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Abstract

:

The microfluidics of magnetic fluids is gaining popularity due to the possibility of the non-contact control of liquid composite systems using a magnetic field. The dynamics of non-magnetic droplets and gas bubbles in magnetic fluids were investigated for various configurations of magnetic fields, coatings, and channel geometries, as well as the rate of component supply and their physical properties. Optimal regimes for forming droplet and bubble flows were determined. The mechanism for non-contact control of the size of droplets and bubbles using a magnetic field is proposed in this article. The dependences of the sizes of non-magnetic inclusions in magnetic liquids on the continuous phase flow rate and the displacement of magnets were obtained. The obtained dependences of the volume of non-magnetic inclusions on the flow rate of the continuous phase follow the classic dependences. Changing the size of air bubbles can be achieved by shifting the magnet from −5 mm to +2 mm. The ratio of the maximum and minimum breakaway inclusion varies from 5 to 2 depending on the flow rates of the continuous phase. The range of changing the size of oil droplets with the displacement of magnets is from 1.1 to 1.51. These studies show how, with the help of various mechanisms of influence on microfluidic flows, it is possible to control the size of bubbles and droplets forming in microchannels. The obtained data can be applied for controlled microfluidic dosing and counting devices.
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1. Introduction


Magnetic fluids are a unique active material that combine fluidity and magnetic properties [1]. It is a colloidal solution of magnetic nanoparticles coated with a surfactant and dispersed in a carrier liquid [2]. Magnetic fluids are the first artificially synthesized nanomaterial [3]. They have been the object of active research for 60 years and provide a wide scientific field for both experimenters [4] and theorists [5,6] due to the unique interaction of their microstructure, macroscopic properties, and the dynamics of colloid volumes under various combinations of external influence. The properties of these materials can be controlled by a magnetic field of various strengths since the magnetic properties of magnetic fluids strongly depend on external influences. Magnetic colloids are widely used in various technical devices: shock absorbers [7,8], separators [9], sensors [10], and many other devices. Despite a significant period of research and implementation, over the past few years, there has been an exponential increase in the number of publications and patents related to magnetic fluids. This is due to the development of technologies for the synthesis of colloids with specific surfactants, the emergence of targeted drug delivery, and the development of microfluidic systems. In microfluidics, in which traditional methods of flow control do not work, magnetic fluids have revealed their potential for active control [11,12].



The magnetophoresis of micro- and nanoparticles in a liquid in a microchannel under the influence of various sources of magnetic fields was one of the first to be investigated [13,14,15]. The dynamics of magnetophoresis in a thin layer of magnetic fluid have been studied by scanning optical transparency with a laser beam [16,17] and the separation and focusing of magnetic and non-magnetic particles under the influence of magnetophoresis [18]. A combination of magnetophoretic and centrifugal forces for separation in a microfluidic chip [19] and a combination of magneto- and electrophoresis in a microfluidic chip have been used in many studies [20]. In the case when one of the phases contains magnetic particles in a microchannel under the influence of an inhomogeneous magnetic field, instability of the interphase boundary occurs and can be fixed by optical methods [21]. In addition to magnetophoresis, the manipulation of flows and particles can be carried out using electrophoresis. The process of mixing two liquids in a Y-type mixer has been investigated. The alternating current electric field, which was created by two copper strips for each channel entrance, acted on the system [22].



The magnetic field source is the most important component of magnetofluidic microfluidic systems [23]. Permanent magnets [24], electromagnets [25], or their combinations [26] are used for magnetic manipulations in microfluidic systems. However, recently, there have been more and more works in which the phenomenon of magnetic levitation, “MagLev”, in an inhomogeneous magnetic field is used to separate non-magnetic objects: particles, droplets, and biological objects in a magnetic medium [27,28]. A distinctive feature of this approach is the absence of specific surfactants. Separation and manipulation occur depending on the density of non-magnetic inclusions [13].



Manipulation of liquid multiphase systems has been singled out in a separate direction: drip microfluidics, which considers the processes of the formation, control, and dynamics of emulsions of various systems [29,30]. The droplet size is regulated mainly by changing the flow rate [31]. The use of a magnetic fluid makes it possible to add a variant of active droplet formation using an external magnetic field [32]. Drop microfluidics using magnetic fluids remains an insufficiently studied area [33] despite significant prospects for application, primarily targeted drug delivery [34,35] using active drops [36,37] and multilayer emulsions [38,39].



Various combinations of magnets are used in drop microfluidics setups with magnetic fluids [40]. A permanent magnet was used to create anisotropy of the magnetic moment in “polymer drops cured by UV radiation” with a built-in drop of magnetic liquid [41]. A theoretical model with a different configuration of electromagnets was considered in the work [42]. A variant of a microfluidic channel with wall-less magnetic confinement due to a magnetic fluid is known [43]. Such a configuration of an inhomogeneous magnetic field using magnetic levitation regions [44] creates prerequisites for the active control of droplet sizes using a magnetic field [45,46]. In previous works, we proposed a new mechanism for controlling the size of droplets that detach from a non-magnetic droplet levitating in a magnetic fluid [47]. However, when switching to the microfluidic scale, we faced significant difficulties: our experiments were carried out only with gas bubbles [48,49]. With the introduction of a non-magnetic fluid phase in most modes, we obtained a jet flow [50]. The reason for this is the influence of the microfluidic chip’s walls and interfacial tension, which was not taken into account in these studies.



The aim of this work is to study the dynamics of the separation of bubbles and oil droplets in a biocompatible water-based magnetic fluid with various surfactants in microfluidic channels of various configurations in a magnetic field created by annular permanent magnets.




2. Materials and Methods


2.1. Experimental Setup


The block diagram of the experimental setup is shown in Figure 1. The microfluidic chips were manufactured using glass–parafilm–glass sandwich technology [50,51]. The syringe pump was made using an Ender 3D printer (Creator: Creativity, Shenzhen, China) [52].



The microfluidic chip (1) is fixed using a system of non-magnetic fasteners and located parallel to the axis of the ring permanent magnet (2). A dual-channel syringe pump (3, 4) is used for the injection of continuous and dispersed phases into the chip. The dynamics of the multiphase system were recorded by a microscope (the video recordings’ resolution is equal to 1280 × 960, 30 fps) (5) in the transmitted light emitted by the light source (6). A computer (7) controls the syringe pump. The magnet (2) was moved using a mechatronic actuator (8), made independently from the z-axis of the Ender 3D printer, which was controlled by a computer (7). The video stream from the microscope (5) was transferred to the computer (7), where the files were further processed in the NI Lab View program.



We used two types of NdFeB permanent magnets. Magnet 1: its outer diameter is 60 mm, its inner diameter is 24 mm, its thickness is 10 mm, and its magnetic field strength is 214 kA/m; magnet 2: its outer diameter is 50 mm, its inner diameter is 25 mm, its thickness is 5 mm, and its magnetic field strength is 85 kA/m.



Magnet 1, in comparison with magnet 2, is characterized by larger geometric dimensions, as well as a larger value of the magnetic field strength on the surface of the magnet. A detailed simulation of the “magnetic vacuum” region for annular permanent magnets is shown in Figure 2.



The isolines in Figure 2 were determined using MATLAB’s built-in function for 2D data processing. A detailed procedure for modeling the “magnetic vacuum” region for annular permanent magnets is described in our previous papers [44,53].



The technology of manufacturing microfluidic devices based on sandwich structures and Parafilm M® film used in our research consists of several stages:




	1.

	
Preparation of microfluidic chip layers:



	-

	
Processing of slides with a solution of NaOH in 6% hydrogen peroxide to remove organic compounds from the glass surface;




	-

	
Washing glasses with distilled water and drying them;




	-

	
Producing a stencil of the required configuration from Parafilm M® film using the Gifttec MT365 cutting plotter (Creator: Gifttec, China). The stencil model was developed in the CorelDRAW program.








	2.

	
Microfluidic chip assembly: A stencil cut from Parafilm® film is placed between two slides.




	3.

	
Preheating of the heating plate IKA C-Mag HP 7 to 55 °C for uniform heat distribution.




	4.

	
Sintering of the device for 10 min at a heating temperature of 55 °C.




	5.

	
Gluing connectors to the inputs and outputs of a microfluidic chip.










2.2. Physical Properties of the Samples


We synthesized magnetic fluid (MF) based on magnetite stabilized with a double layer of surfactant and oleic acid + sodium oleate. Water was used as the carrier fluid. The studied magnetic colloid was synthesized by chemical condensation.



Chemical condensation of highly dispersed magnetite is the basis of this method:


      2 FeCl  3      ×   6 H  2    O   +   FeSO  4      ×   7 H  2    O   +   8 NH  4  OH  →  excess     NH  4  OH          Fe 3   O 4   −      +   6 NH  4    Cl   +   ( NH  4   ) 2   SO 4      +   23 H  2  O .    



(1)







The technological scheme for the production of magnetic fluids is shown in Figure 3.



The physicochemical characteristics of the samples are presented in Table 1.





3. Results


Microfluidic chips of the “coaxial flow” configuration, samples of which are shown as №1 and №2 in Figure 4, were used to study the controlled dynamics of non-magnetic inclusions in a magnetic fluid. Microfluidic chips with “flow focusing junctions” configuration, which are shown as №3 in Figure 4, were also used to study the dynamics of liquid and gaseous non-magnetic inclusions in a magnetic fluid.



The filling of the MF is carried out through input 1, and the supply of the non-magnetic phase to the “magnetic vacuum” area is through input 2. The output of the multiphase mixture is carried out through connector 3.



The experiments were carried out both under the influence of an inhomogeneous magnetic field and without it. Video filming of the dynamics of the interface was carried out using a microscope in transmitted light. The dynamics of the breaking bubble were studied for different values of the flow velocity. The flow rate of the magnetic fluid varied in the range from 0.15 to 1.1 µL/s. Air was supplied at a rate of 0.18 µL/s for microfluidic device №1 and 0.37 µL/s for microfluidic device №2. The range of flow velocities was chosen based on the criterion of formation of a stable drip flow. Another criterion is the design features of the syringe pump, manufactured independently, the fraction of its pitch, and the volume of the syringe (2 mL).



The values of the flow velocities of the continuous phase (samples of magnetic liquids MF-1–MF-3) of the dispersed phase (air) and the corresponding Re numbers for this experiment are presented in Table 2.



The position of the permanent magnet changed during the experiment. The magnet was in the positions of −5; −2.5; 0; +1; and +2 mm. The gas flow rate was fixed. The process of bubble formation in microfluidic chips is shown in Figure 5, which shows the geometry of the “MF-air” interface in microchannels of various configurations.



Frames 1–3 show a change in the air cavity in the “magnetic vacuum” region. It can be seen how the supplied magnetic fluid gradually squeezes the upper part of the formation (frames 3 and 4) and then the air bubble is detached from the cavity of the frame (5) and its movement in the channel of the microfluidic chip (frame 6).



The obtained images were studied using a program developed in LabVIEW, in which the area and coordinates of the detached non-magnetic optically transparent inclusions were determined for various time points. The plots of the dependence of the size of the forming bubbles on the pumping speed and the movement of the annular permanent magnet relative to the axis of the channel are shown in Figure 6 and Figure 7 for microfluidic chip No. 1 with magnets No. 1 and No. 2, respectively. The dependences on the flow rate of the non-magnetic phase have a traditional character, coinciding with the plots presented in the works on microfluidics both without a magnetic field and in it. It can be seen from the plots that with an increase in the rate of supply of magnetic fluid to the microchannel, the size of the forming bubbles decreases, and the frequency of their generation increases. This dependence can be explained by a change in the hydrodynamic pressure on the volume of formation of inclusions, which increases with a decrease in the flow rate of the continuous phase, which leads to the earlier separation of air bubbles.



Dependences on the displacement of the magnet were obtained for the first time. It can be seen from the presented plots that the displacement of the magnet to the right leads to an increase in the size of gas bubbles by more than two times for concentrated samples of MF-1 and MF-2 and by 1.5 times for a diluted sample of MF-3 for both magnets. This change in the size of the breaking-off bubbles occurs at a constant flow rate of the continuous and dispersed phase, which creates prerequisites for the development of a new magnetic active external control method.



However, when the magnet is shifted to the right, a decrease first occurs, and then an increase in the size of the gas bubbles coming off, this can be explained by the occurrence of instabilities of the air–magnetic fluid interface under the influence of an inhomogeneous magnetic field.



To stabilize the flow, the configuration of microfluidic chip №2 was developed; the results of the study in this configuration are shown in Figure 8 and Figure 9.



It can be seen from the plots presented in Figure 8 and Figure 9 that the size of the escaping gas bubbles has decreased compared to the data presented in Figure 6 and Figure 7. The ratio of bubble sizes at the maximum displacement of the magnet to the left to the bubble size at the zero position remained within two for concentrated samples of MF-1, MF-2, and 1.5 times for a diluted sample of MF-3. When the magnet is shifted to the right, the bubble size decreases twice for the most concentrated sample MF-1, by 1.5 times for the sample MF-2, and by 20% for the most diluted sample MF-3.



These differences between the dependencies shown in Figure 6 and Figure 7 and the plots shown in Figure 8 and Figure 9 can be explained by the configuration of microfluidic chip №2, in which there is a separating horseshoe-shaped element from the film Parafilm M® (Figure 4). As a result, the interfacial boundary becomes more stable when the magnet is shifted to the right. At the same time, the hydrodynamic flow of the magnetic fluid becomes more focused, which leads to a decrease in the size of the gas bubbles.



In Figure 9, the dependences of the size of the gas bubbles on the flow rate of the continuous magnetic phase (left) and on the displacement of the magnet (right) are represented. It can be seen that the size of the bubbles simultaneously depends on these parameters. For the maximum liquid flow rate q1 = 1.1 µL/s, the ratio of the maximum and minimum bubble size is 2 when the magnet is displaced. The maximum size of inclusions is almost four times larger than the minimum size of the bubble with minimum consumption of the magnetic colloid q1 = 0.15 µL/s. Thus, the magnetic field, when it is displaced, has a greater effect on the size of inclusions at a minimum value of the continuous phase flow rate than with a powerful liquid flow. This is due to the action of magnetic forces, which have a greater effect on the change in the volume of bubbles at low currents than at high rates of magnetic fluid supply.



It was not possible to achieve the formation of a bubble flow in microfluidic chip №3 (Figure 4). This is explained by the influence of the orientation of the magnetic field and the hydrodynamic flow. In this case, the flow of the magnetic field is perpendicular to the axis of the ring magnet, as a result of which higher gas pressure is required to break the magnetic fluid bridge. At the moment of rupture, a large portion of the gas is injected into the microfluidic channel, squeezing the magnetic fluid out of it. We have obtained an inverse result in experiments on the study of the dynamics of oil droplets in a water-based ferrofluid in a magnetic field. A droplet flow was formed only in microfluidic chip No. 3 with “flow focusing junctions”. In microfluidic chips №1 and №2, under the influence of an inhomogeneous magnetic field, the flow had a jet character.



The experiments were carried out with drops of mineral oil supplied as a dispersed phase. Physical parameters of the oil: viscosity 19.0 µPa∙s and density 858.0 kg/m3. Drip flows did not occur when pure liquids were used. The Twin-80 surfactant was added to the ferrofluid samples (the mass fraction of the substance is 5%) to improve droplet formation. Twin-80 (polysorbate) is a non-ionic surfactant used to create direct emulsions. The hydrophilic–lipophilic balance of the substance is 15–15.6. The experiments were carried out with samples of MF-2 and MF-3. For a microfluidic device with configuration №3, studies were carried out using two permanent ring magnets that move relative to the dispersed phase supply connector by +1, 0, −1, −2, −3, −4, and −5 mm. The flow rates of the magnetic phase q1 for the MF-2 sample are 0.74, 1.10, 1.47, and 1.84 μL/s. The mineral oil flow rate remains constant at 0.04 µL/s. The values of the flow velocities of the continuous phase (samples of magnetic liquids MF-2–MF-3) of the dispersed phase (oil) and the corresponding Re numbers for this experiment are presented in Table 3.



Figure 10 shows the formation of mineral oil droplets in a sample of magnetic fluid MF-2 under the action of the magnetic field of magnet 1 (left) and magnet 2 (right) at different feed rates of the continuous phase q1. In this case, the magnets are in position 0 relative to the non-magnetic phase supply connector.



It is clearly visible from the frames that with an increase in the speed of the magnetic fluid supply, the size of the oil droplets decreases. Also, under the action of a stronger magnetic field for magnet 1, the drops of a non-magnetic inclusion have a more elongated shape in comparison with the shape of the drops under the action of the magnetic field of magnet 2.



The plots of the dependence of the size of the forming oil drops on the pumping speed and the movement of the annular permanent magnet relative to the axis of the channel are shown in Figure 11 for microfluidic chip No. 1 with magnets No. 1 and No. 2.



Air is a more compressible medium than any liquid. As shown in the plots on the left-hand side of Figure 11, the size of the formed bubbles decreases with the increase in the feed rate of the continuous phase. From the plots presented in Figure 6, Figure 7, Figure 8 and Figure 9, the largest bubble value was observed at the maximum distance of the magnets from the phase mixing zone. However, it can be seen from the plots on the right-hand side (Figure 11) that oil droplets of the maximum volume were formed at the zero position for magnet 1 and at the −1 position for magnet 2. When the magnets were shifted to the right and to the left, the size of the inclusions gradually decreased since the magnetic vacuum area shifted relative to the mixing zone of the liquids.



For the less concentrated MF-3 sample, the dependence on flow rates could not be obtained, since oil jet flow was observed at MF pumping rates of 0.74, 1.10, and 1.47 µL/s. A droplet flow was obtained at a flow rate of 1.84 µL/s. Plots of the dependence of the droplet volume on the flow rate and the displacement of magnets are shown in Figure 12.



Figure 12 shows that the size of the mineral oil droplets gradually decreases as the magnets shift to the right. The volume of the drop decreases by 29% when moving magnet 1 and by 12% when moving magnet 2.




4. Conclusions


The behavior of gas bubbles and non-magnetic oil droplets in a water-based magnetic fluid was considered in microchannels of various shapes. The experiments were carried out under the influence of an inhomogeneous magnetic field created by ring permanent magnets. Three configurations of microfluidic chips were developed in this work: with hydrodynamic focusing only by a magnetic field, hydrodynamic focusing by a magnetic field and channel configuration, and flow-focusing junctions.



It was shown that the formation of a bubble flow in a magnetic fluid in a non-uniform magnetic field was achieved in microfluidic chips with hydrodynamic focusing. Droplet flow, on the contrary, was observed only in chips with flow-focusing junctions.



The dependences of the size of detached bubbles and non-magnetic drops on the flow rate of the magnetic fluid and the displacement of the magnet from the equilibrium position were obtained in the work.



The supply of a non-magnetic phase to the region of the magnetic vacuum makes it possible to achieve stable modes at all concentrations of the magnetic fluid and configurations of the magnetic field.



It was shown that for all combinations of the magnetic field and magnetic fluid concentrations, the size of the bubble or drop decreases as the flow rate of the magnetic fluid q1 increases.



When the concentration of the magnetic fluid changes and the magnet is displaced, the size of the bubble or drop decreases, which makes it possible to organize non-contact control using a magnetic field, which can be used in counters and dispensers in microfluidics.
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Figure 1. Block diagram of the experimental setup. 
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Figure 2. Spatial distribution of isolines of the intensity modulus of an inhomogeneous magnetic field: (a) for magnet 1 and (b) for magnet 2. 
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Figure 3. Laboratory flow chart for the production of magnetic fluids. 
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Figure 4. Microfluidic devices: (a) the configuration of the microchannel and (b) a sample of a chip made based on the sandwich structures and a Parafilm M® film [50]. 
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Figure 5. Formation of bubbles in the MF (zero position of the magnets: the flow rate of the MF was 1.1 µL/s, and air—for microfluidic chip №1—0.18 µL/s, and for microfluidic chip №2—0.37 µL/s). 
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Figure 6. Plots of the dependence of the bubble sizes in the MF on the magnetic phase flow rate (left) and on magnet 1’s movement (right) in microfluidic chip №1 for samples for MF-1–MF-3 under the action of a non-uniform magnetic field of magnet 1. 
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Figure 7. Plots of the dependence of the bubble sizes in the MF on the magnetic phase flow rate (left) and on magnet 2’s movement (right) in microfluidic chip №1 for samples MF-1–MF-3 under the action of a non-uniform magnetic field of magnet 2. 
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Figure 8. Plots of the dependence of the bubble sizes in the MF on the magnetic phase flow rate (right) and on the movement of magnet 1 (left) in microfluidic chip №2 for samples MF-1–MF-3 under the action of the non-uniform magnetic field of magnet 1. 
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Figure 9. Plots of the dependence of the bubble sizes in the MF on the magnetic phase flow rate (right) and on the movement of Magnet 2 (left) in microfluidic chip №2 for samples MF-1–MF-3 under the action of the non-uniform magnetic field of magnet 2. 
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Figure 10. Formation of mineral oil droplets in a sample of magnetic liquid MF-2 at different feed rates of continuous phase q1 at the zero positions of magnets number №1 and №2. 
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Figure 11. Dependences of the volume of oil droplets on the flow rate of the magnetic fluid (left) and on the movement of the magnets (right) for MF-2 samples in a microfluidic chip with a T-shaped configuration. 
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Figure 12. Dependences of the volume of oil droplets on the movement of the magnets (under the action of the magnetic field of magnet 1 from above and magnet 2 from below) for MF-3 samples in a microfluidic chip with a T-shaped configuration. 
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Table 1. Physical and chemical properties of the magnetic fluids.
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Fluid Parameters

	
MF-1

	
MF-2

	
MF-3






	
Carrier fluid

	
water




	
Density ρ, kg/m3

	
1212.4

	
1082.0

	
1056.0




	
Viscosity, η, mPa∙s

	
5.38

	
2.12

	
1.47




	
Volume concentration, φ, %

	
5.6

	
2.15

	
1.65




	
Saturation magnetization, Ms, kA/m

	
21.7

	
11.0

	
6.98
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Table 2. The Re number for the used volumetric flow rates.
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q1, µL/s

	
Continuous Phase

	
q2, µL/s

	
Dispersed Phase




	
Re

	
Re






	
0.15

	
4.39 × 10−9

	
9.95 × 10−9

	
1.40 × 10−8

	
0.18

	
1.68 × 10−9




	
0.29−10

	
8.50 × 10−9

	
1.92 × 10−8

	
2.71 × 10−8




	
0.74−10

	
2.17 × 10−8

	
4.91 × 10−8

	
6.91 × 10−8

	
0.37

	
3.46 × 10−9




	
1.10

	
3.22 × 10−8

	
7.30 × 10−8

	
1.03 × 10−8
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Table 3. The Re number for the used volumetric flow rates.
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q1, µL/s

	
Continuous Phase

	
q2, µL/s

	
Dispersed Phase




	
Re

	
Re






	
0.74

	
2.17 × 10−8

	
4.91 × 10−8

	
6.91 × 10−8

	
0.04

	
2.35 × 10−10




	
1.10

	
3.22 × 10–8

	
7.30 × 10−8

	
1.03 × 10−7




	
1.479

	
4.31 × 10−8

	
9.75 × 10−8

	
1.37 × 10−7




	
1.849

	
5.39 × 10−8

	
1.22 × 10−7

	
1.72 × 10−7
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