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Abstract

:

A scale-up protocol for rosmarinic acid extraction from Orthosiphon stamineus was developed using the concept of constant power dissipation for a similar kinetic profile. Rosmarinic acid is the bioactive compound in the herb and therefore, large scale extraction for that compound is important for commercial application. The first-order kinetic equation which was established in the preparative scale extraction was used to describe the extraction of rosmarinic acid from the herb. The agitation speed of the pilot large-scale extractor (451 rpm) was determined based on the constant power dissipation to meet the minimal required speed, namely just-suspended speed (Njs), 450.84 ± 0.88 rpm. The experimental data was fitted well to the proposed kinetic equation with a high correlation coefficient, R2 0.88, and a low root mean square error, RMSE 3.85. This indicates the good performance of the scale-up approach based on the dynamic criterion. Therefore, the use of constant power dissipation to obtain a similar kinetic profile could be applied for phytochemical extraction from herbal plants.
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1. Introduction


The establishment of a herbal processing platform, particularly for large-scale production, is very important to fulfill the increasing demand for herbal products [1]. The most important criterion for a large-scale processing platform is the capacity to produce a high yield of phytochemicals with consistent quality. The quality of the herbal extract is usually subjected to the presence of a marker compound. It is difficult to produce a herbal extract with a high consistency of quality and quantity for large-scale production [2].



Scaling up of the herbal processing technology is challenging because it is difficult to control the output of the highly complex system. Most of the scale-up processes were carried out by a trial-and-error method [3]. The scale-up procedure also varies according to the type of reactor and process conditions, as well as plant origin. Even though many studies have been carried out for Orthosiphon stamineus extraction, the published technical data on pilot-scale or large-scale processes are relatively limited in literature. The herbal extraction is often scaled up in terms of the geometric aspect of the vessel rather than the dynamic aspect [4]. The dynamic aspect is believed to be more reliable in achieving a successful scale-up process. Therefore, this study presents the works on scaling up rosmarinic acid extraction from O. stamineus using the dynamic concept.




2. Materials and Methods


2.1. Plant Material


The raw materials of O. stamineus (white flower species) were supplied by Fidea Resources (Selangor, Malaysia). The stems and leaves of the plant were dried and ground into a fine powder (<1 mm) before extraction. The specimen of the fresh plant was authenticated by Forest Research Institute Malaysia (Kuala Lumpur, Malaysia), reference number: SBID 001/13.




2.2. Preparative Scale and Pilot Scale Reflux Extraction


The preparative scale extraction was carried out using the extraction conditions as reported in previous studies [5]. The plant samples (273.5 g) were extracted for 3 h with 70% ethanol (2500 mL) at 60 °C. The kinetic model of O. stamineus extraction was developed based on the experimental data of a preparative-scale extraction process. The first-order kinetic model is presented in Equation (1). A 10 mL sample was withdrawn at 15 min intervals for rosmarinic acid analysis during extraction.




Ct=37.345(1−e−0.302t)



(1)





The pilot scale extraction was conducted using a 13 L water-jacketed borosilicate reactor (Labfors 5, INFORS HT, Bottmingen, Switzerland), equipped with three 6-blade Rushton impellers and a temperature sensor. The temperature was controlled by a thermostatic bath/circulator (LAUDA Alpha RA 8, LAUDA-Brinkmann LP, NJ, USA). Likewise, a 10 mL sample was withdrawn at 15 min intervals for 3 h for rosmarinic acid analysis.




2.3. Quantification of Rosmarinic Acid by HPLC-DAD


The concentration of rosmarinic acid was determined by using a liquid chromatography system (Agilent 1260 Infinity LC, Agilent Technologies Inc., Palo Alto, CA, USA), equipped with a photodiode array detector, an auto-sampler, and a reversed-phase C18 column (Zorbax Eclipse Plus, 4.6 × 100 mm, 3.5 µM, Agilent Technologies Inc., Palo Alto, CA, USA). The column temperature was maintained at ambient temperature and the mobile phase consisted of 0.1% formic acid in water (A) and acetonitrile (B). The separation was performed in a gradient elution with the following proportions (v/v) of solvent A: 0–5 min, 85%; 5–10 min, 85–40%; 10–18 min, 40%; 18–25 min, 40–85%; and 25–30 min, 85%, at a flow rate of 0.75 mL/min. The wavelength of the detector was set at 254 nm. The standard solution was prepared by dissolving 5 mg of standard chemicals (eupatorine, sinensetin, 3′-hydroxy-5,6,7,4′-tetramethoxyflavone, and rosmarinic acid) in 5 mL of ethanol–water (7:3). The stock standard solution was diluted with different dilution factors to prepare a serial concentration of standard solutions (20–100 ppm). The solutions were filtered by nylon membrane filters (0.45 µM) before HPLC injection.




2.4.Scaling up Rosmarinic Acid Extraction


The scale-up process was carried out based on the similarity theory to obtain the similar kinetic profile as in the preparative-scale extraction under similar extraction conditions. Some assumptions for the scale-up procedures are as below:

	i.

	
The extraction was an isothermal and isobaric process;




	ii.

	
The preparative- and pilot-scale extraction vessels were geometrically similar;




	iii.

	
The stirred vessel system was fully turbulent.









The scale-up protocol was modified from the procedures suggested by Alam et al. [6], who highlighted the application of the similar rate constant (k) in both preparative- and pilot-scale systems. The overall flow of the scale-up process is presented in Figure 1. The agitation speed of the pilot-scale system was also fixed at the constant power dissipation (power per unit volume) as the value for the preparative-scale extractor. The complete suspension in the stirred tank can be measured using the Zwietering’s correlation, as presented in Equation (2), which is used to predict just-suspended speed, Njs [7]. Table 1 lists the properties of preparative- and pilot-scale reactors.


Njs=S(gΔρ/ρl)0.45dp0.2X0.13ν0.1D0.85,



(2)




where S is the Zwietering’s constant, g is the gravitational constant (9.81 m/s2), Δρ is the density difference between solid and liquid, ρl is the density of the liquid (kg/m3), dp is the solid diameter (m), X is the solid concentration (mass ratio of solid), ν is the kinematic viscosity of liquid (m2/s), and D is the impeller diameter (m).





3. Results and Discussion


The extraction process of a herbal material is a solid–liquid operation which involves solid suspension (also known as coarse dispersion) and dispersion. The raw material is suspended in liquid (medium) and the active compounds (phytochemicals) are dispersed in medium. According to Geisler et al. [8], the desired state of solid suspension is essential for successful reactor design and process scale-up. The solid particles of herbal material shall be distributed within the entire stirred liquid during extraction. In other words, a complete suspension (no solid settlement on the vessel bottom) must be achieved during the process. The active compounds extracted from the herbal material shall also form a homogenous suspension. Therefore, a constant power input or power consumption is considered to be more reliable as a scale-up criterion for rosmarinic acid extraction from a highly complex phytochemical mixture of the herbal plant [8].



The scale-up process mostly affected the hydrodynamic characteristics, thus reducing the performance of the larger scale system [9]. This included affecting the mass transfer of phytochemicals because of the increment in the radial non-uniformity of velocity in the larger system [10]. Therefore, the scaled-up extractor tended to form stagnation zones in the stirred tank and hinder the complete suspension state of the system [11]. In the present study, the Njs was 450.84 rpm, which is almost similar to the agitation speed calculated by the constant P/V, 451 rpm. This indicates that the impeller speed met the minimum requirement to achieve complete suspension. Njs is the minimum agitation speed which is required to suspend solid particles so that they are homogenously dispersed in the medium. Njs is also considered to be the optimal operating point for effective mass transfer of rosmarinic acid in the vessel. Hence, the agitation speed of the vessel must meet the Njs in order to achieve complete suspension [7]. The detailed calculations of P/V and Njs are provided in the Supplementary Materials (Appendix A).



The kinetic data of the pilot-scale extraction was fitted into the kinetic model developed in the preparative scale as presented in Equation (1). The performance of both preparative- and pilot-scale extractors was also compared in terms of their kinetic profiles. It was found that the experimental data of pilot-scale extraction was fitted well to the kinetic equation with the correlation coefficient R2 0.88 and the root mean square error RMSE 3.85. Figure 2 illustrates the kinetic profile of rosmarinic acid extraction in the preparative- and pilot-scale extractors. Both extractors had almost a similar kinetic profile. The figure also clearly indicates that the concentration of rosmarinic acid extracted from the plant material was in line with the calculated values using the first-order kinetic equation, as indicated by the solid line. The chromatogram of O. stamineus extract is presented in Figure 3. Rosmarinic acid is the highest peak detected at 11.5 min. The other compounds included 3′-hydroxy-5,6,7,4′-tetramethoxyflavone, sinensetin, and eupatorine. The findings revealed that fixing constant power dissipation could be a good scale-up criterion for rosmarinic acid extraction in a stirred tank reflux system. This dynamic parameter had been successfully used to scale up the process with almost a similar kinetic profile. The chromatograms of preparative- and pilot-scale processes are presented in Supplementary Figure S1 (Supplementary Materials).




4. Conclusions


The reflux extraction of rosmarinic acid from the stems and leaves of O. stamineus was successfully scaled up to pilot scale (10 L) based on the constant power dissipation. The first-order kinetic equation was proved to describe the extraction curve of rosmarinic acid in both preparative and pilot scales. In addition, the dynamic criterion to keep constant power dissipation was reliably applied in the scaling-up process of rosmarinic acid extraction. The kinetic model and scale-up performance of rosmarinic acid extraction from O. stamineus provide important information for the herbal processing industry.
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Figure 1. Scale-up protocol based on the similarity in the kinetic profile. 
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Figure 2. Kinetic profile of rosmarinic acid extraction in preparative- (∙) and pilot-scale processes (∆) plotted with the predicted first-order kinetic model (line). 
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Figure 3. Chromatograms of (a) eupatorin (EUP), (b) sinensetin (SIN), (c) 3′-hydroxy-5,6,7,4′-tetramethoxyflavone (TMF), (d) rosmarinic acid (RA), and (e) Orthosiphon stamineus extract. 
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Table 1. Properties of preparative- and large-scale reactors.
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Properties

	
Preparative-Scale Extractor

	
Pilot-Scale Extractor






	
Vessel volume, Vvessel (m3)

	
0.005

	
0.013




	
Working volume, Vworking(m3)

	
0.0025

	
0.01




	
Vessel diameter, T (m)

	
0.18

	
0.2




	
Liquid level, z (m)

	
0.0918

	
0.3183




	
Impeller diameter, D (m)

	
0.06

	
0.07




	
Liquid density, ρL (kg/m3)

	
878.8




	
Liquid viscosity, μ (Pa·s)

	
0.002225




	
Scale-up with constant power dissipation (P/V)

	




	
Agitation speed, N (rpm)

	
500

	
451




	
Reynolds number, Re

	
11,849.5

	
14,547.9




	
(Fully turbulent)

	
(Fully turbulent)




	
Top speed, πND

	
1.57

	
1.65












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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