Statistical prediction of PM2.5 filtration applied in a case of electrospun membranes with a pore size distribution obtained from SEM 
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ABSTRACT

Electrospun membranes are being found in many applications and one of them is filtration. Their performance shows a high filtration efficiency that reaches almost 100% for particles below 2.5 µm. The main focus of this study was to firstly experimentally measure the filtration characteristics of electrospun membrane, i.e. pressure drop as a function of velocity and collected mass and filtration efficiency. Additionally, the pore size distribution was obtained from Scanning Electron Microscopy (SEM). This distribution was imported in the software ANSYS Fluent. Finally, the macroscale simulation was done for the setup of the experimental measurement using the capturing mechanism developed in previous work.

INTRODUCTION

[bookmark: _Hlk75419533]Electrospun membranes can be applied as filters and/or prefilters with a high filtration efficiency even for particles below 2.5 µm (PM2.5), which is positively influenced by the fiber diameter that is below 1 µm. [2-6] Moreover, their pore size has shown a similar range as the particle size. [7] Regarding the pore structure, there have been studies on a structure reconstruction of electrospun membranes. [8] A SEM image is transferred into a binary map by defining a threshold that guides whether it is white or black pixel (air or fiber). [8, 9] There has been study about the threshold value estimation. [10] In a case of a microscale model, the binary map is remodeled as a 3D model. The obtained geometry is then transferred into the computational fluid dynamics as a microscale model. [8, 9] There are a few studies considering the filtration model in macroscale for this type of membranes with an implemented capturing mechanism based on the single fiber efficiency. [9]
The aim of this study is to experimentally measure and simulate filtration characteristics in case of electrospun membranes for PM2.5 removal. Firstly, the experimental measurement of the filtration efficiency and the pressure drop was done. Secondly, the pore size distribution was determined from SEM image and implemented as a pore structure information in the macroscale CFD simulation in the software ANSYS FLUENT (ANSYS, Inc. USA). The implemented capturing mechanism was the statistical prediction based on the pore size distribution previously published by Hrouda et al. [1]
EXPERIMENT AND SIMULATION
Experimental part
The membrane made of polyamide 6 (PA 6) that was used for the experimental part (see Figure 1), was produced by electrospinning technology on a NanoSpider™ device (Elmarco, Czechia). The thickness of the membrane was measured by an Elcometer 456 (Garmin, Czechia) and a sample of the membrane was further analyzed by SEM (Tesca Vega3, Czechia). The SEM image was imported into the software ImageJ [11] and the fiber diameter was determined for 100 fibers with a resultant average fiber diameter of 0.20 ± 0.03 µm.
[image: ]
Figure 1 SEM image of the used membrane
For the experiment of the air filtration process a MFP 1000 HEPA device (Palas GmbH, Austria) was used. During the experiment, the pressure drop and filtration velocity were measured. Using a known pressure drop, filtration velocity, membrane thickness and dynamic viscosity of the fluid (air), the membrane’s solid volume fraction can be estimated from equation 1 including Ogorodnikov’s model [11] (equation 2) by use of Newton’s iterative method.
	
	
	(1)

	
	
	(2)


where  is the solid volume fraction, p is the pressure drop, L is the membrane thickness, U is the filtration velocity,  is the fluid viscosity and df is the fiber diameter and Knf is the ratio between the fiber diameter and the mean free path of the molecules. The characteristics of the membrane are listed in Table 1.
Table 1 Measured membrane parameters
	Thickness []
	Surface density [g/m2]
	df [

	3.45
	1.34
	0.2



[image: ]
Figure 2 Pressure drop for different velocities
A script determining the packing density of the membrane was written in MATLAB software (MathWorks Inc, USA). The calculated packing density had a value of 23%. One can see that Ogorodnikov’s model corresponds to Darcy’s law from which the initial permeability value k0 was calculated with a value of 5.53e-15 m2.
Once the pressure drop as a function of velocity was measured, the particle injection was set with a filtration velocity of 5.3 cm/s. NaCl particles with a density of 2170 kg/m3 were injected as aerosol particles and the distribution of particles can be seen in Figure 3, the particles shows a lognormal distribution with parameters µ=-1.74 and σ = 0.66. The particle distribution was injected four times during the experiment.
[image: ]
Figure 3 Injected particle distribution
Computational part
A schematic view of the simulation model is shown in Figure 4. The model consists of an upstream, porous and downstream zone.
[image: ]
Figure 4 Scheme of the simulation model
For the numerical simulations, the Navier-Stokes equations were solved:
	
	
	[bookmark: Navier](3)

	
	
	[bookmark: CONTINUITY](4)


where u, , p are the velocity, density and pressure respectively.
In the simulation, the particle injection was defined at the inlet boundary each time step. Particles were tracked by use of the Lagrange approach from which the speed and position are obtained using equations 5 and 6. To speed up the computational time, each particle was tracked as a cluster of particles with a mass of 1e-13 kg. For each particle diameter a cell memory was defined and in total 43 memories were used according to the particle distribution.
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where dp is the particle diameter, Re is the particle Reynolds number, up is the particle velocity and xp is the particle position and CD is the drag coefficient.
As a capturing mechanism, the statistical model developed by Hrouda et al. [1] was implemented. This model is based on the sieve mechanism that follows from the pore size distribution. The pore size distribution was obtained from an image analysis of a SEM image (see Figure 1). In MATLAB software, a script was written for determining the pore size distribution. In the initial stage, this script transfers the grayscale image (Figure 5a) into a binary map. Same as Sambaer [7], the threshold was set at an average value of the grayscale to assure that only the upper layer is visible in the binary map. In the next step, the bitmap image was transferred into AutoCAD (Autodesk Inc, USA) and the damaged fibers were manually reconstructed. The exported image from AutoCAD was imported in MATLAB and the noise in the pore area was cleaned. The calibration was done directly as the scale was included in the image (see Figure 1). In the last step, the script labeled all the pores (white areas) and the pore diameters were obtained by maximizing a radius of the pore. Figure 5b shows the obtained distribution of the first layer with a mean pore diameter of 0.42 ± 0.28 µm. The pore distribution is lognormal with parameters of µ = -1.35 an σ = 0.98.
	a
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	b
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Figure 5 Pore size estimation a) The estimated pore size distribution b) The visualization of pores and fibers
Figure 6 shows the captured particles for a captured mass of 1 µg/m2. One can clearly see that the particles are captured by the sieve mechanism.
[image: ]
Figure 6 SEM image of particle for the captured mass of 1
The simulation was performed as 2D with the filtration surface perpendicular to the flow direction. The sieve mechanism is applied for particles that are in the range of the pore size or greater. From the sample taken by SEM (Figure 6), one can clearly see that the particles were captured by the sieve mechanism. The filtration surface was considered as circular and a cell filtration surface varied with a cell location. The filtration surface was calculated for each cell using the following expression:
	
	
	(7)


where hmin is the lower bound of the cell, hmax is the upper bound, R is the radius of the membrane and h is the variable height.
The permeability value (equation 9) was derived as a function of captured mass from Novick’s model (equation 8) [12] that was compared with Darcy’s law.
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where K2 is the linear coefficient and m is the captured mass per unit area.
The permeability changed locally according to a captured mass and it was added as a momentum sink in equation (1):
	
	
	(10)


Also the porosity of a cell changed locally according to captured particles (equation 11). The maximal allowed solid volume fraction was defined according to Kasper et al. [14] and from the cell memories the mean particle diameter located in the cell was calculated as it was shown in Hrouda et al. [1].
	
	
	(11)


where ε0 is the initial porosity and ni is the number of particles for a particle diameter and Vp is the particle volume and Vc is the cell volume. 
The mesh study was done by observation of convergence for the loaded membrane and the resulted mesh consisted of 2000 elements. Figure 7 shows the pressure drop development of a cake layer for different captured mass per unit area.
[image: ]
Figure 7 Pressure drop  as a function of collected mass
The filtration efficiency is in a good agreement with the experimental measurement (see Figure 8a. The lowest filtration efficiency was observed for a particle diameter of 0.124 µm where in case of the experimental measurement was 99.8% whereas in the case of simulation it was 99.6%, which shows an error of 0.2%. Due to the thickness of the membrane, it is difficult to experimentally measure the distribution of the collected mass inside the membrane. The computer simulations could give a prediction of captured mass inside the membrane. According to this simulation, the majority of the captured mass was captured in the first layer (see Figure 8b). 
	[image: ]
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Figure 8 a) Comparison of filtration efficiency obtained from the experimental measurement and the simulation for the captured mass of 1 µg/m2 b) The mass distribution inside the membrane
DISCUSSION 

The main characteristic that describes the filter performance is the filtration efficiency. The filtration efficiency of electrospun membranes reaches almost 100% even for PM2.5 particles. The used membranes have shown the same performance. The previous simulations of the filtration processes were based on single fiber efficiency and the performance of the simulation was in a good agreement. Nevertheless in this study, the previously implemented capturing mechanism [8] (single fiber efficiency) was substituted by statistical prediction based on a sieve mechanism. It has been shown that the simulation provides sufficient results in filtration efficiency and the pressure drop as a function of collected mass.
CONCLUSIONS
This work was focused on the application of a sieve mechanism that was previously developed by the author’s group [1]. The aim was to experimentally obtain the filtration characteristics of the membranes, i.e. the permeability of unloaded membrane, the filtration efficiency and the pressure drop of the loaded membrane and later to numerically simulate the measured characteristics in the software ANSYS. Initially, the pore size distribution was determined by use of SEM. This distribution was transferred into the software ANSYS Fluent.
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