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SUMMARY: The objective of the current study was to develop parameters for the separation of palmitic acid
(PA) from a crude palm oil saturated fatty acid (SFAs) mixture by using the methanol crystallization method.
The conditions of methanol crystallization were optimized by the response surface methodology (RSM) with
the D-optimal design. The procedure of developing the solvent crystallization method was based on various
different parameters. The fatty acid composition was carried out using a gas chromatography flame ioniza-
tion detector (GC-FID) as fatty acid methyl esters. The highest percentage of SFAs was more than 96% with
the percentage yield of 87.5% under the optimal conditions of fatty acids-to-methanol ratio of 1: 20 (w/v), the
crystallization temperature of -15 °C, and the crystallization time of 24 hours, respectively. The composition of
separated SFAs in the solid fraction contains 96.7% of palmitic acid (C¢,) as a dominant component and 3.3%
of stearic acid (C,g,). The results showed that utilizing methanol as a crystallization solvent is recommended
because of its high efficiency, low cost, stability, availability, comparative ease of recovery and its ability to form
needle-like crystals which have good filtering and washing characteristics.
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RESUMEN: Optimizacion de la cristalizacion con metanol para una separacion altamente eficiente del dacido palmitico
en mezclas de dcidos grasos de palma usando metodologia de superficie de respuesta. El objetivo del presente estudio
fue desarrollar parametros para la separacion de acido palmitico (PA) en mezclas de acidos grasos saturados (SFAs)
de aceites de palma crudo mediante el método de cristalizacion con metanol. Las condiciones de cristalizacion con
metanol se optimizaron utilizando la metodologia de superficie de respuesta (RSM) con el disefio D-Optimal. El
procedimiento de desarrollo del método de cristalizacion con disolvente se basé en diversos parametros diferentes.
La composicion de acidos grasos se llevo a cabo por cromatografia de gases (GC-FID) como ésteres metilicos de
acidos grasos usando un detector de ionizacion de llama. El porcentaje mas alto de SFAs fue mayor del 96% con un
rendimiento porcentual de 87,5% bajo las condiciones 6ptimas de relacion de acidos grasos:metanol de 1:20 (p/v),
una temperatura de cristalizacion de -15°C y un tiempo de cristalizacion de 24 horas. La composicion de la frac-
cion de SFAs separada en fraccion solida contiene 96,7% de acido palmitico (C16:0) como principal componente y
3,3% de acido estearico (C18:0). Los resultados mostraron recomendar metanol como disolvente de cristalizacion
debido a su alta eficiencia, bajo coste, estabilidad, disponibilidad, facilidad comparativa de recuperacion y su capa-
cidad para formar cristales de aguja que tienen buenas caracteristicas de filtracion y lavado.

PALABRAS CLAVE: Acido palmitico; Biodiesel; Cristalizacion en metanol; Diseiio D-optimal; Metodologia de super-
ficie de respuesta (RSM)
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1. INTRODUCTION

Palmitic acid (PA), also called hexadeca-
noic acid, is an example of saturated fatty acids
(SFAs) which are found in plants and animals. Its
chemical formula is CH5(CH,),4,COOH, and it is
regarded as a major component in the composi-
tion of palm oil. It can also be found in several
products such as butter, cheeses, meats, and dairy
products as an additive. PA is widely used in many
industrial fields such as soaps, cosmetics, and
release agents (Henderson and Osborne, 2000).
Recently, its use has been extended to numerous
modern applications such as feedstock to produce
biodiesel (Saravanan et al., 2016), as an additive
in pulmonary surfactant synthesis (Nakahara
et al., 2011), as an additive in preparations of
composite-based formula (Zhang et al., 2014), as
a phase change material for latent heat storage
and a phase change energy storage material (Fang
et al.,2012).

Several methods had been reported for sepa-
rating a fatty acid mixture with varying yields,
such as adsorption chromatography (Maddikeri
et al., 2012), enzymatic splitting (Kempers et
al., 2013), molecular distillation (Cermak et al.,
2012), low-temperature crystallization (Brown
and Kolb, 1955), urea complexation (Salimon
et al., 2012), and fractional crystallization from
solvents (Strohmeier et al., 2014). However, the
most efficient and simplest separation method to
obtain SFA concentrates as free fatty acids is frac-
tional crystallization from solvents. This is a well-
established technique to remove monounsaturated
and polyunsaturated fatty acids and SFAs such as
lauric acid and myristic acid which are a part of
the composition of the palm fatty acid mixture.
Fractional crystallization from methanol is advan-
tageous because of its low cost, easy process and
ability to recycle methanol.

A comprehensive review of novel separation
techniques for separation and purification of
fatty acids and their derivatives was conducted by
Wanasundara et al., (2005). The major techniques
for separating saturated and unsaturated fatty
acids are low-temperature crystallization, distil-
lation, in addition to the complex formation and
precipitation with urea. Fatty acids are difficult
to separate because of their slightly close molec-
ular weights, similar sets of functional groups,
and fluxional structures. The molecular weights
of the seven fatty acids in palm oil are 200.32 g/
mol (lauric acid), 228.37 g/mol (myristic acid),
256.42 g/mol (palmitic acid), 284.48 g/mol (stea-
ric acid), 282.46 g/mol (oleic acid), 280.45 g/mol
(linoleic acid), and 278.43 g/mol (linolenic acid).
The solubilities, boiling points, and densities of
the fatty acids are somewhat similar and there

is no simple basis for separation to achieve high
purities. However, separation methods such as
winterization, distillation, and chromatography
are based on these physical properties (Bowden
and Gupta 2014).

It is well known that higher unsaturated acids
are much more soluble than their corresponding
saturated counterparts and may be partially sepa-
rated from a mixture (Wanasundara et al., 2005).
Thus, the separation of a fatty acid mixture into
two fractions using solvent crystallization is based
on the difference in their solubility in specific
polar organic solvents such as methanol, etha-
nol and acetone or a mixture of organic solvents
(Strohmeier et al., 2014).

Response surface methodology (RSM) is a
group of statistical and mathematical techniques
which are suitable for modeling and analysis in
applications where a dependent variable of inter-
est is affected by numerous independent variables
and the aim is to optimize this dependent variable
(Montgomery, 2001). RSM assists in evaluating the
influence of numerous variables and their interac-
tions on dependent variables. It can also help in
finding the relationship between process variables
and in building a mathematical model which per-
fectly describes the overall process (Myers et al.,
2009).

In this study, the methanol crystallization of a
mixture of fatty acids of high free fatty acid crude
palm oil was conducted to produce palmitic acid
(PA) with high yield and percentage. The influ-
ence of FAs-to-methanol ratio (X)), crystallization
temperature (X,) and crystallization time (X;3) on
the yield % of SFAs (Y)), percentage of SFAs (Y>),
percentage of PA (Y;) was systematically analyzed
using the RSM.

2. MATERIALS AND METHODS
2.1. Materials

Crude palm oil was provided by Sime Darby
Company, Carey Island, Selangor — Malaysia.
Fatty acid methyl ester (FAME) standards were
purchased from Sigma-Aldrich Chemical Co. Inc
(St. Louis, MO, USA). There are other chemicals
and solvents used in this study such as methanol,
n-hexane, ethanol, and sodium sulphate which were
either analytical grade or high performance liquid
chromatography (HPLC) grade used without fur-
ther purification.

2.2. Preparation of free fatty acids (FFAs)
Approximately 25 g of high free fatty acid

crude palm oil was placed in the flask with
150 mL of a hydrolysis solution which contains
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ethanolic potassium hydroxide (1.75 M), and
ethanol (150 mL: 90% v/v). The hydrolysis reac-
tion was carried out in a 250 mL two-neck round-
bottom flask at a reaction temperature of 70 °C
and reaction time of 2 h. After this, the hydrolysis
was done, and unsaponifiable matters were sepa-
rated by adding 100 mL of water with 50 mL of
hexane to the mixture. The soap containing the
aqueous alcohol phase was acidified by adding
HCI 6N (~60 mL) to pH=1, and recovery of free
fatty acids by extraction with a non-polar solvent
as hexane. About (3%X25 mL) of the distilled water
was used to wash the extracted fatty acid mixture
to neutral pH. A separating funnel was also used
to remove and discard the resulting lower layer.
The upper organic layer containing FFAs was
dried with anhydrous sodium sulphate, and hex-
ane was evaporated under reduced pressure using
a vacuum rotary evaporator at 35 °C (Salimon et
al.,2011). After that, the free fatty acid percentage
(% FFAs) was determined (Prasanth Kumar and
Gopala Krishna, 2015).

2.3. Separation of saturated fatty acid
crystallization (preliminary test)

Firstly, the following procedure was performed
to select the effective factors for the separation of
saturated fatty acids. The crystallization of palm
fatty acid mixture (PFAM) was carried out with a
proper beaker in a refrigerator provider to control
the temperature. The fatty acid mixture was crys-
tallized from aqueous methanol (95%). For the
solute, solvent ratios were varied from 1:5 w/v to
1:25 (gzmL). The temperatures of crystallization
were also varied from -20 to 5 °C, while crystal-
lization time was varied from 4 to 30 h as shown in
Table 1. The mixture of liquid and crystals was fil-
tered by a Buchner funnel under reduced pressure.
The funnel was pre-cooled to the same crystalli-
zation temperature as the solvent and FFAs. The
crystals were washed once on the filter with the
proper amount of a pre-cooled methanol to the
same temperatures of crystallization of the chilled
liquid and crystals. The solvent was evaporated
from the solid and liquid fractions under reduced
pressure. Then, the same procedure was repeated
one time with separated solid fractions to concen-
trate SFAs.

2.4. Experimental design

In this study, three independent variables were
determined under the same experimental operating
conditions to verify using crystallization from the
methanol of saturated fatty acids (solid fraction)
obtained from the second crystallization of palm
fatty acid mixture (PFAM). The independent vari-
ables in this study were FAs-to-MeOH ratio (g/mL,
X)), temperature (°C, X,), and time (h, X3). In a typi-
cal experiment, 10 g of SFAs were crystallized from
methanol. The FAs-to-methanol ratios were varied
from 1:10 g mL" to 1:20 (g mL™"). Temperatures
of crystallization were also varied from -15 to 0
°C. Crystallization time was varied from 8§ to 24
h, as shown in Table 2. The mixture was left in the
refrigerator for a specific time and the liquid and
crystals were filtered by the Buchner funnel under
reduced pressure. The funnel was pre-cooled to the
same crystallization temperature as the solvent and
FFAs. The crystals were washed once on the filter
with the proper amount of a pre-cooled methanol to
the same temperature crystallization of the chilled
liquid and crystals. Methanol was evaporated from
the solid and liquid fractions under reduced pres-
sure. Then, this process was repeated one more time
with the solid fraction (palmitic acid), which indi-
cates that there is a need for double crystallization to
increase the percentage of palmitic acid. After select-
ing the range of variables in our lab, and repeating
the experiment at optimal parameters, the RSM was
used statically to optimize the responses. Therefore,
the total crystallization was repeated four times.

2.5. Model fitting and statistical analysis

In this study, the RSM with the D-optimal design
was used to optimize the dependent variables in
solid fractions after methanol crystallization was
carried out. The yield % of SFAs (Y}), the percent-
age of SFAs (Y, in %), and PA (Y5 in %) are given
in Equations 2, 3, and 4, respectively. Moreover, the
selection of the range of the independent variables
was based on a primary study which had been con-
ducted in our lab and will be published elsewhere.

The independent variables were FAs-to-MeOH
ratio (w/v), (X)), temperature (°C) (X,) and time
(h) (X3). The codes and range of these factors
are shown in Table 2. A quadratic polynomial

TABLE 1. Experimental range and levels of independent variables for separation of saturated fatty acids

Variable levels

Independent variable Coding -1 0 1
FAs -to- MeOH ratio (w/v) (g/mL) X, 5 15 25
Crystallization temperature (°C) X, -20 0 5
Crystallization time (h) X; 4 16 30
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TABLE 2. Experimental range and levels of independent variables for D-optimal design.

Range and level

Independent variable parameters code -1 (Low) 0 (Center) +1 (High)
FAs-to-MeOH ratio (w/v) (g mL™) X, 10 15 20
Crystallization temperature (°C) X, -15 -7.5 0
Crystallization time (h) X; 8 16 24

regression model was assumed for predicting indi-
vidual Y variables. The model suggested for each
response of Y as given below in Equation (1)
(Montgomery, 2001).

Y=5, "r‘iﬁ[Xi +iﬂiiXi2 +i'iﬁinin +e (1)
i=1 i=1

=l =1

Where Y is the dependent variable (response), Bo;
Bi; Bii; and Bij are constant, linear, quadratic and
interaction regression coefficient terms, respec-
tively. K represents the number of the indepen-
dent variables “xi”, and “g” is the residual or
the random error. Design-Expert version 6.0.10
(Stat Ease, USA) was used for analysis of vari-
ance (ANOVA), multiple regression analysis,
and analysis of ridge maximum of data in the
response surface regression (RSREG) procedure.
Thus, ANOVA and the coefficient of determina-
tion R*were used to determine the goodness of fit
of the model. Contour plot and response surface
were enhanced by utilizing a suitable quadratic
polynomial equation achieved from the RSREG
analysis and holding the independent variables
at a constant value and changing the level of other
variables (Jiang et al., 2006; Permukaan et al.,
2015; Wu et al., 2008).

2.6. Preparation of fatty acid methyl esters (FAME)

About 0.008 mol (2 g) of palmitic acid were
added to a small (50 mL) two-neck round-bottom
flask, equipped with a standard taper joint (19/38)
and a short condenser. Then, 0.2 mol (8.7 mL)
methanol was added with 0.01 mol (0.3 mL) of
HCI 37%, and this was followed by adding 1.4X10"
’mol (1.5 mL) of toluene. After that, the mixture
was refluxed at 65 °C for 1.5 hour. Then, it was
transferred to a separating funnel, 10 mL distilled
water and 15 mL of hexane were added to the mix-
ture. Afterward, the mixture was left to stand till
there were two complete layers. Then, the upper
layer was separated and dried using anhydrous
sodium sulphate Na,SO, overnight. Thus, hexane
was recovered under reduced pressure by using a
vacuum rotary evaporator at 35 °C (Japir et al.,
2016; Japir et al., 2017).

2.7. GC-FID analyses

GC analyses were performed using gas
chromatograph (Model 5890 SERIES II GC,
HEWLETT PACKARD, USA) software equipped
with a flame ionization detector (FID) and a BPX-
70 fused silica capillary column (30m, 0.25mm i.d.,
0.25-um film thickness). The injector temperature
was maintained at 280 °C. Operating conditions
were as follows: helium as the carrier gas was at a
flow rate of ImL/min, injection volume 1pL and
a split ratio of 60:1. The oven temperature was
maintained at 120 °C, and it was increased to 245
°C and held for 15 min at a rate of 3 °C per minute
for 56.6 min of analysis. The FAME peaks were
classified and quantified by comparing their peak
areas and retention times with that of pure stan-
dard FAME (Japir et al., 2016).

3. RESULTS AND DISCUSSION

3.1. Composition of high free fatty acid crude
palm oil

After hydrolysis, the composition of palm fatty
acid mixture (PFAM) consisted of 0.2% lauric
(CIZ:O)a 0.9% Inyristic (C14:0), 42.4% palmltlc (Cl6:0)7
4.3% stearic (Cig.), 42.1% oleic (Cig.1), 9.8% linoleic
(Ci5.,) and linolenic acid (C,4.3) 0.3%.

3.2. Separation of saturated fatty acids (SFAs)

The separation of saturated fatty acids was
performed using crystallization from methanol
of a palm fatty acid mixture (PFAM) under cer-
tain separation conditions as provided in Table 1.
Thus, separation depends on the solubility differ-
ences between the various components of the mix-
ture of fatty acids. It has long been known that
higher SFAs are much less soluble than analogous
unsaturated fatty acids. This solubility behavior
of PFAM may be explained by considering the
polarity and hydrogen bonding properties of mix-
ture contents. As a fatty acid, long chain saturated
fatty acids such as stearic acid and palmitic acid
are relatively non-polar compounds. However,
short chain saturated fatty acids such as lauric acid
and myristic acid have more polarity compared to
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stearic and palmitic acid. Concerning the mono-
saturated fatty acids, polyunsaturated fatty acids
are more polar than saturated fatty acids. The sol-
ubility of a palm fatty acid mixture in methanol in
order to increase polarity comprises linolenic acid,
linoleic acid, oleic acid, lauric acid, myristic acid,
palmitic acid, and stearic acid. Therefore, based
on the principle that “like dissolve like”, unsatu-
rated fatty acids will be more soluble than satu-
rated fatty acids in methanol.

As a result, separation could happen because
of the high solubility of oleic acid, linoleic, and
linolenic in methanol. However, saturated fatty
acids, especially palmitic acid, are poorly soluble in
methanol and preferentially crystallized out. The
slightly increasing amount of stearic acid is due to
co-crystallization occurring from the solubility of
other acids in PFAM. Lauric and myristic acids are
saturated acids, but their concentration is very low,
while their solubility is higher than that in palmitic
acid. As a result, they were soluble in methanol, thus
making the palmitic acid an enriched sample.

The optimal variables were found to be 1:15
(g/mL) for FAs-to-MeOH ratio, -15 °C for crystalli-
zation temperature, and 24 h for time of crystalliza-
tion that had been performed in the preliminary test
for separating saturated fatty acids from PFAM and
obtaining the range of variables in order to conduct
further separation and purification of palmitic acid.
It can be observed from gas chromatography that
palmitic acid was concentrated gradually as shown

in Figure 1, where the percentage of PA increased
from 42.4% to 90% in the solid fraction after the
double crystallization of PFAM and solid fraction,
respectively. Then, this solid fraction was used for
further separation to obtain concentrated palmitic
acid analyzed by the D-optimal design.

3.3. Separationand solubility of palm fatty acids
mixture

Separation of PFAM by crystallization from
methanol depends on the differences in solubility
among the various components of the mixture of
fatty acids. Since higher saturated fatty acids are
much less soluble than corresponding unsaturated
fatty acids, the advantage has often been taken to
partially separate mixtures, as shown in Table 3.
This solubility behavior of PFAM may be explained
by considering the polarity and hydrogen bonding
properties of the mixture contents. As fatty acids,
long chain saturated fatty acids, such as stearic acid
and palmitic acid, are relatively non-polar com-
pounds. However, short chain saturated fatty acids,
such as lauric acid and myristic acid, exhibit more
polarity compared to stearic and palmitic acids.
Concerning monosaturated fatty acids and polyun-
saturated fatty acids, they are characterized to be
more polar than saturated fatty acids. The solubility
of a palm fatty acid mixture in methanol, ordered
in terms of its increased polarity, displays this
order: linolenic acid, linoleic acid, oleic acid, lauric

100

i PFAM

80 First crystallization
A Second crystallization

-
60
2
40
20 A
0 T - T 4 %

Lauric  Myristic Palmitic

T T
Stearic Oleic Linoleic Linolenic

Fatty acids

FIGURE 1. Fatty acid profiles of palm fatty acid mixture, saturated fatty acids (first crystallization) and saturated fatty acids (second
crystallization).
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TABLE 3. Solubility of fatty acids (g acid/100-g solution) in methanol at different temperatures
Solubility
Temp (°C)" Lauric acid Myristic acid  Palmitic acid Stearic acid Oleic acid Linoleic acid  Linolenic acid
10 - - 1.310 0.259 - - -
0 - 1.84 0.396 0.092 - - -
-10 2.83 0.826 0.146 0.032 - - -
-20 1.70 0.344 0.063 0.010 4.02 - -
-30 0.823 0.153 0.020 - 0.708 - -
-40 - - - - 0.329 - -
-50 - - - - 0.089 2.52 -
-60 - - - - 0.052 0.925 -
-62 - - - - - - 1.76
-70 - - - - 0.032 0.394 -
TABLE 4. Palm fatty acid melting points
Fatty acids

Lauric acid Myristic acid ~ Palmitic acid  Stearic acid Oleic acid Linoleic acid  Linolenic acid

Melting point (°C) 44.8 54.4 62.9 70.1 16.3 6.5- 12.8-

acid, myristic acid, palmitic acid, and stearic acid.
Therefore, based on the principle that “like dissolve
like”, unsaturated fatty acids will be more soluble
than saturated fatty acids in methanol.

The metling point of fatty acids changes fre-
quently with the type and degree of unsaturation.
Therefore, it is probable to separate the mixture
of fatty acids into saturated and unsaturated fatty
acids. Furthermore, the solubility of fatty acids
increases with the increase in temperature, and it is
mainly reflected by their melting points: high melt-
ing point fatty acids are less soluble than low melt-
ing point fatty acids. For example, in C18 fatty acid
series, stearic acid,jg,, melts at 70.1 °C, oleic acid s,
at 16.3 °C, linoleic(s,, at -6.5 °C and linolenic ;s
at -12.8 °C as shown in Table 4. Consequently, an
increase in the unsaturated fatty acid in the mixture
usually leads to decreasing the melting point of the
mixture, while increasing the solubility of unsatu-
rated fatty acid in methanol decreases it.

3.4. Separation of palmitic acid

The PA concentrate was produced by the metha-
nol crystallization method, using SFAs that had
been previously obtained after selecting the opti-
mal separation factor and the range of independent
variables in our lab. The aim of this procedure is to
obtain SFAs enriched in PA with the highest yield %
and percentage of PA. In this study, differences in
variables which influence methanol crystallization
such as FAs-to-MeOH ratio (X, w/v) , temperature
(X5, °C) and time (X3, h) were investigated to achieve

optimal parameters for the separation and concen-
tration of palmitic acid using the RSM with the
D-optimal design. Table 5 represents the data on the
fatty acid composition in the solid fraction of SFAs
that was obtained from the second crystallization
from methanol of PFAM for all 18 experiments.
The results demonstrated that PA % increased from
90% to 96.7% whereas stearic acid decreased from
5.8% to 3.31%. However, the monosaturated fatty
acid (MUSFA) oleic acid (OA) was not observed in
the final product at the optimal conditions.

Itcan be seen in Table 5, for the samples with a high
ratio of FAs-to-MeOH, the percentage of MUFA
(OA) in the solid fraction of SFAs slightly decreased
as the solubility of oleic acid increased compared
to palmitic acid and stearic acid under the same
conditions. Consequently, the increased volume of
methanol with lower temperature resulted in greater
tendencies of palmitic acid and stearic acid to form
crystal adducts than oleic acid. This could be due to
the variation in their solubilities under the same con-
ditions. However, total elimination of stearic acid by
methanol crystallization may be impossible because
of its similar solubility with palmitic acid. The PA %
extracted from the SFAs phase was slightly high, thus
exceeding 95%, with a recovery yield of over 87%
under optimal conditions (Table 5). Such a result
demonstrates that experimental operating conditions
are applicable to the production of high percentage
yields and purity of palmitic acid from PFAM using
methanol crystallization. However, it is slightly chal-
lenging to eliminate all stearic acid to achieve 100%
purity of PA in the concentrate by using methanol
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TABLE 5. D-optimal design and experimental run for solid fraction of high free fatty acid crude palm oil

Variable levels, X

Responses, Y

1\131122);(; : Temp. " Time ¢ Y, ", Yield Y,, SFAs% Yy, PA% Y5 SA%  Ys', MUSFA%
Run X, X, X3 % (Cig0 +Cigo) % (Cig0) % (Cigo) % (Ciga) %
1 10 0 8 69.3 98.9 94.1 4.8 1.1
2 20 0 8 66.3 99.6 95.0 4.6 0.4
3 10 -15 24 82.2 98.7 94.6 4.1 1.3
4 20 0 24 75.2 99.5 93.9 5.6 0.5
5 10 -15 8 60.8 99.4 94.6 4.8 0.6
6 10 0 24 81.4 98.3 92.8 5.5 1.7
7 10 0 8 72.3 98.9 94.3 4.6 1.1
8 10 -15 8 61.2 99.5 95.0 4.5 0.5
9 17.5 1.5 20 75.8 99.4 93.7 5.7 0.6
10 10 1.5 16 77.1 98.4 92.7 5.7 1.6
11 20 -15 24 87.5 100 96.7 33 0.0
12 15 0 16 74.9 98.2 90.1 8.1 1.8
13 10 0 24 81.6 98.0 92.2 5.8 2.0
14 15 -15 24 84.8 99.3 94.2 5.1 0.7
15 20 -15 8 69.1 99.2 94.3 49 0.8
16 20 -15 16 80.9 99.3 92.9 6.4 0.7
17 20 0 8 63.3 99.5 94.4 5.1 0.5
18 15 1.5 8 62.1 99.4 93.8 5.6 0.6

* Fatty acids-to-methanol ratio (w/v), ° temperature (°C), © time (h), ¢ The yield of saturated fatty acids (SFAs), ¢ The percentage
recovery of saturated fatty acids (SFAs), " The percentage of PA in SFAs, & The percentage of SA in SFAs, " The percentage of MUSFA

(oleic acid) in SFAs.

crystallization, which is closely due to the chemistry
of PA and stearic acid.

In order to increase the purity of palmitic acid
to 99.9%, molecular distillation could be applied
to separate palmitic from stearic acids and produce
high purity for both fatty acids. Yet, molecular dis-
tillation cannot be applied to separate PFAM due to
closeness of their boiling points. However, molecu-
lar distillation can be applied to purify palmitic acid
after separating lauric, myristic, oleic, and linoleic
and linolenic acids from the mixture using methanol
crystallization and to produce palmitic acid 97.6%.
Preparative high performance liquid chromatogra-
phy can also be applied to purify palmitic acid and
produce 99.9%. In this study, the percentage of pal-
mitic acid that was obtained in the product can be
sold commercially because some companies sell pal-
mitic acid with 95%.

3.5. Response surface methodology (RSM)

Based on the above results, FAs-to-MeOH ratio
(X)), temperature (X,) and time (X;) significantly
affect the yield of SFAs (Y)), SFAs % (Y,) and PA
% (Y3) in the solid fraction. The interaction among
these three factors was carried out using the RSM

with the D-optimal design to optimize palmitic acid
separation. The ranges of each independent factor
are presented in Table 2.

3.6. Regression model analysis development

In this study, the software Design-Expert version
6.0.10 (Stat Ease, USA) was applied for performing
the D-optimal design. In addition, the RSM was
conducted using three independent variables that
affected the yield of SFAs (Y;), SFAs % (Y,) and PA
% (Y3), namely FAs-to-MeOH ratio (X)), tempera-
ture (X,) and time (Y3). The D-optimal design anal-
ysis showed a total of 18 experiments which were
intended to estimate the coefficients of all models
by using a quadratic polynomial regression model.

A complex relationship among the independent
variables (X;, X, and X;) that includes both first-
and second-order polynomials can be observed in
Equations 2, 3, and 4 as the yield % of SFAs (Y)),
SFAs % (Y>), PA % (Y3) in the solid fraction:

Y, =+73.75 - 0.15X, - L.OLX, + 7.71X,
+1.68X,°+ 2.14X,>- 3.57X;° - 3.15X X,
- 0.40X,X; - 2.55 X,.X, )
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Y, =+98.81 + 0.42X, - 0.19X, - 0.079.X;
+0.15X,2- 0.29X,°+ 0.55X,°+ 0.12X,.X,
+0.27X,.X; - 0.093X,X, (3)

Y, =+91.88 + 0.45X, - 0.61X,+ 0.022.X;
+1.45X,7- 1.15X,°+ 2.32X,° + 0.10X X,
+0.43X,X; - 0.55X,X, 4)

Regression of coefficients and analysis of vari-
ance (ANOVA) of the model for the yield % of SFAs,
SFAs %, and PA % are listed in Tables 6,7, and 8,
respectively.

The independent variables were used to obtain
the R-squared values which measure the amount
of reduction in the variability of responses, where
a high R’ correlation value of the model indicates
that it has a good fit. In addition, the adjusted
R-squared correlation can be utilized to determine
the fit of a regression model (Zhang and Zheng,
2009). The model was highly significant in terms
of Y, Y,, and Y;, with R-squared values of 0.98,
0.94, and 0.95, respectively. In this study, R-squared
values for all responses show a good correlation
between the predicted values and the actual results
of the dependent variables derived from the model
(Weisberg, 2005). Regarding the yield of SFAs (Y)),
the R-square value of 0.98 shows that the model is
capable of explaining about 98% of the variation in
the response, and only 2% of the variation was not

described by the model. The adjusted R- squared
value (adj. R-squared = 0.97) shows that the model
is significant and its value is close to the R-squared
value of 0.98. Furthermore, concerning the percent-
age of SFAs (Y,), the R-square value of 0.94 shows
that the model is capable of explaining about 94%
of the variation in the response, and only 6% of
the variation was not explained by the model. The
adjusted R- squared value (adj. R-squared = 0.88)
indicates that the model is significant and its value
is slightly close to the R-squared value of 0.94. In
addition, in terms of percentage of PA (Y3), the
R-square value of 0.95 shows that the model is capa-
ble of explaining about 95% of the variation in the
response, and only 5% of the total variation was not
described by the model. The adjusted R- squared
value (adj. R-squared = 0.90) illustrates that the
model is significant and its value is slightly close to
the R-squared value of 0.95.

The quadratic regression coefficient was achieved
by using a minimal squares method in order to pre-
dict the quadratic polynomial models for the yield
% of SFAs (Y;), SFAs % (Y>), and PA % (Y3), in
the solid fraction as shown in Tables 6, 7 and 8§,
respectively.

The analysis of F-value for these coefficients
showed that the yields % of SFAs (Y;), SFAs %
(Y,) and PA % (Y3) are highly significant as indi-
cated by the p-value (p < 0.01). The linear effect
of FAs on MeOH ratio (X)) was highly significant

TABLE 6. ANOVA for response surface quadratic model for (yield % of SFAs, Y)) in solid fractionation experiment of high free
acid crude palm oil

Source SS DF MS F-Value Prob> F Status
Model 1224.52 9 136.06 63.40 < 0.0001 *** significant
X 0.28 1 0.28 0.13 0.7263

X, 14.43 1 14.43 6.73 0.0319%*

X; 762.81 1 762.81 355.44 < 0.0001%***

X? 591 1 591 2.76 0.1355

X2 7.79 1 7.79 3.63 0.0932

X2 26.85 1 26.85 12.51 0.0077%**

X, X3 120.72 1 120.72 56.25 < 0.0001%***

X, X; 1.77 1 1.77 0.82 0.3907

X, X3 78.83 1 78.83 36.73 0.0003%**

Residual 17.17 8 2.15

Lack of Fit 8.07 4 2.02 0.89 0.5450 not significant
Pure Error 9.10 4 2.27

Cor Total 1241.68 17

Std. dev. 1.46 Mean 73.66 Adequate precision 24.295

R? 0.98 R, 0.97

Notes: SS = sum of squares, DF = Degree of freedom, MS = Mean square, *** P<0.01, ** P<0.05
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TABLE 7. ANOVA for response surface quadratic model for (percentage of SFAs, Y>) in solid fractionation experiment of high
free acid crude palm oil

Source SS DF MS F Value Prob> F Status
Model 4.99 9 0.55 14.97 0.0004 *** significant
X, 2.25 1 2.25 60.76 < 0.0001 ***

X 0.50 1 0.50 13.48 0.0063 ***

X; 0.08 1 0.08 2.17 0.1790

X7 0.05 1 0.05 1.30 0.2879

X2 0.14 1 0.14 3.91 0.0834

X2 0.63 1 0.63 16.99 0.0033 ***

X X, 0.16 1 0.16 4.40 0.0692

X X; 0.82 1 0.82 22.11 0.0015 ***

X, X; 0.10 1 0.10 12.82 0.1316

Residual 0.32 8 0.037

Lack of Fit 0.24 4 0.060 2.88 0.0906 not significant
Pure Error 0.055 4 0.021

Cor Total 5.28 17

Std. dev. 0.19 Mean 99.08 Adequate precision 13.524

R’ 0.94 Ry, 0.88

TABLE 8. ANOVA for response surface quadratic model for (percentage of PA, Y3) in solid fractionation experiment of high free
acid crude palm oil

Source SS DF MS F Value Prob> F Status
Model 31.42 9 3.49 18.50 0.0002 *** significant
X 2.63 1 2.63 13.92 0.0058 ***

X, 5.22 1 5.22 27.70 0.0008 ***

X; 6.197E-003 1 6.197E-003 0.033 0.8607

X7 4.40 1 4.40 23.33 0.0013 ***

X2 2.27 1 2.27 12.05 0.0084 ***

X2 11.31 1 11.31 59.93 < 0.0001 ***

X X, 0.13 1 0.13 0.70 0.4282

X, X3 2.07 1 2.07 11.00 0.0106 **

X X; 3.71 1 3.71 19.69 0.0022 ***

Residual 1.51 8 0.19

Lack of Fit 1.05 4 0.26 2.28 0.2221 not significant
Pure Error 0.46 4 0.11

Cor Total 32.93 17

Std. Dev. 0.43 Mean 93.85 Adequate Precision 19.555

R’ 0.95 Rl 0.90
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(p < 0.01) for percentages of SFAs (Y,) and PA
(Y3). The linear effect of the temperature (X,) was
also highly significant (p < 0.01) for percentages
of SFAs (Y,) and PA % (Y3). The linear effect of
the temperature (X,) was significant (p < 0.05) for
the yields % of SFAs (Y;), SFAs % (Y,). The qua-
dratic effect of FAs on the MeOH ratio was highly
significant (p < 0.01) for PA % (Y3). The quadratic
effect of the temperature (X,) was highly signifi-
cant (p < 0.01) for PA % (Y3). The quadratic effect
of the time factor (X;) was also highly significant
(p < 0.01) for the yields % of SFAs (Y;), SFAs %
(Y2), PA % (Y5).

The interaction effect among FAs-to-MeOH
ratio (X)) and temperature (X,) was highly signifi-
cant (p < 0.01) for the yield of SFAs (Y)). The inter-
action effect between temperature (X5) and time (X3)
was also highly significant (p < 0.01) for the yield %
of SFAs (Y)), SFAs % (Y,) and PA % (Y;). Finally,
the interaction effect among FAs-to-MeOH ratio
(X)) and time (X3;) was highly significant (p < 0.01)
for SFAs % (Y,) while the interaction effect between
FAs-to-MeOH ratio (X)) and time (X;) was signifi-
cant (p < 0.05) for PA % (Y3).

The results of ANOVA further achieved sup-
port the significance and the fitness of the quadratic
model. The ANOVA of the quadratic regression
model demonstrates that the model is highly signifi-
cant, which is observable from the low p-value of
the Fishers-test (F-test) (p < 0.01). The ANOVA for
the response surface quadratic model is represented
in Tables 6, 7, and 8.

The F-value for lack-of-fit for all the dependent
variables (Table 6, 7 and 8) demonstrated that lack
of fit is insignificant (p-value > 0.05). This insignifi-
cant lack of fit is relative to the pure error (Zhang
and Zheng, 2009), which implies that all the models
predicted for the dependent variables were satisfac-
torily fitted to the experimental data.

The adequate precision value estimates the
signal-to-noise ratio, and a value higher than 4 is
acceptable in enhancing the fitness of the quadratic
model. Tables 6, 7, and 8 show that the adequate
precision values for (yield % of SFAs, Y;), (SFAs
%, Y,), and (PA %, Y;) were of 24.295, 13.524, and
19.555, respectively.

The yield of the SFAs % (Y;) changed significantly
from 60.8 to 87.5% when the FAs-to-MeOH ratio
(X)), temperature (X;) and time (X3) were varied, as
displayed in Table 5. Moreover, the ANOVA of the
model indicates that the quadratic term of time (X3)
on the yield of SFAs (Y;) was highly significant (p <
0.01), which means that this variable had a consider-
able effect on the yield of SFAs (Y;). However, the
quadratic effect of the FAs-to-MeOH (X)) and tem-
perature (X,) was not significant (p > 0.05), thus sug-
gesting that these factors had little effect on the yield
of SFAs (Y)) within the study ranges. Furthermore,
the interaction effect between FAs-to-MeOH (X))

and time (X,) and the interaction effect between tem-
perature (X,) and time (X3) on the yield of SFAs (Y))
were highly significant (p < 0.01), whereas the inter-
action effect between the FAs-to-MeOH (X)) and
time (X3) (p > 0.05) was insignificant as predicted by
the quadratic model effect (Table 6).

The SFAs % (Y,) varied significantly from 98
to 100% when the FAs-to-MeOH ratio (X)), tem-
perature (X5) and time (X;) were varied, as given in
Table 5. The ANOVA of the model showed that the
quadratic term of time (X3) on the percentage of
SFAs (Y5) was highly significant (p < 0.01), which
indicates that these variables had a considerable
effect on the percentage of SFAs (Y,) within the
study ranges. Nevertheless, the quadratic term of
the FAs-to-MeOH (X)) and temperature (X,) was
insignificant (p > 0.05), thus illustrating that these
factors had little effect on the percentage of SFAs
(Y,). Moreover, the interaction effect between
FAs-to-MeOH (X)) and time (X3) on the percent-
age of SFAs (Y,) was highly significant (p < 0.01),
whereas the interaction effect between the FAs-to-
MeOH (X)) and temperature (X,) (p > 0.05) and
the interaction effect between FAs-to-MeOH (X))
and temperature (X,) were insignificant as esti-
mated by the quadratic model effect (Table 7).

In this study, the percentage of PA % (Y;) varied
significantly from 90.1 to 96.7% when the FAs-to-
MeOH ratio (X)), temperature (X,) and time (X3)
were varied as displayed in Table 5. The ANOVA of
the model shows that the quadratic effect of FAs-
to-MeOH (X)), temperature (X,) and time (X3) on
the percentage of PA (Y,) was highly significant
(p < 0.01), which suggests that these variables had
considerable impact on the percentage of PA (Y3).
The results also show that the interaction effect
between temperature (X;) and time (X3;) on the per-
centage of PA (Y;) was highly significant (p < 0.01),
while the interaction effect between FAs-to-MeOH
(X)) and time (X;) on the percentage of PA (Y3)
was significant (p < 0.05). It was also found that
the interaction effect between FAs-to-MeOH (X))
and temperature (X,) (p > 0.05) was insignificant as
estimated by the quadratic model effect (Table 8).

3.7. Optimizations and response surface plotting

The three-dimensional (3D) response surfaces for
the yield % of SFAs (Y,), SFAs % (Y5), and PA % (Y3)
were constructed based on the model equations (Eq.
(2), (3) and (4) to visualize the interaction between
variables and to verify the optimal value of each vari-
able for the maximum yield of SFAs (Y;), maximum
percentage of SFAs (Y,) and maximum percentage of
PA (Y;) using crystallization of palm saturated fatty
acids from methanol. In the 3D graphs, the interaction
between two variables was plotted, whereas another
factor was kept constant at its central level. The cen-
tral values were 1:15 (g/mL) of FAs-to-MeOH, -7.5
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°C of crystallization temperature, and 16 h of crystal-
lization time as shown in Table 2.

The interaction effect between FAs-to-MeOH
ratio and temperature is shown Figure 2a. The 3D
plot shows that increasing the ratio of methanol
from 10 mL to 20 mL continuously improved the
yield % of SFAs. Moreover, increasing the temper-
ature from -15 °C to 0 °C gradually improved the
yield % of SFAs. The effect of methanol ratio and
time led to an increase in yield % of SFAs with an

Yield % of SFAs
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increase in methanol ratio and time (Figure 2b).
The effect of temperature and time also resulted in
increasing the yield % of SFAs with an increase in
methanol ratio and time (Figure 2c¢).

The maximum SFAs % as 99.9% was obtained at a
methanol ratio of 20 mL and temperature of -3.75°C
(Figure 3a). The 3D graph shows that the maxi-
mum SFAs % was obtained at the methanol ratio of
20 mL and time of 24 h (Figure 3b). The combined
effect between temperature and time demonstrated
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FIGURE 2. A three-dimensional response surface (3D) of the yield % of SFAs (Y)) as a function of FAs-to MeOH ratio (X, w/v) and
temperature (X, °C) (a), FAs-to MeOH ratio (X}, w/v) and time (X3, h) (b), temperature (X,, °C) and time (X3, h) (c).
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SFAs %

(b)

8.00 10.00

SFAs %

8.00 —15.00

FIGURE 3. A three-dimensional response surface (3D) of SFAs % (Y,) as a function of FAs-to MeOH ratio (X}, w/v) and temperature
(X5, °C) (a), FAs-to MeOH ratio (X}, w/v) and time (X3, h) (b), temperature (X,, °C) and time (X3, h) (c).

that SFAs % increased with an increase in the time
(Figure 3c¢).

The interaction effect between FAs-to-MeOH
ratio and temperature on PA % is displayed in
Figure 4a. The 3D plot shows that increasing the
ratio of methanol from 10 mL to 20 mL continu-
ously improved the yield % of PA, while the optimal

temperature for the maximum PA % was at-3.75 °C.
The effect of methanol ratio and time increased PA
% with an increase methanol ratio from 15 mL to 20
mL, while the crystallization time improved the PA
% beyond 16 h (Figure 4b). The effect of tempera-
ture and time also led to an increase in PA % with an
increase methanol ratio and time (Figure 4c).
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FIGURE 4. A three-dimensional response surface (3D) of PA % (Y3) as a function of FAs-to MeOH ratio (X;, w/v) and temperature
(X5, °C) (a), FAs-to MeOH ratio (X}, w/v) and time (X3, h) (b), temperature (X,, °C) and time (X3, h) (¢).

3.8. Model verification percentage of palmitic acid with maximum values

as shown in Table 9. A validation test was carried

The desirability function was used to test the out to confirm the validity of the predicted model.

validity of the predicted models developed to A triplicate investigation was carried out under
determine the optimal conditions for the response

optimum conditions, comprising a fatty acids-
variables: yield % of SFAs, percentage of SFAs and to-methanol ratio of 1:20 (w/v), crystallization
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temperature of -14.75 °C, and crystallization
time of 24 hours. As shown in Table 10, a yield
% of approximately 87.2£0.3% was obtained
from a solid fraction of the SFAs at the optimized
methanol crystallization condition in addition to
95.7£0.9% of palmitic acid.

3.9. Gas chromatography analysis of fatty acids

The composition of fatty acids was verified after
transesterification using the GC-FID analysis. The
chromatogram in Figure 5 and Table 5 denotes the
number run of 11. It can be noted that, for the PA
composition in the solid fraction after purification
was increased from 90% to 96.7%, the SA compo-
sition decreased from 5.8% to 3.3%. There is no

TABLE 9. Optimization criteria for dependent variables

observed oleic acid where the OA composition was
decreased from 4.2% to 0.0%.

3.10. Iodine value

The iodine value indicates the level of unsatura-
tion in the sample. Figure 6 illustrates the variation in
the iodine value of PFAM, SFAs after crystallization
from methanol was conducted. It can be observed
that the iodine value decreased gradually with
repeated crystallization due to the decreased concen-
tration of USFAs in the solid fraction after conduct-
ing methanol crystallization. The iodine value of
the final product is 0.9£0.3 g /100 g, which approves
removing the USFAs from the solid fraction.

4. CONCLUSION

Palmitic acid was successfully separated with

Lower Upper high efficiency and maximum concentration.
Variables Goal limits limits Methanol crystallization is a promising method to
FAs-to-methanol ratio in the 10 20 obtain a highly concentrated PA as a major compo-
(Whv), (X)) range nent in SFAs in a solid fraction from a mixture of
Crystallization in the -15 0 palm fatty acids. This has potential for enhancing
temperature(°C), (X>) range the value of the large-scale production of PA. This
Crystallization time (h),  in the 8 24 method is one of the most efficient methods that
(X3) range could be applied to the separation of fatty acids.
Yield % of SFAs, (Y)) maximize  60.8 87.5 This study provides a simple and effective process
SFAs %, (Y5) maximize 08 100 for improving purified PA, which ultimately reaches
. 0 0 . .
PA %, (1) maximize 901 96.7 96.7% as cpmpared to 42% of PA achieved using a
non-optimized process.
TABLE 10. Result of model validation at the optimum condition (Verification test)
Temperature

Factors FAs-to-methanol ratio (w/v) (X;) (°O) (X3) Time (h) (X5)  SFAs Yield % (Y;) SFAs% (Y;) PA % (Y3)
Predicted 20 -14.75 24 87.4 100 96.5
Actual 20 -14.75 24 87.2+0.3 99.9£0.1 95.7£ 0.9
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FIGURE 5. GC chromatogram of palmitic acid after purification at the optimal conditions.
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