High Shear Reactor for Glycerolysis – Interesterification Palm Stearin-Olein Blend: Reaction Kinetics and Physical Properties 
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Abstract
The objective of this research was to investigate the effect of temperature on the glycerolysis-interesterification reaction kinetics of immiscible and high viscous reactants at relatively low temperatures in a high shear reactor (HSR), and their physical product properties. The reaction was performed at various temperatures (80-120°C) and a mixing rate of 2000 rpm for 5 h. Results showed that the reaction rate constant increased and followed the Arrhenius equation as temperature increased. TAG conversion was 2.5 fold greater at 110 and 120°C compared to lower reaction temperatures. MAG and DAG increased by about 18.3% and 13.4%, respectively, as the reaction temperature increased from 80 to 120°C. The product's melting point, hardness, and color were also improved by increasing temperature. In summary, structured lipids (SLs) synthesis containing high MAG and DAG could be produced at a relatively low temperature (110°C) using HSR, and followed the glycerolysis-interesterification kinetic and Arrhenius model.
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1. Introduction
One of the issues in structured lipids (SLs) synthesis, especially the manufacture of monoacylglycerol (MAG) and diacylglycerol (DAG) by glycerolysis-interesterification, is that oil hardly reacts with glycerol due to inadequate molecule transfer. It is because oil and glycerol have poor contact since they are relatively viscous and immiscible with each other (Wangi et al., 2022). Viscous liquids also have disadvantages because it reduces the mass transfer and, subsequently, the reaction (Subroto et al., 2019). Several attempts have been made to address this shortcoming, including the addition of solvent (Solaesa et al., 2016), also using microwave or ultrasound irradiation (del Mundo et al., 2018, Zhao et al., 2018). However, the usage of solvents and surfactants required a complicated and time-consuming solvents/surfactant removal process (Phuah et al., 2015), also high pressure and irradiation required additional equipment and high energy consumption.
Besides, the viscosity of oil and glycerol could be reduced by increasing the reaction temperature, thus enhancing the reaction process and the reaction kinetics (Okullo & Temu, 2015, Wangi et al., 2022). High temperatures could initiate collisions between particles, leading to the formation of products (Vallance, 2017). Studies about reaction kinetics using various oil, catalyst, and reactor type showed that higher reaction temperature often leads to a faster reaction rate (Okullo & Temu, 2015, Wangi et al., 2022). However, a very high temperature was not preferable in glycerolysis-interesterification since it caused unwanted side effects, such as dark product color, burnt flavor, and high energy consumption (Zhong et al., 2013). Therefore, it is necessary to perform the reaction at a lower temperature.
An alternative technology to overcome the mass transfer problem of the immiscibility and high viscosity of the reactants is the use of a High Shear Reactor (HSR). HSR can generate emulsions as a result of the high shear created by the emulsion generator in the center of the reactor tank (Komaiko & McClements, 2016). As a result, it increases the contact area between oil and glycerol by forming a glycerol-in-oil emulsion that helps the reaction become faster, thus minimizing the use of a very high temperature as usually use in glycerolysis using commonly stirred tank reactors. 
Since mass transfer and high temperature controls the reaction, and high temperature caused unwanted side effects, then the objective of this research was to investigate the effect of temperature on glycerolysis-interesterification kinetics of immiscible and high viscous reactants, such as oil and glycerol, at relatively low temperatures in HSR, and to characterize their physical product properties. The reaction was performed at a range temperature of 80 to 120 ºC using solid catalysts. The correlation between temperature and reaction rate constant was expressed by the Arrhenius equation. The effect of temperature was evaluated based on the change of triacylglycerol (TAG), monoacylglycerol (MAG), diacylglycerol (DAG), and free fatty acid (FFA), also by evaluating the physical properties, including melting point, hardness and color of the end product.

2. Experimental Procedures
2.1.  Materials
Refined, Bleached, and Deodorized Palm Stearin (IV 38.56 I2 / 100 g fat) and Palm Olein were obtained from PT. Sinar Mas (Surabaya, Indonesia). Sodium metasilicate was purchased from Sigma-Aldrich (Missouri, USA). Glycerol, Thin Layer Chromatography (TLC) plate, N-hexane, and Acetic acid were purchased from Merck KGaA (Darmstadt, Germany). Diethyl ether was purchased from Mallinckrodt (Kentucky, USA).

2.2.  Glycerolysis-Interesterification at Various Temperatures
The glycerolysis-interesterification process was modified according to Wangi et al. (2022). The oil was prepared by mixing a 1:4 (w/w) ratio of palm stearin and palm olein. Then the reaction was performed by reacting oil and glycerol with 1:5 molar ratios. A sodium silicate catalyst with a concentration of 8% (w/w oil) was added to the system. The experiment was performed in a high shear reactor (HSR). The reaction was conducted at various temperatures of 80, 90, 100, 110, and 120°C and a mixing rate of 2000 rpm for 5 h. Samples were taken every 5-15 min after the addition of glycerol and catalyst to the reaction system. The sample was then analyzed to specify the concentrations of TAG, MAG, DAG, and FFA at any time. The properties of the SLs products were also evaluated.

2.3.  Analysis of Acyl Glycerol Profile
The acyl glycerol profile was analyzed using Thin Layer Chromatography (TLC) method according to Subroto et al. (2019) and Wangi et al. (2022). Samples were spotted on a TLC Silica gel 60 F254 plate and placed in a chamber with a mobile phase mixture of N-hexane, Diethyl ether, and Acetic acid (80:20:2, v/v/v). The concentrationns of MAG, DAG, TAG, and FFA in each sample were measured using Camag Automatic TLC Scanner III 'Dummy S / N (1.14.16) at 629 nm, continued with Camag WinCATS software planar chromatography.

2.4.  Determination of Reaction Kinetics
Glycerolysis-interesterification has explained in Figure 1. Three possible reactions occur at the same time. Reactions (1) to (3) serve as the glycerolysis process. However, hydrolysis cannot be avoided in the presence of water molecules. As a result, three additional reactions occur in this glycerolysis-interesterification, in which reactions (4) to (6) serve as the hydrolysis process. All reactions in each step were reversible, and the rate constants are - .

Figure 1. Schematic Model of Glyerolysis-Interesterification Reaction in Addition to Hydrolysis

Several assumptions were made to develop the reaction kinetics, including (a) Chemical catalyst causes a random glycerolysis-interesterification process. However, it is impossible to distinguish the acyl alterations between the glycerol body since they fluctuate significantly over time. As a result, the acyl alterations during the reaction were not examined; (b) Since water was not introduced to the system, it was assumed that the glycerol already contained water molecules, hence when the glycerol interacted with TAG or DAG, water molecules would migrate from the glycerol body and react with TAG, MAG, or DAG to yield FFA; (c) Due to the high shear rate application, the system's mass transfer was disregarded.
The reaction rate constant for each reaction can be calculated using the following differential rate equations.
											(8)
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with  as the concentration for each substance and  as glycerol. A computational code was developed and actualized to calculate the reaction rate constant. The "ode15s" subroutine was used to solve the differential equations, and the "lsqnonlin" nonlinear data-fitting optimization subroutine was used to minimize the objective function.
Arrhenius Equation (14) was used to demonstrate the relation between temperature and reaction rate constant.
					(14)
where  refers to the reaction rate constant,  refers to the exponential factor,  refers to the activation energy,  refers to the ideal gas constant, and  refers to the reaction temperature. The Arrhenius equation was then linearized to obtain the activation energy (Ea) and the exponential factor (A) value, as in equation (15).
					(15)

2.5. Analysis of Product Melting Point
The melting point was analyzed using the AOCS Official Method Cc 1-25 44, 45, according to the previous research by Wangi et al. (2022). The samples were prepared by melting them at 80°C for 15 min and placing them in a hematocrit tube with a height of about 1 cm. The samples were stored in a refrigerator at 10°C overnight before analysis. The samples were taken out of the refrigerator and heated at around 0.5°C/min. The melting point value was measured when the samples glided through the tube and became a clear liquid.

2.6.  Analysis of Product Hardness 
The product hardness is analyzed using the TA.XT Plus (Stable Micro Systems) texture analyzer, following the previous research by Wangi et al. (2022). The samples were prepared by melting them at 80°C for 15 min and placing them in a sample cup for about 1,5 cm depth. The samples were stored at room temperature and then in a refrigerator at 10°C for 18 h prior to analysis. The samples were taken out of the refrigerator and allowed to thaw for 1 h. Measurements were performed using a probe with a diameter of 12.7 mm at room temperature.

2.7. Analysis of Product Color 
The L* (lightness), a* (green to red), and b* (blue to yellow) values of each product were determined using a Konica Minolta Chroma meter.

2.8. Statistical Analysis
A one-way analysis of variance (ANOVA) was used to analyze the data. Tukey's test was used to differentiate between samples. P values < 0.05 were regarded as significant.

3. Results and Discussion
3.1.  Characteristics of Palm Stearin and Palm Olein
Table 1 presents the properties of palm stearin and palm olein. The main compositions of palm stearin and palm olein were TAG with some DAG. However, no MAG and FFA were detected in palm stearin and palm olein. It is suggested that the hydrolysis of TAG formed DAG and FFA. Furthermore, FFA was reduced during deodorization, and therefore, it was not detected.
Palm stearin has a high melting point (± 52.8°C); thus, it was solid at room temperature. A high melting point and hardness value are due to the high amount of saturated fats, especially palmitin and stearin (Yilmaz & Agagunduz, 2022). Meanwhile, palm olein has a melting point below room temperature (25.98°C); thus, it was liquid at room temperature. Because of its liquid form, the hardness of palm olein cannot be analyzed (Table 1). 

Table 1. Properties of Palm Stearin and Palm Olein

Due to its high melting point and low plasticity, palm stearin is usually not used directly for edible purposes. Hence, interesterification or blending with palm olein is applied to improve the physical properties of palm stearin and the targeted product (Alan et al., 2019). The characteristics of palm stearin and palm olein will affect the physicochemical properties of the blended oil (palm stearin-olein blend). The product's melting point and hardness value increased as the palm stearin ratio increased (Subroto et al., 2019).

3.2.  Effect of Temperature on Kinetic Model Parameters
The reaction rate constant () and Arrhenius parameters ( and ) were calculated by varying the reaction temperature between 80 to 120°C. The values of reaction rate constant () and Arrhenius parameters are presented in Table 2. The odd numbers at the subscript showed the reaction toward product formation, while the even numbers showed the reaction toward reactant formation.  represents the reaction rate constant for the initial reaction.

Table 2. Effect of Temperature on Kinetic Model Parameters

It can be seen that the value of  increases as the reaction temperature increase (Figure 2), following the Arrhenius equations. Similar to , the value of  with odd numbers () also relatively increases as the increase of reaction temperature. It proves that temperature changes give influence reaction kinetics. Temperature is an important external parameter in a macroscopic approach, where the reaction temperature has an exponential relationship with the reaction rate constant (Okullo & Temu, 2015).

Figure 2. Effect of Temperature on Initial Rate of Reaction Constant

Temperature also affects the viscosity of the liquid used (Gulyaev & Soloneko, 2013). Increasing the reaction temperature may reduce the cohesion force, which contributes to liquid viscosity (Wenhao, 2021). As the temperature rises, the kinetic energy of the molecule increases, resulting in a higher molecular interchange. The attractive force binding the molecules reduces, and thus the viscosity decreases. As the viscosity decreases, the contact between each reactant becomes larger, easing the reaction process (Wangi et al., 2022).

3.3. Effect of Temperature on TAG, MAG, DAG, and FFA Concentrations
Figure 3 shows the kinetic model compared to experimental data. The mean difference between data from differential equations and experimental data was 2.16  10-3. TAG conversion to a certain concentration of products (MAG, DAG, and FFA) was 2.5-fold higher at a higher temperature. The TAG was reduced by about 23.00%, 27.39%, 32.77%, 53.51%, and 51.08% at reaction temperatures of 80°C, 90°C, 100°C, 110°C, and 120°C, respectively, for 5 h of reaction. These results correspond with the reaction rate constant value for the initial reaction  (Table 2). Glycerolysis-interesterification gave similar TAG, MAG, DAG, and FFA trends at 110°C and 120°C. Considering the energy consumption during the reaction, a temperature of 110°C was chosen as the best operating condition.

Figure 3. Effect of Temperature on TAG (), MAG (), DAG (), and FFA () Conversion and Kinetic Model of TAG (– –), MAG (—), DAG (), and FFA (–) at Reaction Temperature 80°C (A), 90°C (B), 100°C (C), 110°C (D) and 120°C (E)

Furthermore, the MAG, DAG, and FFA curves increased as the reaction temperature increased. The increasing rate of MAG and FFA was higher than DAG. The MAG and FFA contents increased to 18.3% and 17.6%, respectively, while DAG only increased to 13.4%. The high temperature enhances catalysts in cutting out hydrogen from glycerol, preferably leading to MAG formation (Zhong et al., 2013). Meanwhile, DAG has a relatively low increase due to product forming and degradation throughout the reaction (Wangi et al., 2022). These results correlated with the data in Table 2, in which the activation energy of MAG formation () is higher than DAG formation ().

3.4.  Effect of Temperature on Product Composition
Table 3 shows the concentrations of TAG, MAG, DAG, and FFA in each SLs product after 5 h of reaction. It could be seen from Figure 2 that TAG was not all transformed into MAG, DAG, and FFA, as previously reported by Subroto et al. (2019) and Wangi et al. (2022). TAG was the dominant component among all acyl glycerol compounds, while MAG and FFA was similarly the lowest component.

Table 3. Concentrations of TAG, MAG, DAG, and FFA in Structured Lipids Product

As the temperature increased from 80 to 110°C, the TAG component decreased significantly. Further increase in temperature to 120°C, the TAG component was not significantly different. Higher temperatures converted TAG more into products due to the lower viscosity of each fluid, which leads to better diffusion (Wangi et al., 2022). Consequently, the MAG, DAG, and FFA content increased. The MAG and FFA content increased significantly as the temperature increased (p < 0.05), while the DAG content was not significantly different in every reaction temperature. Although DAG increased slightly (Figure 2), the DAG content at the end of the product was still higher than MAG and FFA content. Nevertheless, temperature change gave a more significant impact on an increase in MAG than DAG.

3.5.  Effect of Temperature on Product Melting Point
Figure 4 shows the melting points of SLs products at various reaction temperatures. At 60 and 120 min, the melting points were not significantly different at any reaction temperature. The melting point has shown some significant difference since 180 min. As the reaction time increased, the melting point also increased. It was caused by the formation of MAG and DAG within time. The MAG and DAG content in SLs significantly contributed to the product melting point (Subroto et al., 2019, Wangi et al., 2022). MAG and DAG have a high melting point, ranging from 61.2°C to 82.7°C and 55.5°C to 72.0°C, respectively, depending on the type of fatty acid (Feltes et al., 2013). The end products contained the maximum MAG and DAG at each temperature.

Figure 4. Structured Lipid Products’ Melting Points at Each Reaction Time. Reaction Temperature at 80°C (), 90°C (), 100°C (), 110°C (), and 120°C ()

Besides, an increase in reaction temperature leads to an increase in melting point (Figure 3). It is due to higher MAG and DAG content at high temperatures (Table 3). Thus, higher content of MAG and DAG will contribute to a higher melting point. Products had the highest melting point at 110°C and 120°C after 300 min of reaction, while the product melting points were significantly lower at 100°C, 90°C, and 80°C. The product at a reaction temperature of 80°C has the lowest melting point value. The low melting point of the product is caused by a sufficient amount of MAG and DAG content.

3.6.  Effect of Temperature on Product Hardness and Color
Product hardness and color profiles for each reaction temperature can be seen in Table 4. Products at higher reaction temperatures lead to a higher hardness value, and it is because the MAG and DAG contents were higher at high temperatures (Table 3). MAG and DAG are solid at room temperature due to their high melting point (Feltes et al., 2013), so the presence of MAG and DAG affects the hardness of the end product. Thus, higher total MAG and DAG content will contribute to a higher hardness value. From Table 4, it can be seen that SLs products at 110°C and 120°C give the highest hardness value.

Table 4. Structured Lipid Products’ Hardness and Color Profile

The L*, a*, and b* values were used to distinguish the color shades of SLs products (Table 4). It can be seen that the lightness (L*) value of the SLs products decreased as the reaction temperature increased, resulting in the SLs product being darker. The a* value of all samples was negative, which indicated that the dominant sample color is a greenish hue. Meanwhile, the b* value of all samples was positive, which indicated that the dominant sample color is a yellowish hue. As b* values were higher than a* values, the dominant product color is yellow rather than green. Among all values, a* and b* values are less affected by temperature fluctuations than L* value.
Figure 5 shows the visual appearance of SLs products. All samples were light yellowish, but it was slightly different in color shade. SLs at 80°C shows the lightest color among all samples, while product at 120°C shows the darkest color (Table 4). It shows that the glycerolysis-interesterification reaction was too high to be conducted at 120°C. The burned color obtained at 120°C was visually unattractive for SLs products, so it will not be chosen as the best temperature. On the other hand, SLs have the most similar result compared to control at 110°C (Table 4). Therefore, it will be chosen as the best temperature for glycerolysis-interesterification.
120°C
110°C
100°C
90°C
80°C

Figure 5. Structured Lipids Products at Various Reaction Temperatures, Left to Right from 120°C to 80°C

4. Conclusion
The effect of temperature on glycerolysis-interesterification in HSR was evaluated at reaction temperatures 80-120°C. The result shows that the reaction was greatly affected by high temperature. The reaction rate constant increased with an increase in temperature following the Arrhenius equation. The TAG conversion was 2.5 fold greater at 110 and 120°C compared to lower reaction temperatures. The MAG, DAG, and FFA concentrations increased to 18.3%, 13.4%, and 17.6%, respectively, as the reaction temperature increased. Besides, high temperatures also produced SLs containing higher MAG, DAG, and FFA. Temperature change gave more impact on MAG than DAG. Melting point, hardness, and color were significantly affected by temperature, in which higher temperature gave better physical properties. Thus, reaction temperature at 110°C was the best-operating condition for GI glycerolysis-interesterification using HSR, based on the reaction rate constant and physical properties of SLs products.
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