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Abstract

:

As an emerging electrotechnology, induced electric field has attracted extensive attention in the development of innovative heat treatment equipment. In this study, a resistance heating unit based on induced electric field was built for inner heating of aqueous electrolyte solutions as well as liquid foods, such as vinegar. NaCl solutions and liquid foods with different conductivity were used to investigate the thermal effect and temperature rise of samples. Saline gel composed of 3% agar powder and 20% NaCl acted as a coil of conductor for inducing high-level output voltage. The utilization of the saline gel coil significantly improved the power conversion efficiency of the heating unit as well as the heating rate. The results revealed that duty cycle and applied frequency had immediate impact on the efficiency of inner heating. Additionally, the rate of temperature rise was proportional to the conductivity of the sample. The temperature of 200 mL NaCl solution (0.6%) increased from 25 °C to 100 °C in 3 min at 40% duty cycle and 60 kHz of applied frequency, and it was a circulating-flow process. The maximum temperature rise of black vinegar was 39.6 °C in 15 s at 60 kHz and 60% duty cycle, while that of white vinegar was 32.2 °C in 30 s under same conditions, whereas it was a continuous-flow process. This novel heating system has realized the inner heating of liquid samples.
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1. Introduction


Liquid foods are aqueous electrolyte systems. As one of the unit operations, heat treatment is commonly applied for the inactivation of pathogenic microorganisms and detrimental enzymes in liquid foods, thus changing its physicochemical properties [1]. In these areas, the desirable effects of heat treatment are sterilization, ensuring shelf life, and eliminating harmful components, whereas the negative effects include loss of nutrients, especially heat sensitive ingredients, and an adverse impact on flavor characteristics. Conventional heat treatment is usually conducted with heat transfer, which depends on the thermal conductivity of the medium for realizing the heating [2]. Compared with inner heating, conventional methods are non-uniform heat conduction, with longer duration and lower efficiency.



Therefore, exploring novel heat treatment method has become the research focus for the food engineer. Some technologies related to electromagnetic fields have emerged, such as microwave heating [3,4], radio-frequency heating [5,6], Ohmic heating [7,8], among others. For example, Zhang et al. [9] proposed a continuous-flow microwave system for heating fluid food, and analyzed the factors affecting its efficiency. Radio-frequency treatment was also used to control pathogens of food, such as Escherichia coli O157:H7 and Salmonella enterica [10]. Both radiofrequency and microwave heating are dielectric heating processes, and their principle can be described as the process of converting electromagnetic energy into thermal energy inside the sample. The radiofrequency heating is based on the rotation of polar molecules or ions in samples, in which high-frequency electromagnetic waves promote the collision and friction of them to generate heat [11]. In addition, microwave heating is dominated by the rotation of polar molecules, and the heat is thus generated inside materials by the interactions between molecular dipoles and microwave [12]. The composition and geometry of products have a decisive effect on the heating characteristics during the process [13]. Non-uniform heat flux distribution, overheating, and unpredictable “hot” or “cold” spots resulted from electromagnetic fields have been the main challenges for industrial application of radiofrequency and microwave treatment [6,9].



Ohmic heating depends upon the conductivity of the sample and electric field strength; it is an inner heating process. According to Joule’s effect, the liquid medium to be processed acts as an electrical resistance (or the load) in the circuit; when the current passes through the interior of the sample, the electrical energy is thus converted into thermal energy [14]. However, it involves direct contact between the medium and active electrodes. Undesirable electrochemical behavior, electrode corrosion, and metal dissolution during the process have become the main issues that restrict industrial applications [15,16]. Therefore, exploring an innovative electrotechnology for inner heating of liquid foods has a potential advantage in food industry.



Induction heating is one of the inner heating technologies, in which the alternating magnetic field is used as the source. For the treatment of foods, the process has two different ways. The first is that a magnetic field is generated when the current flows through the coil, and then eddy current and hysteresis are induced by the magnetic flux [17]. The eddy current is hindered by the extremely high resistance of vessel material; in turn, the foodstuff inside vessel is heated due to eddy current effect. The heating principle of induction cooker is based on this mechanism [18], as shown in Figure 1a. Although existing induction heating has been applied to the heating of foods, the heat transfer is still thermal conduction and convection of iron vessels [19,20]. It is not an inner heating process and thus there is no non-thermal effect on the foods. However, it is noteworthy that when the alternating magnetic field is applied on a coil of liquid foods, an induced electric field is produced in the coil. The heating process is presented in Figure 1b. Although the alternating magnetic field is also utilized, it is completely different from existing induction heating.



In a previous study, an innovative induction heating system was built [21] in which the inner heating of electrolyte solutions or liquid foods was observed. The induced voltage and temperature rise were also detected by Wu et al. [22]. However, the original system is limited by its structure and output power, thus improvement of its processing capacity, temperature rise rate, and energy utilization rate is still required. In this study, it focuses on the improvement of the system with high-frequency and high-strength electric field, as well as being equipped with a water-cooling system for magnetic circuit. The purpose is to introduce the improved system and verify its heating effect, preparing for subsequent applications. The pipeline of the coil was filled with saline gel for enhancing the electric potential difference between samples. The effects of applied frequency and duty cycle on the heating rate were also explored. Additionally, vinegar and NaCl solutions with different electrical conductivity were used as model samples to investigate the heating effect.




2. Materials and Methods


2.1. Experimental Materials


Commercial mineral water and NaCl solutions with various concentrations (0.2%, 0.4%, 0.6%, and 0.8%) were prepared. Preparation of saline gel: 200 g NaCl and 30 g agar powder were weighed, then 1 L of deionized water was added to dissolve the salt and agar powder, then the solution was heated for boiling, degassed by ultrasonic for 1 min under 40 kHz and 100 W. Immediately it was filled into the coil. In this study, agar was used as a carrier of NaCl, solidified at 37 °C into a firm gel, also known as salt bridge. During the heating, saline gel coil (salt bridge) was equivalent to a power supply, it would not be heated due to low internal resistance. Thus, agar gel would not change to liquid form. Sodium chloride and agar powder were analytical grade, purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). White vinegar and black vinegar were supplied by Foshan Haitian flavouring & Food Co., Ltd. (Foshan, Guangdong, China).




2.2. Principle


The schematic diagram of this heating system and its equivalent circuit are shown in Figure 2. According to the principle of electromagnetic induction, when the excitation voltage U1 is applied to the excitation coil, an alternating current I1 is generated, which generates alternating magnetic flux (Φ) in the magnetic core. Simultaneously, an induced electromotive force generated by the primary coil is E1. When the alternating magnetic flux (Φ) vertically passes through the magnetic coupling tube coil, the induced electromotive force E2 is generated therein. As the alternating magnetic flux (Φ) in the magnetic core is closed through the primary coil and the secondary coil, the induced electromotive force E1 and E2 [21] can be expressed as:


   E 1  = 4.44 f  N 1  Φ  










   E 2  = 4.44 f  N 2  Φ  








where f represents the applied frequency, N1 and N2 represent the turns of primary and secondary coils, respectively, and Φ represents alternating magnetic flux.



In theory, when conductive liquid samples are loaded on the induced electromotive force E2, an induced electric field and current would appear in the sample for the heating. The non-thermal and thermal effects originate from induced electric field strength and induced current density, respectively.



The system is based on the transformer structure. The excitation coil is wound on the magnetic core and connected to a power supply. The magnetic coupling tube is filled with saline gel to reduce the internal resistance of the system. They are located on both sides of the magnetic core, which could produce high-level electric potential difference under alternating magnetic field. In fact, they are also a power supply, then the enhanced induced voltage (or E2) is loaded on the treatment chamber for heating the samples.




2.3. Experiments


This induced electric field heating unit includes sample bottle, collecting bottle, peristaltic pump, power supply, water-cooling system, and induction system, as shown in Figure 3. In addition, the induction system consists of a magnetic core, excitation coil, magnetic coupling pipeline, glass tube, and treatment chamber. The samples are passed through the treatment chamber for heating, then collected immediately. The parameter information, such as conductivity, applied frequency, duty cycle, among others, is presented in Table 1. It is a continuous-flow process at low flow rate as well as a circulating-flow process at high flow rate.




2.4. Temperature Rise and Conductivity


The measurement of temperature refers to the method of González-Monroy et al. [23] with minor modifications. At the distance of 0.3 m to the treatment chamber, the temperature was recorded via a FLIR C3 thermal camera (FLIR Systems Inc., Wilsonville, OR, USA). The conductivity was detected using a conductivity meter (FE38, Mettler Toledo Instruments Co., Ltd., Shanghai, China).




2.5. Statistical Analysis


All experiments were replicated in triplicate. The statistical analysis software SPSS 22.0 (IBM, Armonk, NY, USA) was used for original data analysis, and expressed as mean value ± standard deviation. All charts were drawn by Adobe Illustrator 2021 (Adobe Systems Incorporated, San Jose, CA, USA) and Origin 2019 (Origin Lab., Northampton, MA, USA).





3. Results and Discussion


3.1. Influence of Saline Gel Coil


When commercial mineral water was subjected to induced electric field for 35 min, the changes of electric conductivity were shown in Figure 4a. The conductivity of the sample increased significantly after heating, which indicated that there were some Na or Cl ions in the saline coil to diffuse into the sample. Moreover, the increase in treatment duration resulted in higher conductivity, which may be ascribed to the contact duration between the sample and saline coil. Compared with the control, the conductivity of sample demonstrated the same trend, which suggested that the diffusion of Na or Cl ions was caused by the diffusion rather than alternating electric field. From the perspective of the electric field, as the periodic square wave signal with high frequency was utilized in the heating system, the induced electric field changed in both directions instead of a direct current. It implied the directional mass transfer did not occur. In another study, the electrocoalescence behaviors of water nanodroplets were observed under a direct current, confirming the direction of movement between the electrodes [24]. The temperature rise results showed that it was directly proportional to the treatment duration (Figure 4b). The reason was that the conductivity increased with the extension of duration. During the circulating-flow process, commercial mineral water with conductivity of 0.473 ms/cm rose from 25 °C to 77 °C within 10 min, the temperature rise rate was 5.2 °C/min.



The heating efficiency of the system was enhanced with the increase in conductivity (Figure 5a). In this study, 0.6% NaCl solution showed a maximum temperature rise rate of 29.3 °C/min with the cyclic treatment, and a 200 mL sample could reach boiling state within 3 min. In a previous study, the maximum terminal temperature of the sample was only 65.8 °C, and the processing capacity was limited. Compared with the initial conductivity of samples, the final conductivity increased by about 0.3–0.6 ms/cm within 10 min during the heating (Figure 5b). It was concluded the saline coil could amplify the induced electric field and improved the heating effect.



Therefore, the construction of saline coil realized the inner heating of aqueous solutions, and an extremely low level of Na or Cl ions in the saline gel coil diffused into the samples. Under an induced electric field, the main factor for ion migration was free diffusion. As the rate of the diffusion depends upon the contact duration, the diffusion of ions can be reduced by shortening the processing time. Alternatively, a buffer zone can be established to eliminate the free diffusion of ions. For various liquid food systems, the heating unit has better application prospects.




3.2. Influence of Physicochemical Properties


In this study, black vinegar and white vinegar with significant difference in conductivity were selected for effect validation. The conductivity of black vinegar and white vinegar were 30 ms/cm and 2.98 ms/cm, respectively. In the food conductivity category, white vinegar is equivalent to the category with lower conductivity, while black vinegar belongs to the category with higher conductivity.



It illustrated that the temperature of black vinegar rose linearly with the increase in duty cycle (Figure 6a). Although the temperature rise trend of white vinegar was consistent with that of black vinegar, it was not obvious. There was a small discrepancy between 40% and 60% of duty cycle. For black vinegar, the increase in duty cycle resulted in a higher output power of the system, thereby the heating unit converted more electric energy into the vinegar as it passed through the treatment chamber. Due to the high conductivity of black vinegar, the losses of eddy current and hysteresis effect in magnetic core were also relatively low. For white vinegar, although the output power of the system increased, the energy conversion efficiency of the heating unit decreased due to low conductivity and large impedance of white vinegar. As a result, the eddy current effect and hysteresis effect in the magnetic core were strengthened, then the thermal energy loss increased. Additionally, the lower the conductivity of samples, the smaller the induced current in the closed circuit of the continuous-flow samples. Furthermore, the induced current density in the treatment chamber decreased, thus the temperature rise of white vinegar was relatively slow. As the current density is in the range from 0.5 to 20 A/cm2, the heating effect can be realized [2]. According to Ohm’s law of closed circuit, due to the existence of internal resistance of the saline coil, the sample resistance increases and the current and output voltage of the system decrease. In other words, the alternating induced electromotive force generated by the secondary power supply (or the saline coil) is limited, while the output power remains unchanged. Thereby, the electric energy is converted into thermal energy in magnetic core due to the more core loss. Contrarily, black vinegar has higher conductivity, thus the magnetic core loss is lower and the heating efficiency is relatively high.



For food systems with different electrical conductivity, the applied frequency also has a key impact on the temperature rise. As shown in Figure 6b, the temperature rise of black vinegar was significantly affected by the frequency compared to that of white vinegar, which was mainly attributed to the difference between their electrical conductivity. The temperature rise of black vinegar at 80 kHz was significantly higher than that of the sample at 60 kHz. As the impedance of secondary power supply and black vinegar diminished with the increased frequency. In turn, the induced current intensity and density were improved. This result of impedance reduction caused by higher applied frequency had been observed [25]. However, the temperature rise at 40 kHz was faster than that of 60 kHz. Lee et al. [26] reported the increased frequency in the range of 1 Hz to 20 kHz, the higher the temperature rose. The effect of frequency on the temperature rise of white vinegar was basically consistent with that of the duty cycle. Although the changes of both duty cycle and frequency influenced output power of the system, the power conversion efficiency of the heating unit had reached the consumption level due to the low conductivity of white vinegar. Therefore, the temperature rise of white vinegar is not as sensitive to the changes in parameters as black vinegar.





4. Conclusions


In this study, a novel magneto-induced electric field heating system has been developed. It was established according to Faraday’s law of electromagnetic induction, which has realized rapid temperature rise and uniform heat treatment of various liquid samples. Meanwhile, the saline gel coil (NaCl gel composed of 20% NaCl and 3% agar powder) was designed for reducing the internal resistance of the system and improved the energy efficiency of the heating process. Moreover, the saline gel coil did not induce NaCl diffusion into the sample under the electric field, while slight free diffusion of NaCl was observed. As the heating effect of the system was completed instantaneously, the saline gel coil structure had no adverse effect on the samples. During the heating process, the temperature rise improved with the increased sample conductivity. For effect verification, the results showed that the heating rate of sample was improved with the increased duty cycle, first decreased and then increased with the increased applied frequency. For low conductivity of the medium, the changes of duty cycle and the frequency had little effect on the heating rate. Therefore, the heating unit is consistent with Ohmic heating system. It also has the non-thermal effect due to alternating induced electric field during the treatment. This heating unit has potential application prospects for sterilization, modification, and extraction, as well as mass transfer reaction of liquid foods.







Author Contributions


Conceptualization, L.Z. and N.Y.; methodology, F.L.; software, T.W.; validation, L.Z., F.L. and T.W.; formal analysis, S.W.; investigation, Y.J.; resources, X.X.; data curation, L.Z.; writing—original draft preparation, L.Z.; writing—review and editing, L.Z.; visualization, X.X.; supervision, Y.J.; project administration, N.Y.; funding acquisition, N.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 32172353), Youth Foundation of Jiangsu Province (BK20211582), and Foundation of State Key Laboratory of Biobased Material and Green Papermaking, Qilu University of Technology, Shandong Academy of Sciences (No. GZKF202026).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and analyzed are available from the authors.




Acknowledgments


This study was financially supported by National Natural Science Foundation of China (No. 32172353), Youth Foundation of Jiangsu Province (BK20211582), and Foundation of State Key Laboratory of Biobased Material and Green Papermaking, Qilu University of Technology, Shandong Academy of Sciences (No. GZKF202026).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fryer, P.J.; Robbins, P.T. Heat transfer in food processing: Ensuring product quality and safety. Appl. Therm. Eng. 2005, 25, 2499–2510. [Google Scholar] [CrossRef]

	



Jaeger, H.; Roth, A.; Toepfl, S.; Holzhauser, T.; Engel, K.-H.; Knorr, D.; Vogel, R.F.; Bandick, N.; Kulling, S.; Heinz, V.; et al. Opinion on the use of ohmic heating for the treatment of foods. Trends Food Sci. Technol. 2016, 55, 84–97. [Google Scholar] [CrossRef]

	



He, J.; Yang, Y.; Zhu, H.; Li, K.; Yao, W.; Huang, K. Microwave heating based on two rotary waveguides to improve efficiency and uniformity by gradient descent method. Appl. Therm. Eng. 2020, 178, 115594. [Google Scholar] [CrossRef]

	



Zhao, H.; Li, H.; Li, X.; Gao, X. Process intensification for improving the uniformity and efficiency of microwave heating reactor by bubbles-enhanced flow method. Appl. Therm. Eng. 2021, 197, 117346. [Google Scholar] [CrossRef]

	



Marra, F.; Zhang, L.; Lyng, J.G. Radio frequency treatment of foods: Review of recent advances. J. Food Eng. 2009, 91, 497–508. [Google Scholar] [CrossRef]

	



Hao, Y.; Mao, Y.; Hou, L.; Wang, S. Developing a rotation device in radio frequency systems for improving the heating uniformity in granular foods. Innov. Food Sci. Emerg. Technol. 2021, 72, 102751. [Google Scholar] [CrossRef]

	



Knirsch, M.C.; Alves dos Santos, C.; Martins de Oliveira Soares Vicente, A.A.; Vessoni Penna, T.C. Ohmic heating—A review. Trends Food Sci. Technol. 2010, 21, 436–441. [Google Scholar] [CrossRef]

	



Makroo, H.A.; Rastogi, N.K.; Srivastava, B. Ohmic heating assisted inactivation of enzymes and microorganisms in foods: A review. Trends Food Sci. Technol. 2020, 97, 451–465. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yang, H.; Yan, B.; Zhu, H.; Gao, W.; Zhao, J.; Zhang, H.; Chen, W.; Fan, D. Continuous flow microwave system with helical tubes for liquid food heating. J. Food Eng. 2021, 294, 110409. [Google Scholar] [CrossRef]

	



Jeong, S.G.; Kang, D.H. Influence of moisture content on inactivation of Escherichia coli O157: H7 and Salmonella enterica serovar Typhimurium in powdered red and black pepper spices by radio-frequency heating. Int. J. Food Microbiol. 2014, 176, 15–22. [Google Scholar] [CrossRef]

	



Moirangthem, T.T.; Macana, R.; Baik, O.-D. Characterization of 50-ohm radio frequency heating of bulk canola seeds (Brassica napus L.) in a tubular applicator with parallel electrodes and post-treatment quality. Innov. Food Sci. Emerg. Technol. 2020, 64, 102409. [Google Scholar] [CrossRef]

	



Lan, W.; Wang, H.; Liu, Q.; Zhang, X.; Chen, J.; Li, Z.; Feng, K.; Chen, S. Investigation on the microwave heating technology for coalbed methane recovery. Energy 2021, 237, 121450. [Google Scholar] [CrossRef]

	



Bedane, T.F.; Erdogdu, F.; Lyng, J.G.; Marra, F. Effects of geometry and orientation of food products on heating uniformity during radio frequency heating. Food Bioprod. Process. 2021, 125, 149–160. [Google Scholar] [CrossRef]

	



Müller, W.A.; Ferreira Marczak, L.D.; Sarkis, J.R. Microbial inactivation by ohmic heating: Literature review and influence of different process variables. Trends Food Sci. Technol. 2020, 99, 650–659. [Google Scholar] [CrossRef]

	



Samaranayake, C.P.; Sastry, S.K. Electrode and pH effects on electrochemical reactions during ohmic heating. J. Electroanal. Chem. 2005, 577, 125–135. [Google Scholar] [CrossRef]

	



Cappato, L.P.; Ferreira, M.V.S.; Guimaraes, J.T.; Portela, J.B.; Costa, A.L.R.; Freitas, M.Q.; Cunha, R.L.; Oliveira, C.A.F.; Mercali, G.D.; Marzack, L.D.F.; et al. Ohmic heating in dairy processing: Relevant aspects for safety and quality. Trends Food Sci. Technol. 2017, 62, 104–112. [Google Scholar] [CrossRef]

	



Huang, M.-S.; Liao, C.-C.; Li, Z.-F.; Shih, Z.-R.; Hsueh, H.-W. Quantitative Design and Implementation of an Induction Cooker for a Copper Pan. IEEE Access 2021, 9, 5105–5118. [Google Scholar] [CrossRef]

	



Lucía, Ó.; Domínguez, A.; Sarnago, H.; Burdío, J.M. Chapter 21—Induction Heating. In Control of Power Electronic Converters and Systems; Blaabjerg, F., Ed.; Academic Press: Randers, Denmark, 2018; pp. 265–287. [Google Scholar]

	



Grewal, R.; Kumar, M. A comprehensive review on stepped solar still and induction heating applications. Mater. Today Proc. 2021, in press. [Google Scholar] [CrossRef]

	



Sanz-Serrano, F.; Sagues, C.; Llorente, S. Inverse modeling of pan heating in domestic cookers. Appl. Therm. Eng. 2016, 92, 137–148. [Google Scholar] [CrossRef]

	



Jin, Y.; Yang, N.; Xu, X. Innovative induction heating technology based on transformer theory: Inner heating of electrolyte solution via alternating magnetic field. Appl. Therm. Eng. 2020, 179, 115732. [Google Scholar] [CrossRef]

	



Wu, S.; Yang, N.; Jin, Y.; Li, D.; Xu, Y.; Xu, X.; Jin, Z. Development of an innovative induction heating technique for the treatment of liquid food: Principle, experimental validation and application. J. Food Eng. 2020, 271, 109780. [Google Scholar] [CrossRef]

	



González-Monroy, A.D.; Rodríguez-Hernández, G.; Ozuna, C.; Sosa-Morales, M.E. Microwave-assisted pasteurization of beverages (tamarind and green) and their quality during refrigerated storage. Innov. Food Sci. Emerg. Technol. 2018, 49, 51–57. [Google Scholar] [CrossRef]

	



He, X.; Zhang, B.-X.; Wang, S.-L.; Wang, Y.-F.; Yang, Y.-R.; Wang, X.-D.; Lee, D.-J. Electrocoalescence of two charged nanodroplets under different types of external electric fields. J. Mol. Liq. 2021, 341, 117417. [Google Scholar] [CrossRef]

	



Żywica, R.; Banach, J.K.; Kiełczewska, K. An attempt of applying the electrical properties for the evaluation of milk fat content of raw milk. J. Food Eng. 2012, 111, 420–424. [Google Scholar] [CrossRef]

	



Lee, S.-Y.; Ryu, S.; Kang, D.-H. Effect of frequency and waveform on inactivation of Escherichia coli O157:H7 and Salmonella enterica Serovar Typhimurium in salsa by ohmic heating. Appl. Environ. Microbiol. 2013, 79, 10–17. [Google Scholar] [CrossRef]








[image: Foods 11 00213 g001 550] 





Figure 1. (a) The heating principle of induction cooker; (b) The heating principle of magneto-induced electric field. 
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Figure 2. The schematic diagram of the induced electric field heating system and its equivalent circuit. 
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Figure 3. The schematic diagram and flow chart of the induced electric field heating unit (d1 = 15 cm, d2 = 25 cm). 
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Figure 4. (a) Effect of the treatment duration on the sample conductivity; (b) Effect of the treatment duration on the temperature rise. 
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Figure 5. (a) Effect of NaCl solutions on the temperature rise; (b) effect of NaCl solutions on the conductivity. 
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Figure 6. (a) Effect of different duty cycle on the temperature rise; (b) effect of different frequency on the temperature rise. 
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Table 1. Various parameter information during processing.
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	Liquid Sample
	Conductivity

(ms/cm)
	Initial

Temperature (°C)
	Excitation

Coil Turns
	Magnetic Coupling

Tube Turns
	Frequency

(kHz)
	Duty Cycle
	Flow Rate

(mL/min)





	Commercial mineral water
	0.473
	25
	1
	30
	60
	40%
	120



	NaCl solution (0.2%)
	4.333
	25
	1
	30
	60
	40%
	120



	NaCl solution (0.4%)
	7.837
	25
	1
	30
	60
	40%
	120



	NaCl solution (0.6%)
	11.24
	25
	1
	30
	60
	40%
	120



	White vinegar
	2.98
	25
	1
	20
	40, 60, 80
	20%, 40%, 60%
	10



	Black vinegar
	30.00
	25
	1
	20
	40, 60, 80
	20%, 40%, 60%
	20







Note: Flow rate 120 mL/min was a cyclic process, 10 and 20 mL/min were a one-time continuous-flow process. Duty cycle is the ratio of time a load or circuit is on compared to the time the load or circuit is off. Flow rate represents the pump speed of the peristaltic pump. Frequency represents applied frequency of power supply. Excitation coil and magnetic coupling represent the primary coil and secondary coil, respectively.
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