separation and purification is a key factor in the biodiesel
production value-chain as it gives indications as to the economic
viability of the process. The distribution of the components of the
tropical almond biodiesel system at temperatures of 20 �C, 30 �C
and 40 �Cwas done using ternary phase diagrams. The composition
of the constituent molecules in the biodiesel system was easily
determined and visualized using binodal solubility composition
and tie line data. Methanol dispersed favorably towards the glyc-
erol phase than the biodiesel phase. Methanol was effective and
efficient for the phase separation and purification process based on
values obtained for distribution coefficient, K, and selectivity, S. The
influence of temperature on the distribution of the components
was negligible. The experimental data showed consistency and
reliability based on the measured parameters (R2 ¼ 0.9998, Adj.
R2 ¼ 0.9887,sOT ¼ 0.0327, r ¼ 0.8349). The data showed first-order
linear models at the three temperatures. The results of this study
are useful for producing high-quality biodiesel at reduced pro-
duction cost while ensuring a highly efficient process.
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