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ABSTRACT: In this study, the oil from Calophyllum inophyllum seeds was extracted using ultrasonic-assisted extraction (UAE) technique. Patricelli’s model was used to evaluate the kinetics of oil extraction process in which this model describes extraction in two stages namely rapid washing stage followed by slow diffusion stage. The model parameters were calculated using the experimental data. A good agreement was observed between the experimental and simulated oil yield in all experiments (R20.974), indicating that Patricelli’s model was adequate to describe the C. inophyllum seeds oil extraction process. In addition, the influence of three extraction parameters, namely ultrasonic power, extraction temperature and liquid to solid (L/S) ratio on oil yield were studied. It was found that the oil yield increased with increasing ultrasonic power, extraction temperature as well as L/S ratio.
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1.          INTRODUCTION

Calophyllum inophyllum Linn. (C. inophyllum), as shown in Figure 1, is a beautiful plant native to India, East Africa, South East Asia, Australia and South Pacific.1 The plant is widespread from the Indian Ocean (Africa and India) throughout Malaysia and in the Pacific islands.2 This tree belongs to the Clusiaceae (Guttifereae) family.3 It is also known as Penaga Laut, Tamanu, Alexandrian Laurel, Bintangor, Nyamplung and Kamani.4–6 C. inophyllum is well known for its oil-bearing seeds which contain up to 75% oil content. The oil was one of the oldest known to be used for illumination in India and across the Pacific.7 The pain-relieving properties of C. inophyllum oil has been used traditionally to relieve rheumatism, joint pains and haemorrhage.8 In addition, it is also used for treating various skin diseases including scabies, ringworm and dermatosis.3 Recently, C. inophyllum oil has been recognised as a potential source for biofuel.9 Even though C. inophyllum seeds are widely known for being a highly potential alternative source of vegetable oil, these seeds are still under-utilised and less exploited, particularly in Malaysia.
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Figure 1:    C. inophyllum tree, leaves and flowers.



According to Sayyar et al., the main factors that influence solid-liquid extraction performance are type of solvent, operating temperature of the process, reaction time between solvent and seeds as well as the ratio of solvent to seeds.10 Jovanovic-Malinovska et al. have reported that ultrasonic-assisted extraction (UAE) provided an increased extraction yield, increased rate of extraction, reduced extraction time and higher processing throughput.11 In fact, it requires less solvent volume and low extraction temperature which was advantageous for the extraction of heat labile compounds. In recent years, UAE was used widely in the extraction of oil from various types of seeds including hemp, papaya and tomato seeds.12–14

The extraction performance in UAE was enhanced by cavitation. During cavitation, the bubbles developed grow in size and then collapse abruptly with the release of energy at enormous rate, thus increasing the local temperature and pressure.15 As a consequence, greater penetration of the solvent into seed materials occurs, leading to a more extensive release of oil into the solvent.16 C. inophyllum seed oil has been extracted using conventional mechanical pressing and solvent extraction techniques. However, oil extraction from C. inophyllum seeds using UAE technique has not been investigated so far.

Kinetic models have been used widely in the extraction process of natural substances. The Power Law and Parabolic Diffusion models were used in the ultrasound-assisted extraction of water-soluble components and polysaccharides from medicinal fungi.17 Meanwhile, Unsteady Diffusion and Peleg’s models were used to modelled the ultrasonic extraction of oil from tobacco and ursolic acid from Ocimum Sanctum, respectively.18,19

The kinetics of oil extraction process have also been modelled using a two parametric mathematical model, namely Patricelli’s model, proposed by Xi et al.20 It is used to explain the kinetics of oil extraction from black seeds and olive cake.21,22 This mathematical model is applied based on two extraction steps, which are the washing and diffusion stages. During the washing stage, the oil on the solid surface and broken cells is rapidly extracted by simple washing with the solvent. Meanwhile, during the diffusion stage, the remaining oil entrapped in the internal site of intact cells is removed by diffusion from within the solid particles to the solvent.20 From an engineering point of view, the knowledge gain in kinetics study of a process are highly beneficial for scaling up and industrial processing purposes. Nonetheless, the kinetics of UAE of C. inophyllum seeds oil is still scarce in the literature.

The present study deals with UAE of oil from C. inophyllum seeds. The main objectives of this study is to examine the applicability of Patricelli’s mathematical model in describing the kinetics behaviour of UAE of C. inophyllum seeds oil as well as to determine the influence of ultrasonic power, extraction temperature and liquid to solid (L/S) ratio on oil yield.

2.          EXPERIMENTAL

2.1        Materials

Mature C. inophyllum fruits were collected from the ground under the tree located in Taman Kerian, Parit Buntar, Perak, Malaysia. The species was identified in Herbarium Unit, School of Biological Sciences, Universiti Sains Malaysia (USM Herbarium 11565). The fruits were cleaned and stored at ambient temperature. Prior to oil extraction, the fruits were manually cracked to obtain the seeds. The seeds were selected according to their condition; only good-conditioned seeds were used while damaged seeds were discarded. Then, the cleaned seeds were ground using a dry mill and sieved through a 10-mesh sieve (pore size 2 mm) shaker. The seeds sample with particle size of 2 mm and below was used in this study. n-hexane (Merck) was used as a solvent.

2.2        Ultrasound-assisted Extraction

An ultrasonic water bath (Transsonic Digital S Model T840DH) was used for indirect ultrasonication. It has an internal tank dimension of 327 mm, 300 mm and 200 mm, volume of 18 L, power consumption of 1100 W and a fixed operating frequency of 40 kHz. The ultrasonic bath was equipped with a timer, heater, temperature regulator and indicator, as well as ultrasound power regulator (70–250 W). The bath was filled with distilled water approximately 2/3 of its volume (about 12 L). During extraction, the temperature was controlled and maintained at the desired level by circulating distilled water through the ultrasonic bath by using a thermo-circulator water bath. The seeds sample (5 g) and extracting solvent, n-hexane were mixed in an Erlenmayer flask (250 ml), which was then covered with aluminium foil. The flask was immediately immersed in the ultrasonic bath and fixed at the center position for each experimental run. After the extraction process was completed, the mixture was centrifuged at 4,000 rpm for 20 min to separate the liquid extract from the solid residue. Subsequently, the solvent was removed from the liquid extract using a rotary evaporator (Heidolph). The extracted oil obtained were placed in a desiccator to remove any moisture and weighed until a constant weight was reached. In this study, the ultrasonic power, extraction temperature as well as L/S ratio were varied from 190–230 W, 35°C–45°C and 15–25 ml/g respectively. These range were chosen based on the preliminary study.

2.3        Determination of C. inophyllum Oil Yield

Extraction yield of C. inophyllum oil was calculated using Equation 1:

[image: art]

where Y is the extraction yield of C. inophyllum oil (%), M1 is the mass of C. inophyllum oil extracted from the sample (g) and M0 is the mass of the seeds sample used (g).23


2.4        Mathematical Model

Patricelli’s model is expressed in Equation 2:
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where Ct is the oil yield (%), C1 is the oil yield at equilibrium for the washing step (%), C2 is the oil yield at equilibrium for the diffusion step (%), k1 is the mass transfer coefficient for the washing step (min–1), k2 is the mass transfer coefficient for the diffusion step (min–1) and t is the time (min). According to Velickovic et al., for an extraction curve, the two stages involved in extraction was distinguished in such a way that the washing stage was characterised by a rapid increase in the extraction yield while the slow diffusion stage was characterised by a slow increase in the extraction yield.24 The values of oil yield at equilibrium, C1 and C2 as well as the mass transfer coefficient, k1 and k2 were calculated numerically with a non-linear regression using Polymath Software 5.10.

2.5        Statistical Analysis

The validation of Patricelli’s model was done by evaluating the differences between the experimental and predicted oil yield via determination coefficient, R2. In addition, the goodness-of-fit of the model was further evaluated using the mean relative percentage deviation (MRPD) value. It is defined in Equation 3:
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where Y and YP are the experimental and predicted yield of C. inophyllum seeds oil respectively, and N is the number of experimental data. A mathematical model is considered acceptable to be used in describing an extraction process if the MRPD value is less than 10%.25

3.          RESULTS AND DISCUSSION

The profiles of experimental (represented by symbols) and simulated (represented by lines) oil yield for three different levels of ultrasonic power is shown in Figure 2. It can be seen that the oil yield increased rapidly with ultrasonic power during the washing period at the early beginning of the process from 1 min until 10 min whereas a slow increase in the oil yield was observed during the diffusion period, approximately after 10 min of extraction time. The coefficients of kinetic model which were determined from the experimental data are shown in Table 1. The high values of determination coefficient (R2 ≥ 0.994) for each ultrasonic power indicated that the experimental data fit the model very well. In fact, the MRPD values ranging from 0.439%–0.742% shows that the model is acceptable to be used in describing the extraction of oil from C. inophyllum seeds.
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Figure 2:    Effect of different ultrasonic power on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, extraction temperature 40°C and L/S ratio 20 ml/g).



Table 1:     The oil yields at equilibrium and mass transfer coefficients for different ultrasonic power.
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The values of oil yield at equilibrium for washing stage (C1) were always higher than that for diffusion stage (C2) for all ultrasonic power levels, indicating that most of the oil was extracted during the washing stage. This is because, during the washing stage, the oil from the outer surface of the seeds readily dissolve into the extracting solvent. Meanwhile, during the diffusion stage, the oil diffuse from the intact seed cells into the solvent. As the ultrasonic power increases from 190 W to 210 W, the equilibrium oil yield for washing stage decreased while the equilibrium oil yield for diffusion stage increased. This observation may imply that ultrasonic power had a greater effect during the diffusion stage than the washing stage. The enhancement of oil yield during the diffusion stage could be due to the greater mechanical effects of ultrasound which is responsible for the efficient cell disruption of the seeds that leads to a more effective mass transfer of the oil into the solvent system.26

However, beyond 210 W, the equilibrium oil yield for washing stage increased slightly and the equilibrium oil yield for diffusion stage did not show any significant changes. A higher ultrasonic power would cause an increase in the bubble numbers in the solvent during cavitation. This might decrease the efficiency of the ultrasound energy transmitted into the medium and as a result, the oil yield would no longer increase.27 The mass transfer coefficient for washing (k1) increased when the ultrasonic power was raised from 190 W to 210 W but thereafter decreased slightly while the mass transfer coefficient for diffusion stage (k2) increased with increasing ultrasonic power. These results reveal that oil extraction occurs at a higher rate as the ultrasonic power increases. The formation of more cavitation bubbles at a higher ultrasonic power accelerates the penetration of solvent into the cells and the release of oil from the cells into the solvent, hence improving the mass transfer rate.28

The influence of extraction temperature on oil yield was studied between 35°C and 45°C at a fixed ultrasonic power of 210 W and the results are shown in Figure 3. A positive relationship between the extraction temperature and oil yield is observed for all temperature levels. The oil yields showed a rapid increment with temperature during the initial stage of extraction and slowed down as the extraction time was extended beyond 10 min.

The values of kinetic model parameters are shown in Table 2. It can be seen that the experimental data obtained at all extraction temperatures fit well into the kinetic model ranging from 0.982 to 0.992. The MRPD values for each temperature (0.907%–1.205%) which were below 10% confirmed that the kinetic model is adequate to represent the oil extraction process. It was observed that between 35°C and 40°C, the oil yield at equilibrium for washing stage (C1) did not show any changes while the oil yield at equilibrium for diffusion stage (C2) increases. This might be because temperature had a smaller effect on the extraction mechanism during the washing stage, as compared to the diffusion stage. The increment of C2 during the latter stage was due to the higher intensity of acoustic cavitation caused by a higher temperature which assisted in the cell wall breaking in order to release oil into the solvent medium.29



[image: art]

Figure 3:    Effect of different extraction temperature on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, ultrasonic power 210 W and L/S ratio 20 ml/g).



Table 2:     The oil yields at equilibrium and mass transfer coefficients for different extraction temperature.
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C1 increases when the temperature was raised further to 45°C. This was due to the changes of physical properties of the oil and solvent including the solubility and viscosity. A higher extraction temperature resulted in a higher solubility of oil in the extracting solvent as well as a lower viscosity of the solvent, therefore improving the mass transfer of the oil.30,31 Meanwhile, the reduction of C2 at 45°C was due to the higher vapour pressure at elevated temperature which assisted in the formation of vapour-filled bubbles and as a result, the implosion of cavitation bubbles would be cushioned. This phenomenon, known as the cushioning effect, would eventually cause the ultrasound cavitation effect to be less efficient.32

The mass transfer coefficients (k1 and k2) increased with increasing temperature but reduced when the temperature was raised to 45°C. This is because when the temperature is too high, a larger amount of bubbles were formed but unfortunately, they collapse with less intensity. An increase in temperature have also caused a decrease in the surface tension of the extracting solvent. A lower surface tension affects the bubble formation and collapse. As a result, the cavitation effect was less effective, thus causing a decrease in the mass transfer rate.33

Figure 4 presents the effect of L/S ratio on C. inophyllum oil yield while ultrasonic power and extraction temperature were 210 W and 45°C, respectively. The yield of C. inophyllum oil increased sharply with the increase of L/S ratio throughout the first 10 min of extraction period and the increase become less significant as the extraction proceeded. The corresponding values of kinetic model coefficients for L/S ratio 15 ml/g, 20 ml/g and 25 ml/g are shown in Table 3. A high values of determination coefficient were obtained for all L/S ratio (0.974, 0.999), indicating a satisfactory fit of the experimental oil yield with the kinetic model. Additionally, MRPD values of less than 10% for every L/S ratio implies that the kinetic model can describe the extraction process well. It can be seen that the oil yield at equilibrium for washing stage (C1) and diffusion stage (C2) increased with increasing L/S ratio. However, the oil yield at equilibrium for diffusion stage (C2) decreased as the ratio was increased to 25 ml/g. The increment of oil yield with the increase of solvent quantity was due to a greater driving force which caused by a larger concentration difference between the interior cells and surrounding solvent medium.34
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Figure 4:    Effect of different L/S ratio on kinetics of oil extraction from C. inophyllum seeds (condition: n-hexane as a solvent, ultrasonic power 210 W and extraction temperature 45°C).




Table 3:     The oil yields at equilibrium and mass transfer coefficients for different L/S ratio.
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Meanwhile, an increase of L/S ratio also increases both mass transfer coefficients for washing and diffusion stage (k1 and k2). Nevertheless, beyond L/S ratio of 20 ml/g, an increase in mass transfer coefficient for diffusion stage (k2) was no longer observed. This might indicates that a hexane volume of 100 ml was sufficient for the oil extraction process. Furthermore, excessive amount of solvent would not improve the driving force any further.35

4.          CONCLUSION

In this study, the kinetics of UAE of oil from C. inophyllum seeds was evaluated using Patricelli’s mathematical model. The results showed that this model was suitable to be used in modelling the extraction process at tested conditions with high values of determination coefficient (0.974 R2, 0.999) and low MRPD values (0.326%, P 1.533%). The model coefficients were calculated accordingly using the experimental data. The results obtained showed that more oil was extracted into the solvent medium during the washing stage and the oil extraction rate was higher during the washing stage, as compared to the diffusion stage. The oil yield increased with increasing ultrasonic power, extraction temperature as well as L/S ratio.
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