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Abstract—Surfactants (monoglycerides and diglycerides) can be obtained by converting triglycerides and glycerol
with a NaOH as catalyst. A low free fatty acids (FFA) content starting material is needed due to the formation of soap
as side product. The aim of this research was to optimize the esterification of (Polar lipid fraction) PLF to eliminate the
FFA content with ZnCl; as catalyst. Optimization was conducted on the variables of duration (ranging from 40 to 80

min) and reaction temperature (210-250°C) using the Response
Surface Method with Central Composite Design with starting
FFA content of 28.4%. It was found that an FFA content of
0.285% and a yield of 97.25% were achieved at a temperature of
258.3°C and a heating duration of 59.71 min. Moreover, the
influence of temperature and heating duration during the
esterification reaction on the FFA content was highly significant,
as indicated by the P-Value of 0.00000102. Meanwhile, the
influence of temperature and heating duration during the
esterification reaction on the yield is not significant (P-Value =

0.130).
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l. INTRODUCTION

O il palm trees are a type of tropical plant that grows

well in areas with high rainfall, sufficient sunlight, and
humid conditions [1]. Therefore, they are grown in many
countries in Africa, South America, and Southeast Asia,
such as Indonesia. Crude palm oil (CPO) is an important
trade commodity and is widely traded globally. It is also
used in almost all food products (such as cooking oil, and
margarine) and is an important component for industry
(such as soap, skin care products, candles, perfume,
cosmetics, wood care products, electrical insulators, and
emulsifiers). This trend contributes to a continual increase
in global demand for palm oil. According to available data,

a substantial 84% of the world's crude palm oil production
is attributed to Indonesia and Malaysia [2].

Crude palm oil can be further processed using the liquid-
liquid extraction principle. Extraction of liquids is carried
out based on solubility. Liquid-liquid extraction is used to
separate the desired components (cooking oil,
triglycerides) that are still present in the n-hexane by
contacting it with an insoluble liquid (methanol) [3]. The
equipment used for liquid extraction can be divided into
two types, namely batch [1] and continuous processes [3].
Both processes use two types of solvents, namely polar and
nonpolar solvents. The choice of the two types of solvents
is based on the polarity properties of the compounds
contained in crude palm oil. Nonpolar solvents dissolve
nonpolar compounds, such as triglycerides, so that a
nonpolar lipid fraction (NPLF) is produced. Vice versa,
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polar solvents dissolve polar compounds, resulting in polar
lipid fractions (PLF), such as monoglycerides,
diglycerides, and free fatty acids [4]. Even though it uses
the same solvent, a continuous process was preferred
because the batch process took a long time and produced a
low yield so it was only suitable for use on a laboratory
scale [3].

In the production of mono-diacylglycerol, the
glycerolysis reaction is a method that is often used because
it is the easiest and most economical. However, PLF has a
high level of free fatty acids (FFA) of 28.404%, it cannot
only carry out the glycerolysis reaction. This is due to the
formation of soap between free fatty acids and the base
catalyst used in the glycerolysis reaction. Significant soap
formation disrupted the reaction process by forming an
emulsion, causing yield losses [5].

To avoid soap formation, free fatty acids must be
removed from the system or converted into more valuable
products. The reaction can only tolerate free fatty acid
levels of a maximum of 3% without affecting the process
[5]. In addition, free fatty acids less than 3% are
recommended for higher conversion of the glycerolysis
reaction [6]. One way to reduce free fatty acids is by
esterification reaction [7]. In general, the factors that
influence the esterification reaction are temperature and
reaction time. The temperature used in the esterification
process will affect the results of the esterification.
Meanwhile, reaction time will affect the level of product
purity [8]. Therefore, it is necessary to optimize these two
variables.

Therefore, the objective of this work was to optimize the
esterification of PLF to eliminate the FFA content with
ZnCl, as catalyst. Optimization was conducted on the
variables of duration (ranging from 40 to 80 min) and
reaction temperature (210-250°C) using the Response
Surface Method with Central Composite Design.

Il. METHOD

A. Materials

Crude palm oil was obtained from PT. Buana Karya
Bhakti. A thin-layer chromatography plate was obtained
from Germany. Polar Lipid Fraction was produced by
Batchwise Solvent Extraction. Glycerol with a purity of
99.7% obtained from PT. Wilmar Indonesia. Zinc chloride
anhydrous (ZnCly) Pro Analisa from Merck was also used
as a catalyst. Acetic acid, ethyl acetate, n-hexane, food-
grade ethanol, and phenolphthalein 1% were purchased
from local market sources.

B. Polar Lipid Fraction

Polar lipid fraction (PLF) was obtained through
Batchwise Solvent Extraction. It derived from batchwise
solvent extraction needs to be distilled first because it
contains ethanol. This is because batchwise-solvent
extraction (BSE) uses ethanol to dissolve crude palm oil
(CPO). In the BSE process, two types of products are
created: the non-polar lipid fraction (NPLF) and the PLF.
Ethanol, as a polar solvent, will dissolve polar compounds
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from CPO, such as free fatty acids, monoglycerides (MG),
and diglycerides (DG), leaving hydrocarbons and
triacylglycerols (TG) in the NPLF.

C. Esterification

10 g of glycerol was weighed using an analytical balance
and put into an Erlenmeyer flask as described in Figure 1.
10 g of PLF was weighed and then added to the flask. Zinc
chloride (ZnCl,) catalyst of 0.3% of the PLF-glycerol
mixture was weighed and added to the flask. ZnCl, must
be weighed quickly because ZnCl, is an anhydrous
material that can absorb water or air humidity.
Esterification performed by heating the flask contained
materials on a hot plate stirrer according to the temperature
and time variables being carried out with a stirring speed
of 500 rpm. After the desired time has been reached, the
flask was removed from the hot plate and allowed to let the
temperature drop. The results of this esterification were
divided into 2 phases, namely the upper phase and the
lower phase. Before the esterification results solidify, they
must be separated first. Separation was done manually

with a dropper pipette.
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Figure 1. Esterification Procedure Flow Chart

D. Free Fatty Acid Analysis [9]

The sample was weighed then dissolved in 50 mL of
95% ethanol (alcohol). This solution was then titrated with
0.1 M NaOH with 1% PP indicator until a pink color
appeared for 10 seconds. Free fatty acid levels were

calculated using the calculation formula:
V NaOH x M NaOH x 25.6

FFA, % = — 3
Information:
V NaOH = Volume of NaOH solution required

(mL)
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M NaOH = Molarity of the NaOH solution used
(M)
m = The mass of the oil sample being

titrated (gram)
To convert free fatty acids to acid value, multiply the
percentage by 2.19.

E. TLC Analysis

Quantitative analysis of TG, DG, MG, and FFA content
in PLF after esterification was pipetted using a
micropipette and placed on Thin Layer Chromatography
(TLC), and immersed in a mobile phase with n-hexane,
ethyl acetate, and acetic acid in proportion of 80:20:1
composition (v/v/v). The immersion was carried out in a
transparent vessel. During immersion, the mobile phase
was controlled so that it did not exceed the finish line,
which is the line created on the TLC plate. The immersed
TLC plates were then dried at room temperature and
visualized under 254 and 365 nm UV light [10].

F. Statistical Analysis

An experimental design using Response Surface
Methodology-Central Composite Design (RSM-CCD)
was simulated using Minitab version 21.2. This design
considers two factors: temperature and heating time. The
response variable analyzed in this study was the purity of
the FFA.

The objective of this research was to produce a surfactant
feedstock with a minimum level of free fatty acids from
the polar lipid fraction obtained through batchwise solvent
extraction, by optimizing the esterification reaction using
Response Surface Methodology - Central Composite
Design (RSM-CCD). The raw material for the polar lipid
fraction (PLF) was obtained from batchwise solvent
extraction (BSE). Moreover, Batchwise Solvent
Extraction is a multistage solvent-based purification
process that simplifies steps in the refining process, such
as degumming, neutralization, and bleaching. The polar
solvent used, ethanol, dissolves polar compounds in crude
palm oil (CPO) like free fatty acids, monoglycerides
(MG), and diglycerides (DG). This fraction was referred to
as the polar lipid fraction (PLF). Polar compounds in CPO
have transitioned to PLF, leaving behind nonpolar
compounds like hydrocarbons and triacylglycerides (TG).
This fraction was known as the nonpolar lipid fraction
(NPLF) [1].

Ethanol in the PLF was separated from the polar
compounds through distillation. The ethanol recovered
from distillation, also known as ethanol recovery, can be
reused in subsequent batchwise solvent extraction
processes, making it more economical. Distillation
involves heating to vaporize volatile components, which
are then condensed back into a liquid phase and collected
separately. The principle of distillation is based on the
differences in boiling points of components in the mixture,

RESULTS AND DISCUSSION
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which determine their ability to vaporize and condense at
different temperatures. The polar lipid fraction (PLF) was
heated using a heater to a temperature of 80°C. The choice
of 80°C as the temperature is based on the fact that the
ethanol boiling point of 78.5°C. Therefore, with a heater
temperature of 80°C, it was expected that the ethanol in the
polar lipid fraction was vaporized. This distillation process
works by heating the PLF located at the bottom of the
distillation apparatus until ethanol vaporizes. Free fatty
acids, MG, DG, and TG were not evaporated because these
compounds have higher boiling points than that of ethanol.
Free fatty acids have a boiling point ranging from 173 to
227°C, depending on their source and purity [11]. MAG,
DAG, and TAG have respective boiling points of approx
287.8+30°C, 240.3+7.0°C, and 397.44°C. The ethanol
vapor came into contact with a coil located inside (around
the tube). Inside the coil, cooling water was flow with a
temperature of 10-15°C. As a result, the ethanol vapor that
comes into contact with the coil condenses into a liquid
and falls into the ethanol collector on the inner edge of the
tube. Distillation was carried out until the temperature
reached more than 80°C, where it was expected that the
majority of ethanol had been distilled. From the distillation
data, the yield of the distilled polar lipid fraction produced
was 2.66%.

The PLF obtained from each distillation has varying
colors and characteristics, thus requiring homogenization.
This is because the polar lipid fraction used comes from a
combination of stages 1 to 8, where the content of polar
compounds decreases, as indicated by the observed color
changes. In the initial stages, the PLF fraction was a darker
yellow color. However, as the stages progress, the color of
the PLF fraction gradually became clear. Homogenization
of the Distilled Polar Lipid Fraction (DPLF) was necessary
to ensure consistency in the raw material used.
Homogenization was carried out on a hot plate at a
temperature of 120°C to ensure that any remaining ethanol
from the distillation process is completely removed during
this homogenization step. Additionally, stirring was
performed at a speed of 600 rpm for 1 h. The homogenized
DPLF was then placed into a sealed container.

Ethanol needs to be removed from PLF because it can
react with free fatty acids, forming fatty acid ethyl ester
and water. One study indicates that FAEE (fatty acid ethyl
ester) has a toxic potential for myocardial ethanol
metabolism and can accumulate in mitochondria,
damaging cellular function, which can lead to alcohol-
induced heart muscle disease [12]. The reaction between
free fatty acids and ethanol is illustrated in Figure 2.

Free Fatty Acid + Ethanol — Fatty Acid Ethyl Ester + H;0

Figure 2. Reaction Between Free Fatty Acids and Ethanol
A. Esterification

The significant formation of soap can disrupt the reaction
process by creating an emulsion, and lead to yield losses
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[5]. Saponification is the formation of salts from fatty
acids; such salts are called soap. The saponification
reaction involved the treatment of free fatty acids and/or
glycerides with a base [13]. By using a small amount of
base (at a low concentration), the neutralization/
saponification that occurs primarily utilizes the free fatty
acids in the reactants and does not damage triacylglycerols.
Thus, the cleavage of triacylglycerol molecules can be
avoided, and the formed salt (soap) primarily consists of
the free fatty acids present in PLF [14]. The saponification
reaction is illustrated in Figure 3.

4 //O

R-C + NaOH — R-C_ + H,0
“OH O Nat

acid base organic salt water

Figure 3. Saponification Reaction or Neutralization

To prevent the formation of soap, free fatty acids must
be removed from the system or converted into more
valuable products. The reaction can only tolerate a
maximum of 3% free fatty acids without affecting the
process [12]. Additionally, having less than 3% free fatty
acids is recommended for a higher conversion rate in the
glycerolysis reaction [6]. One of the methods to reduce
free fatty acids was through the esterification reaction [7].

Esterification is a chemical reaction between an alcohol
and a carboxylic acid that produces an ester and water. The
reaction is typically catalyzed by an acid catalyst.

Given that this reaction is both slow and reversible, it
becomes essential to eliminate the water formed in order
to propel the reaction towards product formation. The main
factors influencing the efficiency of the esterification
process conversion were the molar ratio of alcohol to oil,
the amount of catalyst, reaction temperature, type of
catalyst, stirring speed, and reaction duration [15]. In this
study, esterification was carried out using polar lipid
fraction (PLF) containing free fatty acids as reactants,
which are reacted with glycerol. Glycerol is a non-volatile
alcohol, providing a significant advantage for use in the
esterification reaction. The advantage was that the reaction
temperature can be increased without raising the reaction
pressure, as is the case when using methanol and ethanol
[16]. This reaction was carried out with an excess of
glycerol (compared to free fatty acids) to shift the
equilibrium towards [17, 18]. There are three main
reactions that occur during esterification as follows.

GOH + FFA < MG + H,0 4
MG + FFA < DG + H,0 (5)
DG + FFA & TG + H,0 (6)

With GOH representing glycerol, FFA representing free
fatty acids, MG representing monoacylglycerol, DG
representing  diacylglycerol, and TG representing
triacylglycerol, there are three additional reactions that can
occur, which are linear combinations of the three reactions
mentioned above. The following three reactions did not
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affect the composition of the final equilibrium but can
influence the reaction kinetics [16].

TG + MG «> 2DG @)
GOH + TG < DG + MG (8)
GOH + DG «> 2MG 9)

In conventional esterification processes, several factors
limit conversion and reaction rates, such as poor reactant
miscibility, slow kinetics, and the accumulation of by-
products (like water), which can lead to dynamic system
stalling. Poor interactions between reactants can result in
the formation of thin layers between them, thereby
restricting mass transfer. Mass transfer can be enhanced by
reducing the thickness of these layers and driving the
reaction in the desired direction by removing by-products,
such as water. This is often achieved through methods,
such as intensive stirring, conducting the reaction at high
temperatures, high pressures, under supercritical
conditions, and using ultrasonication. Therefore, the use of
catalysts is crucial to improve productivity and expedite
reactions to achieve desired outcomes in less time. Acid
catalysts act as proton donors to carboxylic acids,
rendering them unstable and susceptible to nucleophilic
attack by alcohols [19]. In this research, zinc chloride
(ZnCly) was used as an acid catalyst. Zinc chloride is
considered a high-quality catalyst in organic synthesis due
to its numerous advantages. The benefits of zinc chloride
include being an environmentally safe catalyst, readily
available, and cost-effective [20].

Mostafa et al. investigated the effects of temperature,
catalyst concentration, and glycerol-to-fatty acid molar
ratio on the efficiency of glycerolysis of fatty acids [15].
They concluded that the optimal esterification reaction
conditions were at a temperature of 195°C, a molar ratio
of 1:1, 0.3% by weight of zinc chloride (ZnCl,) as the
catalyst, and stirring at 500 rpm. They found that the purity
of mono-, di-, and triglycerides obtained was 99%.

The esterification procedure conducted here is based on
experiments conducted by Mostafa et al. with
modifications [15]. In this study, the independent variables
used are the reaction temperature and heating duration.
The reaction was carried out at atmospheric pressure (an
open system) with stirring at 500 rpm, a 0.3% by weight
concentration of ZnCl; catalyst in the reactant mixture, and
a mass ratio of 1:1 between PLF and glycerol. An open
system was chosen over a closed system (isolated system)
because the conversion in the open system (91%) is higher
than the esterification conversion in the closed system
(72%) [18].

B. One Factor at a Time (OFAT)

In this study, one-factor-at-a-time (OFAT) design
experiment was conducted for the esterification reaction,
one for the temperature variable and one for the time
variable. The response for these OFAT experiments was
the level of free fatty acids resulting from the
esterification, which is analyzed using acid-base titration.

33



S. S. A. Muzakhar et al.

OFAT was employed to evaluate the temperature and time
variables with respect to the level of free fatty acids.
Additionally, the graphs generated from these OFAT
experiments can be used to determine the minimum and
maximum ranges for the variables to be included in the
Response Surface Methodology.
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Figure 4. Graph of the Effect of Temperature on the Level of Free
Fatty Acids

In the OFAT experiment with the temperature variable,
the fixed variables included a 1:1 ratio of PLF to glycerol,
0.3% ZnCl, catalyst by mass of the reactant mixture,
stirring speed at 500 rpm, and a heating duration of 60 min.
The temperature range used started from 160°C with
increments of 10°C up to 250°C. The desired outcome was
to achieve the minimum level of free fatty acids. The
results obtained are shown in Figure 4. From the graph, it
can be concluded that the higher the temperature, the lower
the level of free fatty acids in the product. The best result
was obtained at a temperature of 250°C with a level of free
fatty acids at 0.5059%. This reaction occurs at a high
temperature, resulting in undesirable decomposition and
oxidation reactions, which in turn lead to dark-colored
products, a strong odor, and low monoglyceride yields. For
this reason, the temperature limit is set at 250°C [21]. From
this OFAT experiment, the range of operability was
selected for the Response Surface Methodology-Central
Composite Design (RSM-CCD). For the temperature
variable, the chosen range was from a lower limit 0of 210°C
to an upper limit of 250°C. The temperature range of
210°C - 250°C was chosen because this reaction takes
place at high temperatures and results in undesirable
decomposition and oxidation reactions which result in the
product being dark in color, having a strong odor and low
monoglyceride yields. For this reason, the temperature
limit is set at 250°C.

The next step in the OFAT (One Factor at a Time)
experiment was conducted on the duration variable. The
tested durations were 40 min, 60 min, and 80 min of
heating. Fixed variables included a PLF to glycerol ratio
of 1:1, 0.3% ZnCl, catalyst by weight of the mixture,
agitation speed of 500 rpm, and a temperature of 210°C.
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From Figure 5, the lowest level of free fatty acids was
observed at the 60 min duration, which was 1.212%.
Therefore, the lower range of time was chosen at 40 min,
and the upper range of time was set at 80 min.

—=— Free Fatty Acid (FFA)|

Free Fatty Acid (%)

T T T T T T T

40 50 60 70 80 20 100
Heating Duration (min)

Figure 5. Graph of the Influence of Heating Duration on Free Fatty

Acid Levels
C. Response Surface Methodology - Central
Composite Design

Response Surface Methodology (RSM) was used to
investigate the free fatty acid content resulting from
esterification with operational parameters, namely
temperature and heating duration. The composition of
these two variables was designed using the central
composite design (CCD) approach. With two continuous
factors/variables (k) and five replications (n), the number
of experiments conducted can be calculated using equation
(10). Therefore, the total number of experiments (N) was
13.

For CCD, observations are divided into 2 blocks: the
factorial point block consisting of nf factorial points and
nOf center points, and the axial point block consisting of
na axial points and n0Oa center points. Thus, the total
number of experiments in CCD is nf + na + (n0f + n0a). In
factorial design, each variable has minimum and
maximum levels denoted as -1 and +1. The formula for nf
factorial points is nf = 2k, where k is the number of
variables. So, for this study with two variables, the total nf
= 22 = 4 factorial points. The formula for na axial points is
na = 2k, so in this study, it has 4 axial points. The distance
between the axial points and the center points was denoted
as alpha (o)) [22]. The value of alpha, which was 1.41421,
has been determined. For center points, typically, there are
3 to 5 points that must be included in factorial design. In
this case, nOf (center points for factorial design) is set to 5,
and n0a (center points for axial design) is set to 0 as chosen
by default from the software.

In this research, the CCD consists of 13 experiments,
comprising 4 factorial points, 5 center points for factorial
design, 4 axial points, and 0 center points for axial design.
The experimental design for free fatty acid (FFA) content
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with temperature and duration variables can be found in
Table 1. The experiments were conducted randomly
(following the run order, not the standard order) to
eliminate the effects of uncontrolled factors [5].

TABLE 1.
EXPERIMENTAL DESIGN FOR CENTRAL COMPOSITE DESIGN
Std Order RunOrder Temp. (°C) Dl(Jr:?:)on FFA (%)

8 1 230 88.28 0.674
12 2 230 60 0.411

3 201.72 60 5.121

4 250 80 0.628
2 5 250 40 0.686
1 6 210 40 7.687
10 7 230 60 0.339
7 8 230 31.72 5.839
13 9 230 60 0.455
3 10 210 80 1.920

11 258 60 0.484
11 12 230 60 0.396
9 13 230 60 0.420

The free fatty acid content present in PLF (raw
material) was 28.40%. Table 1 indicates that the product
after esterification contains free fatty acids ranging from
0.339% to 7.687%. The lowest free fatty acid content
(0.339%) was obtained at a temperature of 230°C and a
heating duration of 60 min. Meanwhile, the highest free
fatty acid content (7.687%) was obtained at a temperature
0f 210°C and a heating duration of 40 min.

D. Analysis of Variance (ANOVA)

The data were analyzed using Analysis of Variance
(ANOVA) to evaluate Fischer's Test (F-value), probability
value (p-value), lack of fit, coefficient of determination
(R?), adjusted R? (R?adj), and predicted R? (R?pred) from
the experimental model, RSM-CCD. Data analysis was
carried out using the Minitab application (version 21.2).

The suitability of the developed model was examined
using ANOVA. ANOVA for the free fatty acid content
response is shown in Table 2. A large F-value and a P-value
less than 0.05 indicate that a parameter is significant [5],
[23]. Significant means that there is strong evidence to
reject the null hypothesis and it can be concluded that there
is a significant difference between the groups being
compared. Not significant means that there is not enough
evidence to reject the null hypothesis and it can be
concluded that there are no significant differences between
the groups being compared. The null hypothesis is a
proposition that states there is no difference, no
relationship, or no change in general. In the context of an
experiment, the null hypothesis states that there are no
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significant differences between the groups being compared
[24].

It was found that the F-value for the model with the free
fatty acid response is 127.75, indicating that the model is
significant at P < 0.0001, and the probability that the F-
value occurred due to noise was only 0.01% [3]. The
interaction between temperature and duration for the free
fatty acid content response is significant. The quadratic
effects of temperature and duration are also significant for
the free fatty acid content response.

TABLE 2.
ANALYSIS OF VARIANCE (ANOVA) FOR FREE FATTY ACID

Source DF AdjSS AdjMS F-Value P-Value
Model 5 0008 0002 127.750  0.0000010
Linear 2 0005 0002 205500 0.0000006
Temperature 1 0003 0003  230.660  0.0000012
Duration 1 0002 0002 180.350  0.0000029
Square 2 0002 0001  79.770  0.0000152
Temp*Temp. 1 0001 000l 73600  0.0000581
gﬂ::ggﬂ* 1 000l 0001 106200 00000174
f&:ﬁ’gtion 1 0001 0001 68190 00000744
Lemp® 1 000l 0001 68190 00000744
Error 0.000 0.000
Lack-of-Fit 3 0000 0000 154330 0.0001371
Pure Error 0.000 0.000
Total 12 0008

The comparison between residual and pure error was
referred to as lack of fit. The F-values for the lack of fit for
the free fatty acid content was 154.33 with P-values of
0.00013718. A lack of fit was not significant so it can be
accepted. Therefore, the number of experiments was
sufficient to evaluate the effects of the variables on the
response [3], [25]. A significant lack of fit indicates that
there may be contributions to the regression response
relationship that are not accounted for by the model.

TABLE 3.
MODEL SUMMARY
Respons S R-sg R-sg(adj)  R-sq(pred)
Free Fatty Acid  0.003  98.92% 98.14% 92.34%

The model summary can be seen in Table 3. The ANOVA
regression model shows an R-squared (R?) value of
98.92% for the free fatty acid content response, indicating
that the model can explain 98.92% of the data's variation,
with only 1.08% of the total variation unexplained by the
model. The R? value should not be less than 75% for the
model to be considered adequate. Thus, the model was
adequate for the free fatty acid content response. However,
a high R? does not invariably indicate the excellence of the
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regression model. An excellent model can only be
determined based on an equally high adjusted R-squared
(R%adj) value [26, 27]. The adjusted coefficient of
determination (R?adj) values for the free fatty acid content
was 98.14%. A high R?adj value indicates good agreement
between experimental and predicted values. Furthermore,
R?adj and R?pred should be within 20% of each other to be
considered appropriate [28]. Therefore, the model is
adequate for the free fatty acid content response.
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Figure 6. Residual Plot for FFA

The residual plot for free fatty acids is shown in Figure
6. In the residual plot there are four plots, namely
histogram, normal probability plot, residuals versus fits
plot, and residuals versus order plot. The residual
histogram is used to determine whether the data is skewed
or includes outliers. Histograms are most effective when
there are around 20 data points or more. If the sample is
too small, then each bar on the histogram does not contain
enough data points to indicate skew or outliers. Because
the histogram display depends on the number of intervals
used to group the data, histograms are not recommended
for assessing residual normality. Instead, a normal
probability plot is used [29].

A normal probability plot basically straightens out the
expected bell shape of a histogram so that if the sample
truly comes from a normal population, then the points
plotted from the sample should be fairly close to a straight
line. In ANOVA, it is usually more effective (and more
straightforward) to create a normal probability plot with
residuals [30]. Normal probability plots of abnormal data
show curves, hooks, and gaps that are usually easy to
distinguish from straight lines. If the P-value for the
normality test is relatively large (P > 0.05) then the data is
normally distributed. Meanwhile, if the P-value is
relatively small (P < 0.01) then the data is distributed
abnormally. For intermediate P values (0.01 <P < 0.05),
the data are inconclusive and additional data is needed
[31]. The P-value for the normal probability plot for free
fatty acids has a value of 0.034 (medium value) so the data
is not conclusive.

In analyzing the residuals versus fits plot, it can be seen
from the distribution of the points. If the model is correct
and the assumptions are met, the residuals should be
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unstructured. The plot in the residuals versus fits plot
should not show a clear pattern [30]. There are
characteristics of the residuals versus fits plot, namely 1)
The residuals "bounce randomly" around the O line. This
shows that the assumption that the relationship is linear is
reasonable; 2) The residuals roughly form a "horizontal
band" around line 0. This indicates that the variances of the
errors are the same; 3) There are no residuals that "stand
out" from the basic random pattern of residuals. This
shows that there are no outliers [32]. In Figure 6, it can be
seen that the graph does not show a clear pattern and is not
structured, but there are several points that converge for
the response of free fatty acids.

Residuals versus order plots can also be analyzed.
If there is a funnel pattern that opens outward, it indicates
that variability is increasing over time [33]. Residuals
versus order plot is used to verify the assumption that the
residuals are independent of each other. Independent
residuals do not show a trend or pattern when displayed in
a time series. Patterns in the dots may indicate that
residuals close to each other may be correlated, and thus,
not independent. Ideally, the dots should fall randomly
around the center line [34]. In Figure 6, it can be seen that
the graph does not show any pattern so it can be said that
the residuals are independent of each other. The uncoded
value regression equation (actual value) for the variable’s
free fatty acid content (%) is shown as follows,

Y%FFA = 2.368 — 0.01600X1 — 0.01308X2 + 0.000028
X12 +0.000034X22 + 0.000036 X1*X2 (10)

where X1 is temperature and X2 is duration. A positive
sign in the model indicates a synergistic effect of the
factors, whereas a negative sign indicates an antagonistic
effect.
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210 220 230 240 250
Temperature
Figure 7. Contour Plot of Temperature and Duration Variables against
%FFA

E. Response Surface Analysis
In this research, based on the regression equation,

contour plots or two-dimensional (2D) contour plots and
response surface plots or three-dimensional (3D) response
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surface plots are drawn as a function of two independent
variables with the aim of understanding the synergistic
effect of temperature and duration on levels of free fatty
acids. The contour plot is shown in Figure 7, while the
response surface plot is shown in Figure 8. The contour
plot helps to determine the level of variables that
contribute to the desired response, while the response
surface plot helps to determine the minimum, middle and
maximum response points [35]. The desired synergistic
effect between two independent variables has an elliptical
shape on the contour plot [36].

Figure 7 illustrates a contour plot for the free fatty acid
content response with temperature and duration as
variables. It can be observed that as the temperature
increases, the free fatty acid content in the product
decreases. However, at temperatures above 250°C, the free
fatty acid content starts to increase. Regarding the duration
variable, longer durations result in lower free fatty acid
content in the product, but at durations exceeding 80
minutes, the free fatty acid content increases. This can
occur due to: 1) reversible reactions leading to the
formation of free fatty acids, and 2) potential inaccuracies
in the analysis since experiments conducted at
temperatures above 250°C and durations exceeding 80
minutes were performed only once. Free fatty acid content
below 0.1% can be achieved within the temperature range
0f 230-260°C with durations of 55-80 min.

0995

Y%yield
0990

80

0985 4
€ puration

200 P y Z a9
240 s
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Figure 8. Surface plot of temperature and duration variables against
%FFA

Furthermore, in the surface plot of Figure 8 with the
%FFA response and temperature and duration variables, it
can be seen that the free fatty acid content tends to decrease
with increasing temperature. At lower temperatures (200-
230°C) there is a relationship that the longer the duration,
the lower the free fatty acid levels. However, at higher
temperatures (230-260°C) there is a relationship, namely
in the duration range of 60-80 min the free fatty acid levels
increase.

F. Validation of Optimization Results

In Response Surface Methodology there is Response
Optimization where the application will suggest solutions
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based on parameters and previous experimental results.
The %FFA response is set with the aim of minimizing
(minimum). A temperature of 231.4°C with a duration of
59.71 min was chosen as the main solution to produce
minimum %FFA. Apart from this solution, there are
several solutions which are summarized in Table 4. The
first and second solutions were chosen because the first
solution has the highest composite desirability, namely
0.991574, while the second solution was chosen because it
has the lowest predicted free fatty acid content, namely
0.02%. Both solutions were carried out five times to
validate the optimization solution.

TABLE 4.
SOLUTION FROM RESPONSE OPTIMIZATION
. . %FFA  Composite
Solution Temp. Duration Fit Desirability
1 231.4 59.710 0.003 0.992
2 258.3 59.710 0.000 0.985
3 251.4 79.800 0.009 0.906
4 218.0 87.430 0.010 0.900

The results of the optimization are summarized in Table
5 for the FFA response. There are two calculations carried
out, namely error and standard deviation. The term "error"
in statistics refers to the difference between the actual
value and the measured or estimated value of a quantity.
These differences can arise for various reasons, such as
measurement error, sampling error, or modeling error [37].
Standard deviation is a statistical measure that measures
the amount of variation or dispersion in a set of data points,
thereby providing information about how spread out the
values of the mean (average) of the data set are [38]. From
the results obtained, it can be seen that solution 1
(temperature 231.4°C and duration 59.71 min) has a
smaller error and standard deviation than solution 2
(temperature 258.3°C and duration 59.71 min). A small
error means that the free fatty acids obtained and the
predicted fatty acids have close values. A small standard
deviation means that the data set is not spread out.
However, solution 2 has a smaller free fatty acid content
(0.285%) compared to solution 1 (0.388%). Moreover,
solution 1 gave a higher yield (97.93%) compared to
solution 2 (97.25%).

TABLES.
OPTIMIZATION RESULTS ON FFA RESPONSE
FFA
Solution Actual FFA Predict Average StDev FFA
Average Error
1 0.388% 0.30% 29.45% 0.04%
2 0.285% 0.02% 1136.46% 0.05%

Apart from analyzing free fatty acid levels, the results of
esterification of solutions 1 and 2 were also carried out by
thin layer chromatography (TLC) to qualitatively identify
the components in the sample. In this TLC, silica gel 60
F—254 was used and the mobile phases were hexane, ethyl
acetate and acetic acid in a ratio of 80:20:1.
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The TLC of PLF and esterification optimization of
solutions 1 and 2 is shown in Figure 9. It can be seen that
in PLF there are large amounts of free fatty acid (FFA)
compounds, indicated by the large FFA area compared to
solutions 1 and 2. In solution 1 there are few lines. in the
TG area which shows solution 1 has little TG. Solution 1
also still has a small amount of FFA and increased levels
of MG and DG compared to PLF which has a fainter color.
In solution 2, TG and FFA are not visible and the MG line
becomes longer indicating high MG levels.

TG

FFA

DG
MG

Figure 9. TLC of PLF (A), Optimization of Esterification Solutions 1
(B)and 2 (C)

IV. CONCLUSION

Optimizing the esterification reaction obtained optimal
temperature and heating duration with a fatty acid content
of 0.285% for esterification results at a temperature of
258.3°C and a heating duration of 59.71 min. In this
condition, the resulting yield was 97.25%. The effect of
temperature and duration of heating during the
esterification reaction on free fatty acid levels was very
significant which can be seen from the P-Value, namely
0.00000102. Meanwhile, the effect of temperature and
heating duration during the esterification reaction on the
yield was not significant (P-Value = 0.130).
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