Performance evaluation of ultrasonic transducer in a mist bioreactor by different nutrient media
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Abstract:
The mist bioreactor has been shown to have a higher performance relative to the liquid phase reactor. To evaluate the performance of the misting system, water and conventional media (MS, ½ MS, and B5) were tested in mist bioreactor. The physicochemical properties of liquids at fresh state (zero treated time) and when treated for 1, and 2 hours was measured. At a given airflow rate, the misting rate for different height of various media was determined. The results demonstrated that the electrical conductivity of all media increased with the duration of sonication. The ultrasonic effect caused an increase in surface tension of MS and ½ MS, while the pH of MS and ½ MS reduced with ultrasonic treatment. The inverse trends were observed for water and B5 for these properties. The misting rate increased by increasing liquid height to a maximum value, then decreased to a minimum value at the highest height. For all liquids studied in this experiment, this maximum value of misting performed at height ranged between 3 to 4 centimeters. The maximum and minimum values of the ultrasonic misting rate was belonged to MS () at height 3 centimeters and B5 () at height 1 centimeters, respectively.
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1. Introduction
[bookmark: _GoBack]The bioreactor is a device when defined process conditions are provided for production in the form of cell suspension cultures, immobilized cultures, and organ and tissue cultures (Eibl & Eibl, 2008; Paz-Maldonado & González-Ramírez, 2014). Different types of bioreactors have been utilized in hairy root culture, liquid-phase, gas-phase, or hybrid reactors (Kim et al., 2002). The configuration of bioreactor significantly affects cultivation results by how controlling the optimum environment (Mishra & Ranjan, 2008). 
Hyper-hydration is one of the most important disadvantages of liquid-phase in vitro culture, which is affected by light, CO2, and type of nutrient delivery (Correl et al., 2001; Towler et al., 2008). This leading to incomplete growth of the plant and finally the death of the plant in the ex-vitro condition (Ziv, 2000). Using a mist bioreactor can reduce the amount of hyper-hydration significantly (Correl et al., 2001; Chatterjeeet al., 1997). Mist bioreactor as a gas phase bioreactor exposed the surface of plant tissue directly to the nutrient mist and the samples are fed by gas-phase liquid medium (Perry & Green, 1997 ; Weathers  et al., 1999). The Earlier design of the bioreactor was based on a nozzle to spread droplets of media with a diameter of 10-10000 µm (Weathers et al., 2008; Towler et al., 2008). In recent years bioreactors used an ultrasonic transducer submerged in the media for the production of mist. Utilization of mist bioreactor has grown steadily, due to its advantages where nutrient particle size reduced to (0.01-10 µm) thus the mass transfer improved in this case over liquid-phase reactors and allow effective gas exchange in densely growing biomass. Differing design of mist bioreactor dictated its application (Towler et al., 2008). The efficiency of three different configurations of nutrient mist bioreactor, inner loop nutrient mist bioreactor and modified inner-loop nutrient mist bioreactor on hairy root growth of Artemisia annua was studied by Liu et al., (1999). The maximum and minimum growth index (final/initial dry weight) was 68 and 42 for modified inner-loop nutrient mist bioreactor and nutrient mist bioreactor, respectively (Liu et al., 1999).  Furthermore, a comparative study of the effectiveness of mist and bubble column bioreactors on the production of artemisinin was done by Kim et al., (2001). Artemisinin content of roots grown in nutrient mist bioreactor, 2.64 mg/g DM, was nearly three times as much as roots grown in a bubble column, 0.98 mg/g DM (Kim et al., 2001).
Different operational conditions such as mist duty cycle, medium formulation, gas composition, and airflow rate also caused different results on physical properties (production thickness, color necrosis, etc.) (Wyslouzil et al., 2000; Dilorio et al., 1992). Among them, misting cycles have a direct impact on the amounts of nutrients, gas exchange, and oxygen available to plants, so that changes in misting cycles can have a significant effect on the quality of production. A cycle of 5 min of misting followed by 6 min of resting time was optimal for the growth of both safflower and beet hairy roots. A time longer than 5 min reduced biomass production while reduction of resting cycle to less than 5 did not have a significant effect on the growth of beet hairy root tissue. (Wyslouzil et al., 2000). 
Three different methods, spinning disks, spray nozzles and ultrasound, are utilized to generate droplets in mist bioreactors (Weathers et al., 2008). The ultrasonic produced droplets are small and have a uniform size distribution (Weathers & Zobel, 1992). The ultrasonic atomization mechanism involves breaking up the thin film of liquid into fine droplets through the exposure of liquid to a high frequency () vibrating surface (Sindayihebura & Bolle, 1998; Wood & Loomis, 1927). Two hypotheses of capillary wave and cavitation have been proposed by researchers to explain the ultrasonic atomization mechanism (Söllner, 1936; Peskin & Raco, 1963; Rooney, 1981). Boguslavskii and Eknadiosyants (1969) combined the capillary wave and cavitation theories and presented a ‘conjunction theory’. They expressed that interacts between the finite amplitude capillary waves and the periodic hydraulic shocks from the cavitation disturbance stimulate liquid to form droplets (Boguslavskii & Eknadiosyants, 1969). Since the liquid film is sonicated under high frequency and energy transducer the physical and chemical properties of liquid are prone to change. The transducer amplitude and frequency, liquid-film thickness, surface tension and density of liquid are the main parameters that affect droplet size distribution (Sindayihebura & Bolle, 1998). Therefore, a close study on the effects of expressed parameters and sonication on mist generating performance and physicochemical properties of media is necessary. The objective of this work is to study the change of physicochemical properties of different media under ultrasonic treatment and evaluate the effect of the liquid altitudes on the misting rate.
2. Materials and methods
2.1 Mist bioreactor design and construction
The experimental setup (mist generator and accessories) were depicted in figure 1. Sterilized air generation system contains an oil-free compressor, pressure regulator, solenoid valve, needle valve, rotameter, and air Sparger. 
The air is produced by an oil-free compressor (Fini - Italia) and passes through the pressure regulator (Festo - Germany), the needle valve and the rotameter (Dywer - USA) to have an adjusted flow rate of 25 lit/min at a pressure of 2 bar. The air introduced into the mist chamber via an air Sparger. The air sparger contains 4 pores with a diameter of 1 mm. The pores were in front of the media surface so the airflow was blown to the surface that sweeps up all mist. The mist was generated by an ultrasonic transducer (Ceramic ultrasonic piezoelectric with 1.12 MHz frequency and 20 mm Diameter) that was attached centrally at the bottom of the mist chamber base (Fig. 1). The mist droplets are separated from the medium surface.


2.2 Medium
The liquids such as MS, ½ MS, B5 (as Conventional culture media) and water were used to evaluate the performance of the mist generation system. The culture media were prepared according to the specific protocols, including macro, micro, vitamins, and iron components, with 15gr of sugar per liter and an adjusted pH of 5.8. Due to possible contamination, the culture media was autoclaved at a temperature of and pressure 1 bar to prevent any undesirable changes of the physicochemical properties. Sufficient medium was supplied and stored in the refrigerator during the experiment to prevent any contamination.
2.3 Evaluated factors
The various physicochemical properties including relative density, surface tension, pH and electrical conductivity were measured for different media at three different processing times (0 h, 1 h, and 2 h) with three replications.  
Specific gravity was determined using pycnometer and digital scales by following equation (Figura & Teixeira, 2007).
	
	(1)



The surface tension of the samples was calculated based on the ring theory method using the Tensiometer (K100 - kruss - Germany), as the following equation:
	
	(2)



Where  is maximum tensile strength and  is the ring diameter.
A pH meter (Metrohm 780 - Switzerland) and an EC meter (Lutron TM947 - Taiwan) were used to measure the pH and the electrical conductivity of the media culture.
2.4 Mist generation system performance
The measurements performed at a given height. The different height of the liquid above the ultrasonic transducer was adjusted to 1, 2, 3, 4, 5, 6, and 7 cm ± 0.1. The mist was decelerated by gravity effect, the mist particles would come to a stop in only 2 mm over the liquid surface (Barreras et al., 2002). This dense fog should be transmitted by the air force for further application. The inlet airflow rate was set at 25 lit/min at a pressure of 2 bar when it was required. During the misting mode of operation, the total lost weight of medium, Mist total, occurred by airflow (surface evaporation, Mist air) and ultrasonic effect (Mist US). In order to evaluate the performance of the misting system and determine the contribution of ultrasonic transducer (Mist US) accurately, at first the surface evaporation of medium was determined (Mist air). To obtain Mist air, the air was blown on the quiescent medium when the ultrasonic transducer was turned off. The exhaust gas momentum and its heat transfer lead to accelerating the surface evaporation of the solution in the mist chamber and caused weight loss that was due to surface evaporation. The slope on mass-time variations was presented as mass flow loses caused by surface evaporation (equation 4). To ensure to have a stable condition of the weight loss, the middle three-minute period of the weight loss-time chart was considered (Fig. 2). The value of Mist US determined indirectly by knowing the Mist total and Mist air, then the Mist US was obtained by equation 5. To obtain the Mist total and 
Mist air, the system only was run for 6 minutes at a given height of 1, 2, 3, 4, 5, 6, or 7 cm. 
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The power consumption was calculated by determining voltage and ampere using a power analyzer (Lutron DW-6090, Taiwan). 
	
	(6)


The time interval recording of voltage and current was 1s. The mass variations were logged by a computer via the RS232 cable.

2.5 Statistical analysis
Analysis of variance (ANOVA) was performed to study the main effects of experimental factors and their interactions on the mist generation system and physicochemical properties of media. Means values of parameters were compared using Tukey's tests. The statistical examination of the data was accomplished using the Xlstat software package.

3. Results and discussion
3.1 Physicochemical properties of the medium
Table 1 summaries the initial values of pH (-), surface tension (), electrical conductivity (), and specific gravity (-) for four media (Table 1).

The statistical analysis of physicochemical parameters of different media is given in Tables 2. There was a significant effect of time and media on EC, pH, and S.G individually or in combination (P=0.05).  No significant difference was observed between surface tensions values at different time levels (P>0.05). 

The effect of sonication time on different properties is depicted in figure 3. According to Fig. 3-A the electrical conductivity follows an increasing trend in all solutions of MS, ½ MS, B5 and water during the ultrasonic application. A reason for the increasing trend of electrical conductivity by ultrasonic treatment application can be attributed to the concentration of the solution, and increase in the ions in the media that are an effective factor in the electrical conductivity. A direct effect of ion concentration on electrical conductivity has been reported by others (LeLAS, 2007; Assiry, 2011; Boldaji et al., (2015). The electrical conductivity of tomato juice also increased during concentration (Boldaji et al., (2015).  Ultrasonic pre-treatment of button mushrooms, brussels sprouts and cauliflower caused migration of mineral salts and organic acids coming from samples. Another possible reason is related to cavitation which can alter the chemical structure of the soluble solution (LeLAS, 2007). Assiry (2011) applied ohmic heating method to evaporate seawater. The ohmic heating depends on electrical conductivity. The results showed that the electrical conductivity of seawater increased with the evaporation of water and increasing concentration in the sludge (Assiry, 2011). 

Specific density values ​​were raised for all media during the ultrasonic application (Fig. 3-B). This is expectable because the density represents the amount of material in the unit volume, the results showed that the greater loss of water leads to a greater residue dissolution and more ions thus, a higher density has resulted.

PH content values ​​in MS, ½ MS, followed a decreasing trend during the ultrasonic application, while pH content in the B5 and water had an incremental trend (Fig. 3-C). The reason for the reversible behavior of the MS and ½ MS relative to water and B5 can be attributed to the chemical components, the response of different materials to ultrasonic treatment is different.  During performing ultrasonic treatment, a number of secondary radicals may be created in Solution due to the chemical reactions of primary radicals and other soluble molecules. The report on the production of primary and secondary radicals from cavitation is also mentioned in other sources (Ashokkumar & Mason, 2007). Another possible reason is that the culture media are suitable for microorganism activity which might contaminate the MS and ½ MS. 

Surface tension ranges from 47.8 to 58.1 mN/m.  The MS and ½ MS followed an incremental trend during the ultrasonic process, while B5 and water were decreased gradually with treated time. (Fig. 3-D). The surface tension of liquids depends on the intermolecular force and also the temperature. The temperature was nearly constant during the experiment (), thus the effect of ultrasonic treatment was the main reason on the structural change of medium and the reduction of intermolecular force.

3.2 Mist generation system performance: Effect of different levels of liquid height on the  rate
The misting system as the most important part of the mist bioreactor has a significant effect on the growth performance and the production of hairy roots culture. The most effective factor which influences misting rate is the viscosity, density, surface tension and height of medium (Barreras et al., 2002; Knorr et Al., 2004; Avvaru et al., 2006). The ANOVA results of experimental factors are presented in table 3. The results showed that the ultrasonic misting rate (Mist US) was influenced by medium and heights, either individually or in combination (P = 0.01(.
The effect of liquid height on mist generation (total and ultrasonic), surface evaporation rate, the power consumption of various media are shown in Fig. 4. The results showed that the ultrasonic mist generation rate increased with increasing liquid height, and after that reached to a maximum value and then decreased, this trend is similar for all media. When the liquid height is low on the piezo surface. The mist characteristics change. Instead of forming a relatively homogeneous mist, the diameter of particles are not uniform. In this case, larger diameter droplets form on the liquid surface. (Barreras et al., 2002). The droplets return to the liquid surface after detachment again and a few change of mass reduction was recorded by mass balance. Therefore, the only mass loss of vessels is due to the small fraction of misting.  This result had been reasoned by the capillary wave hypothesis by researchers (Lang, 1962). Lang (1962) demonstrates that exciting vibration caused a wave. The peaks of wave tears and the collision and agglomeration of the droplets shortly after leaving the surface caused this uniformity (Lang, 1962). Due to bubble detection in bulk of liquid, Barreras et al., (2002) suggested that the other possible mechanism of misting (cavitation) should be considered for describing of atomization process (Barreras et al., 2002). At a high level of liquid, it seems that the wave damp and the surface stack formation fail to result again low misting rate generation. The maximum misting generation rate (total and ultrasonic) was obtained at the heights of 4, 3, 3, and 3 cm for water, B5, MS, and ½ MS respectively. The highest value of  rate was belonged to MS (), on the other hand, the lowest value was obtained for B5 () at a height of 1 centimeter above piezoelectric. The power consumption analysis was depicted for water and MS as media with the highest misting rate (Fig. 4-A & 4-B). The power consumption increased with the increasing height of liquid above the piezo. The trends are not the same for MS and water due to different chemical compounds. The power consumption for a specified amplitude is proportional to the viscosity of the fluid (Figura & Teixeira, 2007). 

4. Conclusion

To evaluate the performance of the misting system, water and real media (MS, ½ MS, and B5) have been tested in mist bioreactor. The results categorized as below:
· The electrical conductivity of all media increased with treated time.
· The ultrasonic effect caused an increase in surface tension of MS and ½ MS, while the pH of MS and ½ MS declined with ultrasonic treatment. The inverse trends were observed for water and B5.
· The misting rate increased with increasing liquid height to an optimum value of height then decreased, this optimum value of misting occurred at the height ranged between 3 to 4 centimeters for all liquid which tested in this study.
· The maximum and minimum values of the ultrasonic misting rate belonged to MS () and B5 () at height 3 and 1 centimeters above the piezoelectric, respectively.
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Figure captions:

Fig. 1. The schematic of mist generation system and evaluation station, 1) oil free air compressor, 2) pressure regulator, 3) needle valve, 4) rotameter, 5) air filter, 6) mist chamber, 7) ultrasonic piezo-electric, 8) scale, 9) mist droplets, 10) sparger, 11) power analyzer, 12) RS232 cables, 13) mist generator control system, 14) computer.
Fig. 2. Method of obtaining Mist net rate of mass-time chart
Fig. 3. Effect of sonication treatment on A) Electrical conductivity, B) Specific gravity, C) pH, and D) Surface tension of different liquids.
Fig. 4. Effect of different liquid altitudes on Mist total, Mist air, Mist US and power consumption for different media; a) MS, b) Water, c) B5, d) ½ MS




















	Table 1. Initial characteristic of different mediums.

	Material
	pH
	Surface Tension ()
	E.C()
	S.G.

	Tap water
	8.180.00
	48.59
	1.46
	1.00

	MS
	6.76
	56.00
	5.51
	1.01

	½ MS
	5.79
	42.460.10
	3.380.01
	1.01

	B5
	6.310.01
	57.29
	3.96
	1.01







	Table 2- Some physicochemical parameters of different media

	Treatment
	Properties

	
	
Surface tension, 
	
Electrical conductivity, 
	pH
	S.G

	Time (h)
	media
	
	
	
	

	       0 (control)
	51.047 a
	3.575 c
	6.758 a
	1.0085 b

	1
	-
	53.115 a
	3.657 b
	6.535 ab
	1.0088 a

	2
	-
	53.585 a
	3.751 a
	6.171 b
	1.0089 a

	SEM1
	
	0.753
	0.003
	0.137
	< 0.001

	-
	Water
	49.608 c
	1.477 d
	8.326 a
	1.0042 d

	-
	B5
	53.898 b
	4.067 b
	6.461 b
	1.0117 b

	-
	MS
	58.088 a
	5.668 a
	5.753 c
	1.0123 a

	-
	½ MS
	48.711 c
	3.431 c
	5.412 c
	1.0067 c

	SEM1
	
	0.870
	0.004
	0.158
	< 0.001

	P value
	
	
	
	
	
	
	

	time
	0.061
	0.001 **
	0.019 *
	0.001 **

	media
	0.001 **
	0.001 **
	0.001 **
	0.001 **

	Time × media 
	0.001 **
	0.001 **
	0.005 **
	0.026 *

	* And ** represent a significant interval at the level of 5% and 1% respectively.
	

	1: SEM (Standard Error Mean)
	






	Table 3- Anova experimental factors

	SOV
	df
	Mist US rate

	
	
	SS
	F
	P

	mediums
	3
	0.0000
	8.966
	< 0.001

	heights
	6
	0.0045
	566.515
	< 0.001

	Mediums ×heights
	18
	0.0002
	6.434
	< 0.001

	residuals
	56
	0.0001
	-
	-

	CV
	7.07
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	Fig. 1. The schematic of mist generation system and evaluation station, 1) oil free air compressor, 2) pressure regulator, 3) needle valve, 4) rotameter, 5) air filter, 6) mist chamber, 7) ultrasonic piezo-electric, 8) scale, 9) mist droplets, 10) sparger, 11) power analyzer, 12) RS232 cables, 13) mist generator control system, 14) computer
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	Fig. 2. Method of obtaining Mist net rate of mass-time chart
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	Fig. 3. Effect of sonication treatment on A) Electrical conductivity, B) Specific gravity, C) pH, and D) Surface tension of different liquids.
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	Fig. 4. Effect of different liquid altitudes on Mist total, Mist air, Mist US and power consumption for different media; a) MS, b) Water, c) B5, d) ½ MS
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