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Graphical abstract Abstract

Monoglycerides can be produced through a glycerolysis reaction using a
heterogeneous catalyst. The purpose of this study is fo analyze the opfimum
conditions of the production of monoglycerides from glycerol and cooking oil
using KF/CaO-MgO base catalysts and to find the reaction kinetics of the
monoglyceride glycerolysis reaction. The Response Surface Method (RSM) was
used fo find favorable condition by varying the amount of catalyst (X:) between
0.1, 0.2, and 0.3% (w/w), temperature (Xz) between 210, 220, and 230°C, and
reaction time (Xs) from 2, 3, to 4 hours. Gas Chromatography - Mass
Spectometry (GC-MS) analysis was used to defermine monoglycerides, while
catalysts were characterized by XRD (X-Ray Diffraction). The results showed that
temperature had the most dominant influence compared to the amount of
catalyst and reaction time. The most favorable conditions were obtained at X; =
0.19% (w/w), X2 = 208.37°C and Xs = 3.20 hours with monoglyceride yield of
41.58%. The constants for the reaction kinetics of the monoglyceride formation,
ki and ko were 1.04189 and 0.88965 hour'!, respectively.

Keywords: glycerolysis, monoglyceride, kinetics, KF/CaO-MgO catalyst, RSM
optimization

ke
TG + GLY 4—_k_! MAG + DAG
2

© 2020 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

The glycerolysis reaction can be carried out with or
without a catalyst. Reaction without catalyst will run

Glycerolysis is the reaction between glycerol and oil slowly. Therefore, the catalyst is needed for the

or fat to produce mono and di-acyl glycerol (MAG
and DAG). Monoacylglycerol (MAG)/
monoglycerides (MG) are widely used as surfactants
and  emulsifiers in  food, cosmetics, and
pharmaceutical products [1]. In the food industry, the
consumption of this surfactant group reaches 75% of
the fotal emulsifying production. The use of
monoglycerides in the food industry including used in
bakery products, margarine, dairy products, and
confectionary [2]. Additionally, it can be used as
synthetic constituents and plasticizers [3, 4].

glycerolysis reaction to proceed quickly. In addition
fo obtaining a relatively short reaction fime, the
catalyst is also useful for directing OH groups to MAG
formation. The glycerolysis reaction for the
preparation of monoglycerides can be carried out
by two methods, namely chemical synthesis (using
acid, basic, or metal oxide catalysts) and enzymatic
synthesis (using lipase catalysts) [5]. Compared to
chemical synthesis, enzymatic synthesis has several
advantages including mild reaction conditions,
higher yields, and lower energy consumption [6].
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However, the disadvantages of enzymatic synthesis
include that the process is complex and time-
consuming, more expensive, and the enzymes are
difficult to separate from the product [2, 85].
Chemical synthesis has the main advantage of being
a short reaction period [7]. Base catalysts are more
widely used than acid catalysts because the
reaction time is faster, non-corrosive, and high yields
[8]. The most commonly used reaction is often under
alkaline conditions and the frequently used base
catalysts include NaOH [9], NaOCH3 [10], CaO [11]
and MgO [3]. However, the use of pure base
catalysts especially metal oxides has lower catalyst
activity compared to mixed metal oxide [12].

Investigation of impregnated mixed metal oxide
catalysts, in particular, the KF/CaO-MgO catalyst in
the glycerolysis reaction has not been carried out.
Solid metal oxide catalysts impregnated on the
supporting material have many advantages such as;
increased catalyst surface area, high monoglyceride
selectivity, environmentally friendly, easy catfalyst
separation and inexpensive product purification
processes [13]. The potential of this catalyst is very
large so that exploration of the use of this catalyst
needs to be developed.

The glycerolysis reaction between glycerol and oil
is a multiphase reaction. Therefore, the reaction is
carried out at a high temperature (250°C). This is
infended to increase the solubility of glycerol in the
oil. The solubility of glycerol in oil at room temperature
is very low at only around 4% [14]. Due to the
multiphase properties of the sample, kinetics studies
of the glycerolysis reaction of glycerol and
friglycerides have not been reported in previous
studies. For this reason, the kinetics of the glycerolysis
reaction need to be studied.

This study aims fo deftermine the opfimum
conditions of the glycerolysis reaction process of
glycerol and friglycerides and determine the reaction
rate constants based on the optimum conditions
obtained. Optimization is carried out using the RSM
method with statistical software version 12.0
concerning the amount of catalyst (Xi), reaction
temperature (X2) and reaction time (Xs). Reaction
kinetic is solved by the fourth-order Runge-Kutta.

2.0 METHODOLOGY
2.1 Materials

In this research, the KF/CaO-MgO catalyst was made
using potassium fluoride (KF), magnesium acetate,
absolute ethanol (99.9%), calcium nitrate (Ca(NOs)2),
and cifric acid from Merck (Germany). Tropical
cooking oil used as a source of triglycerides was
acquired from supermarkets, while glycerol (85%) was
obtained from Merck.

2.2 Preparation of KF/CaO-MgO Catalyst

Preparation of KF/CaO-MgO catalyst consists of 2
steps, which include preparation of CaO-MgO
catalyst and continued with impregnation of KF into
the CaO-MgO catalyst. In the first step, the
preparation of CaO-MgO catalysts was carried out
by dissolving the solids of magnesium acetate,
calcium nitrate, and citric acid into 95% ethanol
solufion and stiring until homogeneous (clear
colored). The mixed solution was then stired at a
speed of 300 rom while being heated to form a sol.
The heating was continued while stirring until it
reaches a temperature of 80°C and a gel was
formed. The formed gel was dried in an oven at
110°C overnight. The dry solid was then calcined in a
Ney Vulcan box furnace at 550°C for 3 hours. The
solid product obtained was a CaO-MgO catalyst.
The second step was the impregnation of the CaO-
MgO catalyst with the KF solution. Two percent of KF
was dissolved in aquadest. Impregnation was carried
out by immersing the CaO-MgO catalyst in a KF
solution for 1 hour while stired and was then dried in
a Memmert oven at 140°C for 6 hours. The dried solid
catalyst was then calcined at a temperature of 450,
500 and 550°C in the box furnace for 3 hours. The
resulted solid catalyst was called KF/CaO-MgO.

2.3 Characterizations of Catalyst and Product

The catalyst was characterized using XRD (X-Ray
Diffraction). XRD analysis was carried out in Shimadzu
XRD-7000. The XRD patterns were measured under
radiation conditions Cu-Ka. (k = 1.54 A) operated at
30 mA and 40 kV. The diffraction pattern was
produced in an angle range of 26 from 10° to 70°
with a step size of 0.017 and a step time of 0.5
seconds. The diffractogram/peak obtained was
compared with data from the JCPDS library (Joint
Committee on Powder Diffraction Standards).

Monoglyceride products were analyzed using Gas
Chromatography-Mass Spectrometry (GC-MS)
(QP2010S SHIMADZU, DB-1 column). GC-MS was also
used fo determine the molecular weight of the
compound. In GC-MS, sample analysis was carried
out at an oven temperature of 50°C (5 minutes). The
temperature was raised by 10°C/min to reach 260°C
and subsequently held for 33 minutes.

2.4 Glycerolysis Process

The monoglycerides formation was conducted using
the molar ratio 1 to 3 for oil (triglyceride) to glycerol.
The catalyst (% by weight) was dissolved in glycerol
at 90°C in a glass vessel and stirred until the solution
was completely homogeneous. Afterward, the
triglyceride was placed into a glass vessel and
heated to 150°C while stirring. Once the oil reaches
the feed temperatfure, the mixture of glycerol and
catalyst was gradually added while stirring. During
the mixing process, the temperature was maintained
at 150°C. Operating conditions were varied
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according fo the optimization variable. The product
was separated from the residue and analyzed using
GC-MS. The reaction rate kinetics was determined by
varying the reaction time from 1 to 5 hours with a
batch system using the results of optimization of the
operating conditions.

2.5 Experimental Design

The design model was created and used to
determine the effect of response variables with a
central composite design (CCD) and response
surface method (RSM). This approach is widely used
to design the second-order model. Second-order
polynomial models were used fo verify the effect and
interactions of the linear and quadratic of the
process variables [15]. By applying a CCD, the effect
of each parameter can be evaluated quickly and
effectively [16]. The experimental design was used to
establish the low, center and high values for the
amount of catalyst (% w/w), temperature and
reaction time. Table 1 shows the experimental design.

Table 1 Range and level of independent variables for RSM

Variable Level

Low Center High

Variables Unit
level level level
(-1 (0) (+1)
Amount of catalyst (Xi) %(w/w) 0.1 0.2 0.3
Reaction temperature (X2) oC 200 210 220
Reaction time (Xs) Hours 2 3 4

The experimental design for optimization had 16
runs and the experiments were carried out to obtain

optimal monoglyceride results using Expert Software
StatSoft (statistics) version 12.0. The results were as
shown in Table 2.

The Design-Expert 12.0 software was used fo
analyze the experimental data and was installed into
second-order polynomial equations. The interaction
between the dependent and independent variables
is achieved through Eq. (2) [17].

Y =1 (X1, X2, ..., Xe) + ¢ (1)

i=1,223 k

Y=pBo+3K, iXi+Z§<:1Biixi2+ZZi<jl3inin+8 (2)

Where, Y is the observed response, Po is a
regression parameter, Bi is the linear effect, Bi is the
quadratic effect, Bj is the interaction effect, X is the
main linear variable, XiXj are two linear variables, X2 is
the square of the main variable, and ¢ is the random
error between predicted and measured values. The
desired response is monoglyceride yield. ANOVA was
used to test the statistical significance of the square
variation average ratio due fo regression and mean
square error residuals [18]. The correlation coefficient
(R2) was used to express the quality of the fit of the
polynomial model. The main indicators include
probability values (Prob > F), F-values model (Fisher
rafio variation), and adequate precision indicating
the adequacy and significance of the model used.
Maximization was used to determine the best and
optimized local maximums. These individual targets
were combined info the function of the overall desire
using the software.

Table 2 RSM for three independent variables in the corresponding values and code unit

Independent variables

Coded variables

Run  Amount of Catalyst (%w/w) Temperature (°C) Reaction Time (Hours) Xa X2 X3
1 0.10 200.00 2.00 -1.00 -1.00 -1.00
2 0.10 200.00 4.00 -1.00 -1.00 1.00
3 0.10 220.00 2.00 -1.00 1.00 -1.00
4 0.10 220.00 4.00 -1.00 1.00 1.00
5 0.30 200.00 2.00 1.00 -1.00 -1.00
6 0.30 200.00 4.00 1.00 -1.00 1.00
7 0.30 220.00 2.00 1.00 1.00 -1.00
8 0.30 220.00 4.00 1.00 1.00 1.00
9 0.03 210.00 3.00 -1.68 0.00 0.00
10 0.37 210.00 3.00 1.68 0.00 0.00
11 0.20 193.18 3.00 0.00 -1.68 0.00
12 0.20 226.82 3.00 0.00 1.68 0.00
13 0.20 210.00 1.32 0.00 0.00 -1.68
14 0.20 210.00 4.68 0.00 0.00 1.68
15 0.20 210.00 3.00 0.00 0.00 0.00
16 0.20 210.00 3.00 0.00 0.00 0.00
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2.6 Kinetic Model

The glycerolysis reaction of monoglycerides is
reversible. Excessive use of glycerol is theoretically
necessary to shift the equilibrium fo the right so that
the fotal monoglyceride obtained increases [19].

The reaction rate kinetics are used to estimate a
constant rate for all possible reactions. This approach
requires a thorough understanding of the steps in a
sequential reaction. The formation of the
monoglyceride equation is shown in equations (3) fo

(6).
KF/CaO-MgO
TG + GLY Fﬂ MAG + DAG (3)
atalyst

k
aA + bB 4=k1! cC+dD (4
2

Being an equation

dC
= _TrA =kiCaCp —koCcCp (5)
ax
d_TA:k]ciOG—XA)(eB—eA)—/ﬂC%X% (6)

Equation (6) is solved by the fourth-order Runge-
Kutta, which is used in solving problems related to
numerical calculations. It is an important tool for
solving differential equations with initial conditions.

3.0 RESULTS AND DISCUSSION
3.1 Characterization of Catalyst

X-Ray Diffraction (XRD) pattern of the before and
after impregnation with  varied calcinations
temperature of KF/CaO-MgO catalysts  were
illustrated in Figure 1.

The XRD pattern on the catalyst before being
impregnated is illustrated in Figure 1(a). While the
XRD pattern of the catalyst after being impregnated
with calcination temperature variations is shown in
Figure 1(b, ¢, d). In Figure 1(a), the XRD
diffractrogram shows the peaks of the CaO (37.36°,
74.65°,78.70°) and MgO (42.91°, 62.15°) components.
After the catalyst was calcined at 450°C, a peak of
Ca(OH)2 component appeared at 18.19°, 29.3%9°,
50.77° and 58.74°. This shows that the calcination
temperature is still low. When the calcination
temperature is increased to 500 and 550°C, new
peaks form as CaKFs and MgKFs crystals. CaKFs and
MgKF3 are active sites formed due to the addition of
KF as support. The presence of CaKFz and MgKFs
crystals will produce high catalyst activity so that they
are able to produce higher monoglyceride vyields
[20].

= +Ca(OH)

e CaO
o MgO
A CaKFs
o © MeKF:
A

Intensity peaks

2 4

Position [°2Theta] (Copper

Figure 1 XRD pattern of the KF/CaO-MgO catalysts : (a)
CaO-MgO catalyst; (b) KF/CaO-MgO catalyst (450°C); (c)
KF/CaO-MgO catalyst (500°C); (d) KF/CaO-MgO catalyst

(550°C)

3.2 Model Fitting

According to the experimental design, 16
experimental runs were carried out according to the
optimization variables, including the amount of
catalysts, temperature, and reaction time as shown
in Table 2. The data from the experimental results
were fitted to the polynomial equation to quantify
the curvature effects [18]. The second-order fitting
polynomial equation of coded factors was expressed
as shown in Eq. (7).

Y = 275060+ 299.09X, — 43498 X7 +25.08 X,

~0.06X2 +98.58X5 —4.57X3 —~0.14X;X, (7)
~9.92X X5 —0.33X5X3

The complete 16 sets of the experimental design
matrix and response based on experimental and
predicted values on the yield of monoglycerides
proposed by CCD are tabulated in Table 3 [16].
Table 3 also shows the raw and absolute residual
values, as well as the percentage of error responses
for all batches. By comparing experimental and
predicted values, the model is verified. Figure 2 shows
the results of a comparison between experimental
and predictive values. Figure 2 proves that the
percentage obtained from the efficiency of
monoglyceride yield varies between 27.58 to 46.33%
and the predicted value of the model matches the
experimental results satisfactorily.
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Table 3 Experimental and predictions values of monoglyceride yield using RSM

Run Yield of monoglycerides Raw Error Absolute
Experimental  Predicted  residuals (%) residuals
1 27.580 28.042 -0.46 -1.67 0.46
2 37.070 37.513 -0.44 -1.19 0.44
3 31.720 33.504 -1.79 -5.64 1.79
4 30.610 29.903 0.71 2.32 0.71
5 30.190 29.381 0.81 2.68 0.81
6 38.190 34.892 3.30 8.64 3.30
7 36.240 34.284 1.95 5.38 1.95
8 28.680 26.711 1.97 6.87 1.97
9 36.550 34.664 1.89 5.17 1.89
10 29.100 33.090 -3.99 -13.71 3.99
11 30.160 31,332 -1.17 -3.88 1.17
12 28.070 29.037 -0.97 -3.46 0.97
13 33.150 32.737 0.41 1.24 0.41
14 31.770 34.337 -2.57 -8.09 2.57
15 46.890 46.449 0.44 0.94 0.44
16 46.330 46.448 -0.12 -0.26 0.12
50 variables (amount of catalyst, temperature, and
48 ~ reaction time) have an effect > 90% from the model.
46 o9
i / Table 4 ANOVA for the percentage of monoglycerides
2 / .
8 40 ) d Factors  ReIression e b Lalve p-value
S | o Coeff.
3 4 o Xo -2750.60
& u o o Xi 299.09 1 01798 0.3469
z /%)/ Xn -434.98 1 4.3462 0.0038
28 /y X2 25.08 1 0.4030 0.0009
Clrd X22 -0.06 1 9.5630 0.0010
2424 26 28 30 32 34 36 38 40 42 44 46 48 50 X3 9858 '| O '| 970 00049
Experimental results
) ) X33 -4.57 1 4.7694 0.0033
Figure 2 Predicted and experimental values for
monoglyceride yield Xi2 -0.14 1 0.0103 0.8957
X3 -9.92 1 0.5020 0.3778
3.3 Stdtistical X23 -0.33 1 5.4493 0.0201
Erorr 8.6933 6
Analysis of variance (ANOVA) using Design-Expert
R2 0.9028

12.0 software was used to appropriately assess the
polynomial model (Eqg. (7)) taking into account the
intferactions [21]. Fisher F-test, where F-value is the
ratio between the squares of the regression and the
average error, was used to determine the statistical
significance of the factor to the response. Table 4
shows the results of ANOVA for the monoglyceride
percentage.

The results of the analysis of variance on
monoglyceride production showed an R? of 90.28%.
The R? value indicates that 90.28% of the data in the
CCD can be explained by the response surface
model. The effect of variables on the response value
can be expressed by the model which can then
predict the maximum response value in subsequent
optimization experiments. The three optimization

Based on the ANOVA, the calculated F-value of
the model was obtained at 60.45. The F-value of this
model is greater than the tabulated F-value of 3.49.
The F-value shows a statistically significant regression
at a significance level of 5% [22]. This shows that the
Fisher variance rafio calculated at this level is large
enough to justify the very high degree of adequacy
of the quadratic model and also to exhibit that the
combination of treatments is very significant [23]. All
p-values of monoglyceride production data produce
a degree of significance a < 5%, except Xi, Xi2, and
Xi3, indicating that the variable has a significant
impact on the model.
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3.4 Optimization Analysis

The opfimum condition of the synthesis of
monoglycerides is predicted using the opfimization
function. The empirical model derived from the RSM
method can be used accurately to describe the
relationship between the factors and response in the
conversion of monoglycerides [19].

The optimum condition of the synthesis of
monoglycerides is predicted using the opfimization
function. Figures 3 and 4 show 3D and 2D graphs of
the response surface and contour plots of the effect
of the amount of catalyst on the reaction
temperature. Figures 3 and 4 display that the
relationship between the amount of catalyst (% wi)
and femperature in a monoglyceride product has a
maximum stationary area. This is because the
determination of the range of data selection codes
(points -1, 0, 1) needs to be carefully considered to
attain the optimal point [24]. The optimal conditions
derived from software statistics are shown in Table 5.

16/ 9p1eoRBOVOIN 1O PIRIA

Il > 40
B <34
Cl<24
<14
<4
Figure 3 3D surface plots showing the interaction between
amounts of catalyst (Xi) with reaction temperature (X2) at

reaction time (Xs) 3 hours for monoglycerides production

Reaction Temperature (0C)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Amount of Catalyst (%wt)

Figure 4 2D contour plot showing the interaction between
the amounts of catalyst (Xi) with reaction temperature (X2)
at reaction fime (Xs) 3 hours for monoglyceride production

Table 5 Optimal values of parameters

Parameters Optimum value
Yield of Monoglyceride (%) 41.58
Amount of Catalyst (% w/w) 0.19
Reaction Temperature (°C) 208.37
Reaction Time (hours) 3.20

3.5 Kinetics

Figure 5 indicates the effect of monoglyceride
concentration on reaction fime.

0.8
@---___
0.74 4
/
/
0.6 "
= 0.5
=}
E 1 @ e
2 0.4 7 - @~ Experiment |
UZ —l— Calculated
0.3 -
0.2
0.1
0.0 T T L
0 1 2 3 4 5

Reaction Time (h)

Figure 5 The relationship between MAG
(monoacylglycerol/monoglyceride) concentration from
experimental results and calculations on reaction times

Figure 5 shows the difference between the
concentrations of monoglycerides obtained from
experimental results and the one predicted.
Monoglycerides produced from experimental are not
stable, while the predicted results are more
consistent and tend to increase. Additionally, the
results of the experimental monoglycerides
decreased at the 5™ hour reaction time. This is
because once the production of monoglycerides is
optimum, it is influenced by the side reactions and
forms diglycerol-acid (DAG) [25].

Computational results  using the fourth-order
Runge-Kutta method indicate the reaction rate
constants ki>k2 and k>0 with values ki and k2 were
1.04189 and 0.88965 hour!, respectively. Figure 6
shows the conversion results obtained by calculating
the reaction rate. The coefficient of determination
(R2) is 0.936, obtained based on the relationship
between reaction time and conversion.
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0.7 —m=Calculated -~ m
~ - = Linear Regression ‘/
0.6 /
e
~ L
é 0.5 4 e -
ped o — .
b Equation y=a+b'x
= 0.4 Plot B
2 Weight No Weighting
E Intercept 0.24356 + 0.048
= 031 Slope 0.09594 £ 0.014
g Residual Sum of Squar 0.0063
© Pearson's r 0.96744
024 R-Square (COD) 0.93594
Adj. R-Square 0.91459
0.1 4
0.0 T - T Y Y
0 1 2 3 4 5

Reaction Time (h)

Figure 6 The conversion value of XA (%) to the reaction time
(hour) in monoglyceride production

4.0 CONCLUSION

The results obtained from the optimization using the
RSM method shows the temperature effect has the
most dominant influence with a p-value of 0,0009
and R2 0.9028. The amount of catalyst and reaction
fime also has an influence but not too dominant.
Besides, optimization of monoglycerides indicates
that the optimum condition is reached at Xi (amount
of catalyst) = 0.19% (w/w), X2 (reaction temperature)
= 208.37°C and Xz (reaction time) = 3.20 hours with a
monoglyceride content of 41.58%. Monoglyceride
conversion from the experimental results and
calculations using the fourth-order Runge-Kutta
method results fend to decrease after 5 hours of
operating conditions. Reaction rate constants show
ki>kz and k>0 with ki and k2 values of 1.04189 and
0.88965 hour', respectively. The determinant value
(R?) obtained was 0.936.
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The manuscript must be proof The article has been proof read by a
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clearly shown. A read and proof reader certificate.
letter/certificate from a qualified | To show tracked changes, please click the
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proof.
2. | Which catalyst is being used for | Thank you for Reviewer comments. Page 2,
the reaction? It is not being The glycerolysis process uses 1 catalyst, section 2.4,
mentioned in the manuscript. which is a catalyst that has been calcined at | right column,
There are 3 version of catalysts - | 550°C. paragraph 1,
those three are calcined at 450, | We have added this statement in the article. | line 3.
500 or 550°C?
Page 5, left
column,
paragraph 2.
3. | Having only XRD as the only Thank you for Reviewer recommendation. | Abstract, line

characterization seems not to be
sufficient for a manuscript that
is synthesizing catalyst. It is
recommended to have at least
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Nitrogen Adsorption BET. The
authors also mentioned about
the importance of surface area in

We have added another catalyst
characterization namely Nitrogen
Adsorption BET in the article (Section 2.3).
Discussion of the BET results has also been

added in the article (Section 3.1).

10-11.

Page 2, right
column,
section 2.3,
paragraph 1,
line 2-4.




the second page, left column
that is : "....Solid metal oxide
catalysts impregnated on the
supporting material have many
advantages such as; increased
catalyst surface area...". This
clearly shows that the author
knows the importance of having
surface area information for a
new catalyst.

Page 2, right
column,
section 2.3,
paragraph 2.
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paragraph 2-
3.

Please be clear and specific
which optimization software is
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this is being mentioned =
"statistical software version
12.0" - no software name.
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mentioned = "Expert Software
StatSoft (statistics) version
12.0". Third appearance, this is
being mentioned = "Design-
Expert 12.0 software". The
fourth appearance, this is being
mentioned = "Design-Expert
12.0 software".

Hence, from the observation, I
thought and assume you are
using Design Expert software.
So, please be consistent in
mentioning this.

However, upon reading further,
all the graphics showed that you
are using Statistica software and
not Design Expert. Please be
clear and accurate and honest
which one is being used.

Thank you for Reviewer comments.

In this study, we use Statistica software
version 12. We have used the phrase
"Statistica software version 12" in this
article. 1 apologize for this inconsistency.

Page 2, left
column,
paragraph 4,
line 6.

Page 3, right
column,
paragraph 1,
line 1.

Page 5, right
column,
section 3.3,
paragraph 1,
line 1.

| suggest to include the pareto Thank you for Reviewer suggestion. Page 6, left
chart to be included in the factor | We have added the pareto chart. column,
analysis because it will clearly paragraph 3.
show which is the most

significant factor.

It's best to discuss and analyze Thank you for Reviewer comments. Pages 5, left
and relate all the findings In this study, catalyst characterization was | column,
obtained. This manuscript lacks | carried out to determine changes in the | paragraph 2,
the inter-relate discussion character of the catalyst to the addition of | line 1-3.
between for example metals and calcination temperature. The best
characterization result and results from catalyst characterization are | Page 7, left
optimization. Between used for the glycerolysis process. In this | column,




optimization and reaction
Kinetics etc.

study, the catalyst used was the KF/CaO-
MgO catalyst which was calcined at 550°C.
We have included this statement in the
article.

Meanwhile, optimization is used to
determine the optimum conditions of the
glycerolysis process which includes reaction
temperature, reaction time and the amount of
catalyst. The optimum conditions obtained
are used to find the reaction kinetics.

section 3.5,
paragraph 1,
line 1-2.

Why analysis is being made by
GCMS? GCMS is meant for
identification of compounds and
you can only make qualitative
analysis. Kindly explained how
the results are being derived
from GCMS.

Thank you for Reviewer comments.

From GCMS analysis, we get
%composition of all components in the
product. Yield of monoglyceride (MAG) is

calculated by the following formula:

YieldMAG (%)
_ weight of product (9)

" weight of cooking oil (g)
We have added this formula in the article.

x%compositiony g

Page 3, left
column,
paragraph 1,
line 6.
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Graphical abstract Abstract

Monoglycerides can be produced through e—glycerolysis reactien—using a
heterogeneous catalyst. The purpose of this study is to analysze the optimum
conditions effor the production of monoglycerides from glycerol and cooking oil
using KF/CaO-MgO base catalysts and to findinvestigate the reaction-kinetics of
the monoglyceride glycerolysis reaction. The Response-Surface-Methoedresponse
surface method (RSM) was used to finddetermine the favourablerable
\ cenditienconditions by varying the amount of catalyst (X;) between 0.1, 0.2; and
\“ N 0.3% (w/wy:); the reaction temperature (X2) between 210, 220, and 238°C,230°C
and reaction time (Xa) frombetween 2, 3; foand 4 hours. Gas Chromatography—
Mass—Spectometrychromatography-mass spectrometry (GC-MS) analysis—was
used fo determine the monoglycerides, while catalysts were characteriszed by
Y > X-ray diffraction (XRD—{X-ReyDBiffraction) and BEF{the Brunauer-Emmett-Teller}
* 2 ; method-_(BET). The results showed that—reaetion, among the three factors
examined, temperature hadshows the most dominantinfluence compared-to
the-amountof catalyst-andcontrol over this glycerolysis reochon—hme The mos’r
favourablerable conditions were—ebtained—atare X; = 0.19% (wW/w),
208.37°C37°C and Xz = 3.20 hours-with, which provide a monoglyceride y|eId of
41.58%. The constants for the reaction kinetics of the monoglyceride formation,
ki and k2 wereare 1.04189 and 0.88965 hour, respectively.
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Keywords: glycerolysis, monoglyceride, kinetics, KF/CaO-MgO catalyst, RSM
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1.0 -INTRODUCTION

reaches 75% of the total emulsifying production. The
wse—ofSpecifically, monoglycerides in—the—food
industry—ineludingare used infor the productions of
bakery products, margarine, dairy products; and

Glycerolysis is the reaction of glycerol endwith
friglycerides (fats/oils) to form mono-acyl glycerol

(MAG) and di-acyl glycerol (DAG). Monoacylglycerol
(MAG)/monoglycerides (MG) are widely used as
surfactants and emulsifiers in food, cosmetics; and
pharmaceutical products [1]. In the food industry, the
consumption of this—surfactant—grovpMAG/MG

confectionary [2]. Additionally, #they can be used as
synthetic constituents and plasticiserszers [3, 4].
The—glyecerolysis—reaction—Glycerolysis can be
carried out with or without a catalyst. Reaction
witheut-The catalyst willrun—slowly—Therefore;simply
accelerates the eatalystisneeded-forthe-glycerolysis
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Saction~o-proceec-guicky- lEEE SRO-OBRIGHAIRG
usefulferreaction by directing OH groups to MAG
formation. The glyeerolysis—reaction for—the
prepearation—of-monoglycerides—can be carried out
by—with either of two methods,—namely: chemical
synthesis (using acid, basic, or metal oxide catalysts}
and), or enzymatic synthesis (using lipase catalysts)
[5]. Compared to chemical synthesis, enzymatic
synthesis has several advantages including mild
reaction conditions, higher yields; and lower energy

consumption [6]. However, the—disadvantages—of
enzymatic synthesis include-thatthe-process-is more
complex,-end time-consuming, mere-expensive; and
the enzymes are difficult to separate from the
product [2, 5]. —Chemieglln _contrast, chemical
synthesis has—the-main—advantage—of-being a short
reaction period [7]. Base catalysts are more widely
used than acid catalysts because the reaction time is
faster, the reaction is non-corrosive;, and highit
produces higher vyields [8]. The—most—commonly
usedMost often, the reaction is-effenproceeds under
alkaline conditions and the most frequently used
base catalysts include NaOH [9], NaOCHs [10], CaO
[11}] and MgO [3]. However, the-use—ef-pure base
catalysts, especially metal oxides—heas, have lower
catalyst ectivibractivities compared to mixed metal
oxideoxides [12].

lrvestigationThe use of impregnated mixed metal
oxide catalysts, in—particular—the—KF/CaO-MgO
catalyst in particular, in the glycerolysis reaction has
not been carried—out—Solid-—metal-oxide—catalysts
impreghated—oninvestigated yet. Impregnating the

supporfing material hevewith a solid metal oxide
catalyst has many advantages such_as-as; increased
catalyst surface area, high monoglyceride selectivity,
environmentally friendly, easy catalyst separation
and inexpensive product-—-purification processes [13].
The—potential—ofSince this catalyst shows great
potential, it is very—large—so—that—exploration—of
theimportant to explore its use efthis-catalyst-needs
to-be-developedin glycerolysis.

The glycerolysis reaction between glycerol and oil
is a multiphase reaction. Therefore,the-reactionlt is
carried out at e-high temperature (250°C)—TFhis—is
intended-250°C) in order to increase the solubility of
glycerol in the oil—The—seolubility—of-ghreerotin—oi—,

which is only around 4% at room temperature is—very
low—atonly—around4%—[14]. Due to the mulliphase
properties of the sample, kinetics—studies of the
kinetics of the glycerolysis reaction efpbetween
glycerol and friglycerides have not been repertec-n

previous—studies—Forthisreaseon,—thekinetics—of-the

ghyeerelysisreaclon-need-to-bestudied.caried oul.
FhisThe present study aims to determine the

optimum conditions and the corresponding reaction
rate constants of the glycerolysis reaction process
ofbetween glycerol and triglycerides-end-determine
- .
conditions—obiained.. OptimizationOptimisation is
carried out using the RSMresponse surface method
(RSM) with__the Statistical software version 12.0

concerning the amount of catalyst (Xi), reaction
temperature (X2}) and reaction time (Xs). Reaction
kinetic—The reaction kinetics is solved byusing the
fourth-order Runge-Kutta.

2.0 -METHODOLOGY
2.1 -Materials

In this research, the KF/CaO-MgO catalyst was made
using potassium fluoride (KF), magnesium acetate,
absolute ethanol (99.9%). calcium nitrate (Ca(NOs)2)-
and cifric acid from Merck (Germany). Tropical
cooking oil used—asthat is a source of triglycerides

was acquired from supermarkeis-whilea supermarket
and glycerol (85%) was obtained from Merck.

2.2 -Preparation of KF/CaO-MgO Catalyst

Preparation—ofThe KF/CaO-MgO catalyst consists—of
2was  prepared intwo steps—which—include
preparation—of - CaO-MgO-—catalystand-—continued

ith-i i inte. First, we prepared the
CaO-MgO catalyst:, which was then impregnated
with KF. In the first step, the preparation of CaO-MgO
catalysts was carried out by dissolving the—solids—of
magnesium acetate, calcium nitrate; and citric acid
info a 95% ethanol solution and stirring until_the
solution became homogeneous (clear colouredred).
The mixed solution was then stired at a speed of 300
rom while being heated fo form a sol. Fhe
heatingHeating was continued while stirring oAt
reaches-a-temperature-of-80°Cup to 80°C and a gel
was formed. The formed gel was dried in an oven at
HOeC110°C overnight. The dry solid was then
calcined in a Ney Vulcan box furnace at 556°€550°C
for 3 hours. The_obtained solid product-ebiained was
a CaO-MgO catalyst.

The second step was the impregnation of the CaO-
MgO catalyst with the KF solution. Two percent of KF
was dissolved in aquadest. Impregnation was carried
out by immersing the CaO-MgO catalyst in ethe KF
solution for lone hour while stired—and—was—then
driedstirring, followed by drying in an oven
(Memmert) at +48°C140°C for 6 hours. The dried solid
catalyst was then calcined at etemperature—of-450,
500 and 550°C550°C in thea box furnace for 3 hours.
The resulted solid catalyst was called KF/CaO-MgO.

2.3 —CharaclerizationsCharacterisation of Catalyst
and Product

The catalyst was characteriszed wsing—through X-
ray diffraction (XRD—{p¢-Rey—DBiffraction) and the
Brunauer-Emmett-Teller (BET) surface—_ areaarea
method (ChemBET PULSAR Quantachrome). XRD
analysis was carried out iausing a Shimadzu XRD-
7000. The XRD patterns were measured under Cu-Ka
radiation conditions Cu-ke—(k = 1.54 A) operated-at
30 mA and 40 kV. The diffraction pattern was
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produced in an angle range of 26 from 18°10° to
70°70° with a step size of 0.017 and a step time of 0.5
seconds. The diffractogram/peak obtained was
compared with data from the JCPDS library (Joint
Committee on Powder Diffraction Standards).

The surface area of the catalyst was measured
using Nitregennitrogen adsorption af 77.15 K. Atetal
of0.2 grams of the sample waswere degassed with
nifrogen gas under vacuum pressure—for 1 hour at
200°C200°C before_the absorption measurements.

MenoghyreerideThe monoglyceride products were
analyszed using  Gas - Chromalography-Mass
Spectromelrygas chromatography-mass
spectrometry (GC-MS) (QP2010S SHIMADZU, DB-1
column). GC-MS was also used to determine the
molecular weight of the compound. In GC-MS, the
sample enalysisswas earied-eutanalysed at an oven
temperature  of 50°C€50°C (5 minutes). The
temperature was raised by 10°C10°C/min up to
reach-260°C260°C and subsequently held_there for
33 minutes.

2.4 -Glycerolysis-Process

The formation of monoglycerides formation—was
conduectedachieved using the-meolarratio1to-3-for
oil (triglyceride}-)-to—-glycerol._molar ratio of 1 to 3.
The catalyst, which hashad been calcined at
550°C€550°C (% by weight}), was dissolved in glycerol
at 20°C90°C in a glass vessel and sfired until the
solution was completely homogeneous. Afterward,
the triglyceride was placed irtein a glass vessel and
heated to 156°C150°C while stirring. Once the oll
reachesreached the feed temperature, the mixture
of glycerol and catalyst was gradually added while
stirring. During the mixing process, the temperature
was maintained et150°C-Operatingstable at 150°C.
The operating conditions were varied according to
the eopfimizationoptimisation variable. The product
was separated from the residue and analyszed using
GC-MS. Yield-efThe monoglyceride (MAG) isyield was
calculated byusing Eq. (1).

weightof product(g)
weightof cookingoil (g)

Yieldyao(%) = x%compositicn,e (1)

The reaction rate kinetics was determined by varying
the reaction time from 1 to 5 hours with a bafch
system wusingbased on the resuhis—ofoperating

conditions’ eptimizationoplimisation efthe-eperating
conditionsresults.

2.5 -Experimental Design

the—deslamanadales crcated cinel eadl [ orcer fo

determine the effect of the response variables with
aon the glycerolysis reaction, we designed the
experiment based on the principles of central
composite design (CCD) and using the RSMrespense
surface-method{RSM{. This approach is widely used
fo design the-second-order modelmodels. Second-
order polynomial models were used to verify the
effect and interactions of the linear and quadratic of
the process variables [15]. By applying a CCD, the
effect of each parameter can be evaluated quickly
and effectively [16]. The experimental design was
used to establish the low, centreer and high values
ferof the emeuntef-catalyst amount (% w/w), the
reaction femperature and the reaction time. Table 1
shows the experimental design.

The experimental design for
optimizationoptimisation had 16 runs and the
experiments were carried out to obtain the optimal
monoglyceride results—Fhe—results—were—as—shown-in
(Table 2:).

Table 1 Range and level of independent variables for RSM

Variable Level

Low

Variables Unit level Centreer II:\?:I
- level (0) (+1)
(=1)
Amount-of
catalystCatalyst amount  %(w/w) 0.1 0.2 0.3
(Xi)
Reaction temperature oC 200 210 220
(Xa)
Reaction fime (Xa) Hours 2 3 4

The Statistical software version 12.0 was used to
analysze the experimental data and was installed
info the second-order polynomial equations. The
interaction between the dependent and
independent variables iswas achieved through Eq.
(3) [17].

Y = (X1, X2, e, Xi) + € (2)
=1,2,3-k

Y B0+Z ]B’X +Zk ]BIIX +ZZI<]B,]XX +¢€ (3)

Where,where Y is the observed response, Po is a
regression parameter, Bi is the linear effect, Bi is the
quadratic effect, Bj is the interaction effect, X; is the
main linear variable, XiX; are two linear variables, Xi2 is
the square of the main variable; and ¢ is the random
error between the predicted and_the measured
values.

Table 2 RSM for three independent variables in the corresponding values and code unit

Independent variables

Coded variables

Amount-of Catalyst Amount

Run (Tw/w)

Reaction Temperature (¢°C) Reaction Time (Hours) Xi X2 X
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1 0.10 200.00
2 0.10 200.00
3 0.10 220.00
4 0.10 220.00
5 0.30 200.00
6 0.30 200.00
7 0.30 220.00
8 0.30 220.00
9 0.03 210.00
10 0.37 210.00
11 0.20 193.18
12 0.20 226.82
13 0.20 210.00
14 0.20 210.00
15 0.20 210.00
16 0.20 210.00

2.00 -—1.00 --1.00 -—1.00
4.00 -=1.00 -=1.00 1.00
2.00 -—1.00 1.00 -—1.00
4.00 -=1.00 1.00 1.00
2.00 1.00 -=1.00 -=1.00
4.00 1.00 -=1.00 1.00
2.00 1.00 1.00 -—1.00
4.00 1.00 1.00 1.00
3.00 -—1.68 0.00 0.00
3.00 1.68 0.00 0.00
3.00 0.00 -—1.68 0.00
3.00 0.00 1.68 0.00
1.32 0.00 0.00 -—1.68
4.68 0.00 0.00 1.68
3.00 0.00 0.00 0.00
3.00 0.00 0.00 0.00

The desired response iswas the monoglyceride
yield. The statistical significance of the average ratio
of the square variation due to regression and_the
mean square error residuals was tested with ANOVA
[18]. The correlation coefficient (R2) was used to state
the quality of the conformity of the polynomial
model. The main indicators includeincluded the
probability values (Prob > F), the F-values model
(Fisher ratio variation); and_the adequate precision
indicating the adequacy and significance of the
model used. Maximiszation was used to determine
the best and optimiszed local maximums. These
individual targets were combined into the function of
the overall desire using the software.

2.6 Kinetic Model

The glycerolysis reaction of monoglycerides is
reversible. Excessive use of glycerol is theoretically
necessary to shift the equilibrium to the right so that
the total monoglyceride obtained increases [19].

The reaction—_raterate kinetics arewere used to
estimate a constant rate for all possible reactions. This
approach requires a thorough understanding of the
steps in a sequential reaction. The formation of the
monoglyceride equation is shown in eguationsEqgs.
(4) to (7).

KF/CaO-MgO
TG + GLY #MAG + DAG (4)
-Catalyst

k
aA + bB ﬁa:TchCHjD (5)
2
Being an equation
dcC
—Ia :_d_fA:leACB —koCcCp (6)

dx
d_rA:k‘Cio (1- X405 —04)-KICAXZ (7)

Equation (7) iswas solved by the fourth-order
Runge-Kutta, which is used in solving problems
related to numerical calculations. It is an important
fool for solving differential equations with inifial
conditions.

3.0 -RESULTS AND DISCUSSION
3.1 -Characteriszation of the catalystCatalyst

X-Ray—Ditfraction{XRB}-patternThe XRD patterns of
the catalyst before and after impregnation withat
varied calcinations femperature—of KFHCaO-MgO
catalystswere-illustratedtemperatures are shown in
Figure 1.

The XRD pattern on the CaO-MgO catalyst before
being impregnated with KF is #lustratedpresented in
Figure 1(a). While-theThe XRD pattern of the catalyst
after being impregnated with Kk at the different
calcination i{emperature—varigtionstemperatures s
shown in Figure 1(b, ¢, d). In Figure 1(a), the XRD
diffractrogram shows the peaks of the CaO
(37.369,36°, 74.65%;65° and 78.70°}70°) and MgO
(42.949;21° and 62.15°}15°) components. After the
catalyst was calcined at 450°C—a—peak—-of-450°C,
peaks corresponding to the Ca(OH)2 component
appeared at 18.199,19°, 29.399,39°, 50.Z7°77° and
58.74=.74°, This shows that the calcination
temperature of 450°C is sti—low. When the
calcination temperature is increased to 500 and
550°C-550°C, CaKFs and MgKFs crystals form, which
appear in the XRD patterns as new peaks—ferm—as
CoakFs—and—MgkEs—erystals.. CaKFs and MgKFs are
active sites formed due to the addition of KF as
support. The presence of Ceaekki—and—-Mgkksthese

crystals  will—predyee—highincreases the catalyst
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activity se—that—they—are—able—to—produceand
produces higher monoglyceride yields [20].

#Ca(OH)2

[m]
o CaO
oMgO
A CaKFs
(=] © MgKFs
A
]
[m]
2 s
NN ]

Intensity peaks

Position [°2Theta] (Copper

Figure 1 XRD pattern of the KF/CaO-MgO catalysts: (q)
CaO-MgO catalyst; (b) KF/CaO-MgO catalyst
(456°€450°C); (c) KF/CaO-MgO catalyst (666°€500°C); (d)
KF/CaO-MgO catalyst (556°C550°C)

The results of the surface—_ areaarea
characteriszation are presented in Table 3.

Table 3 The surface area of the catalyst inunder various
freatments

Catalyst Surface Area

(m?/g)

CaO-MgO 112,250

KF/CaO-MgO 132,456
(450°C 450°C)

KF/CaO-MgO 119,706
(500°C500°C)

KF/CaO-MgO 110,924
(550°C550°C)

Table 3 shows the increase in_the catalyst surface
area after impregnation with KF. However, the
surface area of the catalyst decreases with
increasing calcination temperature. This faet-may be
caused by the-aggregation of the catalyst as a result
of the formation of the new active catalyst sites
(CaKFs and MgKFs) that eeewroccurs at high
calcination temperatures. However, the formation of
CaKFs and MgKF3 will-increase the catalyst activity.
From—Figure—1—it—can—be—seen—thatlndeed, the
increase in the calcination temperature atto 500 and
550°C550°C forms new crystals (Figure 1), namely
CaKFz (28.28°28° and 59.32°}32°) and MgKFs (38.58°%
Additionr—of58°). KF__addition to heterogeneous
catalysts and high calcination temperatures—wilt
produce new crystals (such as CakKFz and MgKFz) as

active sites that can produce higher yields due to the
high catalytic activity [20].

Based on the characteriszation of this catalyst, the
catalyst used for the glycerolysis process is KF/CaO-
MgO, which is calcined at 556°C550°C.

3.2 -Model Fitting

According fo the experimental design, 16
experimental runs were carried out according to the
opiimizationoptimisation variables—inelsding—_ (the

catalyst amount—ef—ecatalysis,—, the reaction
temperature; and the reaction fime), as shown in

Table 2. The detafrom-the-experimental resultsdata
were fitted fo the polynomial equation to quantify
the curvature effects [18]. The second-order fitting
polynomial equation of the coded factors was
expressed as shown in Eq. (8).

Y = 275060+ 299.09X, — 43498 X7 +25.08 X,

~0.06X3 +98.58X5 —4.57X3 —~0.14XX, (8)
~9.92X1X3 — 0.33X5X3

The complete 16 sets of the experimental design
matrix and response-based-onthe experimental and
predicted values enof the yield of monoglycerides
proposed by CCD are tabulated in Table 4 [16].
Table 4 also shows the raw and absolute residual
values, as well as the percentage of error responses
for all batches. The model is verified by comparing
the experimental andwith the predictive values:
Figure_[(Figure 2 shows the resulis of a comparison
belween-experimental-and-prediclive-values.Figure
2—proves—that—the—percentage—). Indeed, the
obtained frem-the-efficieney-of-monoglyceride yield

varies between 27.58 to 46.33% and the values
predicted value-ofby the model matchesmatch the
experimental results satisfactorily.

50

48
46
44
42
40
38
36

34

Predicted Values

32

30

28

26

24
24 26 28 30 32 34 36 38 40 42 44 46 48 50

Experimental results

Figure 2 Predicted and experimental values for
monoglyceride yield

3.3 -Statistical_analysis results
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ANOV Analysis—ofvariance{ANOVAY} using Statistical
software version 12.0 was used to appropriately
assess the polynomial model (Eqg. (8)) taking into
account the interactions [21]. Fisher F-test, where F-
value is the ratio between the squares of the
regression and the average error, was used to
determine the stafistical significance of the factor to
the response. The ANOVA results for the percentage
of monoglycerides are presented in Table 5.

The results of the analysis of variance on
monoglyceride production shewedgave an R2 of
90.28%. FheR?~valueThis indicates that 90.28% of the
data in the CCD can be explained by the response
surface model. The effect of the variables on the
response value can -be -expressed -by -the- model
which -can-then

Table 4 Experimental and predictions-valves-ofpredicted monoglyceride yield using RSM

Run Yield of monoglycerides Raw Error Absolute

Experimental Predicted residuals (%) residuals
1 27.580 28.042 -—0.46 -—1.67 0.46
2 37.070 37.513 -—0.44 -—=1.19 0.44
3 31.720 33.504 =179 -=5.64 1.79
4 30.610 29.903 0.71 2.32 0.71
5 30.190 29.381 0.81 2.68 0.81
6 38.190 34.892 3.30 8.64 3.30
7 36.240 34.284 1.95 5.38 1.95
8 28.680 26.711 1.97 6.87 1.97
9 36.550 34.664 1.89 5.17 1.89
10 29.100 33.090 -=3.99 -—=13.71 3.99
11 30.160 31,332 -—=1.17 --3.88 1.17
12 28.070 29.037 --0.97 -—3.46 0.97
13 33.150 32.737 0.41 1.24 0.41
14 31.770 34.337 -—2.57 -—8.09 2.57
15 46.890 46.449 0.44 0.94 0.44
16 46.330 46.448 -—=0.12 --0.26 0.12

predict the maximum response value in subsequent
oplimizationoptimisation experiments. The model
results that the three eoptimizationoptimisation
variables (emeunt—ef—catalyst_amount, reaction
temperature; and reaction time) have an effect
>greater than 90%-from-the-modek%.

Table 5 ANOVA for the percentage of monoglycerides

Factors Regn:esfsfi'on DF  F-value p-value

Xo -—2750.60

Xi 299.09 1 0.1798 0.3469
Xn -—434.98 1 4.3462 0.0038
X2 25.08 1 0.4030 0.0009
X22 --0.06 1 9.5630 0.0010
X3 98.58 1 0.1970 0.0049
X33 -—4.57 1 4.7694 0.0033
Xi2 -—=0.14 1 0.0103 0.8957
X3 -=9.92 1 0.5020 0.3778
X23 -—0.33 1 5.4493 0.0201

Erorr 8.6933 6
R2 0.9028

Based on the ANOVA, the caleulated—F-value
ofobtained by the model was-obtained-at-is 60.45:
TheF-valye—-ofthis-model, which is greater than the
tabulated F-value of 3.49. TheThis F-value shows a
statistically significant regression at a significance
level of 5% [22]. This—showsthaiTherefore, the Fisher
variance ratio calculated aft this level is large enough
fo justify the very high degree of adequacy of the
quadratic model and also to exhibit that the
combination of treatments is very significant [23]. All
p-values of monoglyceride production data produce
a degree of significance a < 5%, except Xi, Xi2; and
Xi3, indicating that the variable has a significant
impact on the model.

Reaction Temperature (oC)(Q) -5.92236

N\
NN\

N\

&\\\\\\w 5969591

(1)Amount of Catalyst (%wt)(L) &\\\\\\\\x 579716
1Lby2L - 1367

Figure 3 Pareto chart for variables that have a significant
effect on the glycerolysis process

Reaction Time (h)(Q) -4.70444

Amount of Catalyst (%wt)(Q)
2Lby3L

1Lby3L

(2)Reaction Temperature (oC)(L) 853056

(3)Reaction Time (h)(L)




The vearablevariobles that hashave the most
significant effect isare presented in Figure 3 (Pareto
chart].  Figure——3shows——thal—the —reaction
temperatorelemperature has the most significant
effect compared to the other variables.

3.4 -OptimizationOptimisation Analysis

The optimum cendition-ofconditions for the synthesis
of monoglycerides isare predicted using the
opiimizationoptimisation  function. The empirical
model derived from the RSM method can be used
aceurately—to describe accurately the relationship
between the factors and_the response in the
conversion of monoglycerides [19].
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<24
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Figure 4 3D surface plots showing the interaction between
amounts of catalyst (Xi) with reaction temperature (X2) at a

reaction time (Xs)_of 3 hours for monoglycerides production
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Figure 5 2D contour plof showing the interaction between
the amounts of catalyst (X1) with reaction temperature (X2)
at a reaction time (Xs)_of 3 hours for monoglyceride
production

funetion—Figures 4 and 5 show 3D and 2D graphs of
the response surface and contour plots of the effect
ofthat the aemeount—of-catalyst amount has on the
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reaction temperature. Figures—4—and-5-display—that
the-The relationship between the emount-of-catalyst
amount (% wt) and the reaction temperature in a
monoglyceride product has a maximum stationary
area. This is because the—determination—ofil s
necessary to carefully determine the range of data
selection codes (points =1, 0, 1) nreeds—to—be
carefully—consideredin _order to attain the optimal
point [24]. The opfimal conditions derived from
stetistieathe Statistical software are shown in Table 6.

Table 6 Optimal values of parameters

Parameters Optimum value
Yield of Monoglyceride (%) 41.58
Amount of Catalyst (% w/w) 0.19
Reaction Temperature (<°C) 208.37
Reaction Time (hours) 3.20

3.5 Kinetics

The oplimizationoptimisation results obtfained are
used fo determine the reaction kinetics. Figure 6
indicates the effect of the reaction time on the

obtained monoglyceride
concenirationsconcentration.
0.8
| TSR
0.7 / ®
/
/
0.6 /
/
2 05
=]
é _____
g 04 - @- Experiment
UZ —— Calculated
0.3 = :
0.2
0.1
0.0 T T T
0 1 2 3 4 5

Reaction Time (h)

Figure 6 The relationship between the reaction time te-and
the obtained MAG (monoacylglycerol/monoglyceride)
concentration efbased on the experimental and
caleulationresults.and the model calculations.

Figure 6 shows the difference between the
experimental and modelled monoglyceride
concentrations—obtained—from—the—resulis—of
expermental—ane——caledlated—Monoglyeerides
produced-from-experimental-are. In the experiment,
the monoglyceride concentration is not stable,
whilewhereas the calculated results
areconcentration using the model is more consistent
and fendtends to increase. Additionally, in the resulis
of—the—expermentalexperiment, monoglycerides
decreased—at-the-5"M-hourdecrease after five hours
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reaction time. This is because once the production of
monoglycerides is optimum, it is influenced by the
side reactions and forms diglycerol-acid (DAG) [25].

Computationallhe computational results using the
fourth-order Runge-Kutta method indicate that the
reaction rate constants ki>_> ko and ko> > 0, with
vealues—ki and—ko—were= 1.04189 hour! and_kg =
0.88965 hour'.—respectively. Figure 7 shows the
conversion results obtfained by calculating the
reaction rate. The coefficient of determination (R?) is
0.936, obtained based on the relationship between
the reaction time and_the conversion.

0.74 i-—.— Calculated /-
|~ = - Linear Regression| 1 &
0.6 /
a_--
Q il
2 054 o
! -
< &=
< Equation y=a+b'x
= 0.4+ Plot 8
. Weight No Weighting
E Intercept 0.24356 + 0.048
> 0.3 Slope 0.09594 + 0.014
=
=3 Residual Sum of Squar 0.0063
o 5 Pearson's r 0.96744
0.2+ R-Square (COD) 0.93594
Adj. R-Square 0.91459
0.1 4
0.0 T T T T T
0 1 2 3 4 5

Reaction Time (h)

Figure 7 The conversion value of Xa (%) to the reaction time
(hour) in monoglyceride production

4.0 -CONCLUSION

The results obtained from the
optimizationoptimisation using the RSM  method
shows-theshow that temperature effecthas the most
dominant influence with a p-value of 0,0009 and R2
0.9028. The—amount—of catalyst amount and the
reaction time alse-has—anhave lesser, yet significant,
influence—but—not—too—dominant.. Besides,
optimization of monoglycerides indicates that the
optimum conditien-isreached-atreaction conditions
are X1 (emountof-catalyst amount) = 0.19% (w/w), X2
(reaction temperature) = 208.37°C37°C and Xs
(reaction time) = 3.20 hours with a monoglyceride
content of 41.58%. Monoglyceride—conversion
fromBased on the experimental results and
calculations using the fourth-order Runge-Kutta
method—resuls—tend, monoglyceride conversion
tends to decrease after 5five hours of eperating
conditions-—Regctionreaction time. The reaction rate
constants sheware ki>> ko and k2>> 0 with-ki end-ke
valges—of= 1.04189 hour! and kg = 0.88965 hour';
respectively.. The obtained determinant value (R?)
obtained-wasis 0.936.
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