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Abstract

:

The present study purpose was to identify the flow characteristics of the drainage filter considering the characteristics of the landfill site, and to study the basic technology for efficient remediation of heavy metals. To this end, copper heavy metal was selected in consideration of landfill characteristics, and a study on flow characteristics was conducted using hydrophobic coated capillary tubes and microparticles. It was confirmed that the flow rate decreased as the pH increased at the hydrophobic surface, and pH 4, 6, and 8 flowed similarly in the center of the capillary tube, but decreased at pH 10. In the bottom part, it moved at the slowest speed of 1~4 μm/s and middle of center moved 17~25 μm/s. There was little change in flow in the CFD (Computational Fluid Dynamics) numerical analysis considering the surface contact angle, which is a hydrophobic characteristic, and the velocity coefficient was presented by regression analysis through the experimental results. In this way, the current study will be a basic examination of the selective remediation process of pH on hydrophobic coated surfaces.
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1. Introduction


Recently, the importance of soil environment has been recognized, primarily because the seriousness of soil and groundwater pollution has been heightened due to waste and harmful chemicals generated by population growth and industrial development worldwide [1,2,3]. Pollution of the ground and groundwater by pollutants occurs through various routes. If pollutants generated from landfill leachate, factory wastewater, pesticides, and abandoned mines are discharged without going through the treatment process, it can cause serious problems [4,5,6]. In addition, soil has a very large buffering capacity for pollutants, but its limited capacity varies depending on the characteristics of the soil and environmental factors [7]. In particular, soil pollution caused by chemical spills from chemical substance handling facilities is difficult to manage efficiently and adversely affects human health compared to water and air pollution [8,9,10,11].



On the other hand, the technology for removing and restoring pollutants in the soil has been developed and is practical in application. Among them, soil cleaning, soil steam extraction, water treatment, and bio-venting are mainly used as field restoration technologies in contaminated areas [12,13,14]. However, the above restoration techniques are mainly applied to coarse and unsaturated ground, and their applicability and efficiency are inevitably reduced to grounds with low permeability due to the large amount of fines contained in areas such as landfill industrial complexes. Further, in the past landfilling process, various household wastes were buried, so a detailed investigation and soil management in these areas is urgently required [15,16,17,18,19].



As an example of a remediation technology that can solve this problem, an example is a remediation technology using drainage materials consisting of filters and cores, which has been under a lot of research recently. This has the disadvantage of reducing the permeability of the drainage filter material due to various chemical reactions caused by the composition of complex pollutants in the soil, which can lead to inefficient results in decontamination. Although treatment techniques are needed to satisfy the flow characteristics of pollutants in the soil, there is little research on the flow characteristics of pollutants at this time. Therefore, it is necessary to identify the flow characteristics of complex pollutants contained in soil and groundwater when passing through the transmission membrane in the filter to remove pollutants, and development to purify complex pollutants based on them.



The study aimed to evaluate the application of the separation of various particles such as biomolecules and gas filters to the remediation of contaminants in the nanoporous permeable membrane, which is applied as a filter material [20,21]. Based on the fact that there are permeability coefficients which are the main variables of pollutant flow and are different because the ground is composed of various types of strata and soil, it is necessary to study the flow characteristics of heavy metal complex pollutants for complex pollutant flow control.



In this study, most industrial complexes are built in landfills, and the main purpose is to study soil pollution remediation techniques considering the location characteristics of landfills where various heavy metal complex pollutants exist. However, little research has been done on selective remediation in contaminated ground at the same time as improving soft ground using drainage materials. The purpose of this study is to investigate the flow characteristics of high concentration heavy metal contaminated soil and groundwater passing through the permeable membrane in the filter for removing contaminants. This paper is composed of the materials used in the experiment, the method, and the conditions of CFD analysis. In addition, the tube for simulating the pores passing through the drainage filter was subjected to hydrophobic treatment, and the moving velocity of copper contaminants was confirmed through microparticles. This paper was composed by drawing conclusions based on the experimental results.




2. Materials and Methods


2.1. Materials


Industrial complexes, such as landfills, were contaminated with a variety of heavy metals, and copper was chosen to account for a large portion of them. As heavy metal copper contaminants, copper sulfate Cu(SO4) was dissolved in distilled water and a silage pump was used for constant injection. Capillary tubes were used to simulate drainage filters, and optical microscopes were used to monitor the movement of microparticles. Microparticles were used to check the flow rate on the Capillary tube. The capillary tube used in the study was square, the inner diameter was 400 μm, and an optical microscope (Keyence, Osaka, Japan, VHX-1000) capable of 5000 times magnification was used. Polystyrene microparticles having a size of 2 μm were used. Microparticles have 5.4 × 109 particles per 1 mL, with a weight of 1.05 g/cm3.




2.2. Methods


2.2.1. Microfluidic Flow Test


Contaminants were made based on the soil pollution standard of 6000 ppm indicated in the Environmental White Paper [22] for heavy copper metal contaminants, and the pH was divided into 4, 6, 8, and 10 for acid and basic conditions. The inflow velocity was injected consistently using a silage pump. The inflow velocity into the capillary tube was applied 1.0 × 10−3 cm/s considering the pH conditions, and 0.1 M of HCl and 0.1 M of NaOH were used for pH control. The conditions for each experiment are shown in Table 1, and the experimental equipment and microparticles are shown in Figure 1 and Figure 2. The tube was injected with a mixture of copper and particles, and the flow velocity was measured. A square capillary tube was used to analyze flow characteristics, and a square capillary tube was observed in half as shown in Figure 3. Since the square capillary tube was used, it was symmetrical up and down. The half-section area was observed, and the flow of microfluids was measured using microparticles by observing 3 parts for the bottom and center of the side and central part of the capillary tube. Three microparticles were selected using a video taken with an optical microscope. Using the video program, the moving distance of the microparticles was calculated after a certain period of time.




2.2.2. CFD Numerical Analysis


To check the microfluidic flow velocity in the square capillary tube according to the pH of heavy metals, CFD numerical analysis was conducted using Ansys. After hydrophobic treatment of the square capillary tube, the experimental value of the contact angle was applied to confirm the hydrophobic state, and the experimental value according to the pH was applied as the contact angle. In addition, glass-made square capillary tubes were applied for this microfluidic flow experiment, and heavy metal copper contaminants of 6000 ppm were applied. The properties used in the numerical analysis are shown in Table 2 below. Microfluidic flow test values applied with hydrophobic coating were applied.



Capillary tube has a hydrophilic surface property of glass material, and the solvent used to prepare heavy metal solutions is also distilled water and is a hydrophilic aqueous solution. The hydrophobic coating was applied with an organic solution, and the hydrophobic coating was used to check the flow characteristics of the hydrophobic surface in the capillary tube. The contact angle was confirmed for heavy metal contaminants according to distilled water and pH conditions. The surface contact angle—when passing through heavy metal contaminants after hydrophobic coating—produced some interesting results, such as the contact angle becoming decreased with basicity. Table 2 below shows the contact angle of the capillary tube identified through the previous study and the properties applied to the numerical analysis.



In order to confirm the flow of microfluids in the hydrophobic coated capillary tube, the numerical analysis model was modeled on the square capillary tube. The following Figure 4 is a modeling of a square capillary tube, which is modeled with an inner diameter of 400 μm and an outer diameter of 800 μm and a length of 3 cm.






3. Results and Analysis


3.1. Microfluidic Flow Characteristic


This test observed microfluidic flow characteristics for heavy metal copper contaminants.



3.1.1. pH 4


Figure 5 is the result of observation of the flow characteristics of copper contaminants under the condition of pH 4. After the start of the experiment, movement over time was observed based on the microparticles (red circle) at the far right of the screen. As a result of observing the moving distance by selecting three microparticles, it was confirmed that the microparticles moved to an average of 4 μm/s. Figure 6 and Figure 7 represent the moving distances of the side and center at the middle position in the capillary tube, and it was confirmed that the side surface was about 11 μm/s and the center was about 25 μm/s. In other words, it was found that the central center of the capillary tube moved rapidly.




3.1.2. pH 6


The flow velocity was measured in the same way as pH 4 in Section 3.1.1. As a result of observing the movement of three particles over time after the start of the experiment, it was found that the movement distance of the microparticles slightly decreased compared to the case of pH 4. In the capillary tube side of center and middle of center, the travel distance of the central side of the capillary tube is about 10 μm/s and the center is about 21 μm/s, which is slower than pH 4. In addition, the capillary tube bottom confirmed that the movement distance of microparticles at the bottom was about 3 μm/s.




3.1.3. pH 8


The flow velocity was measured in the same way as pH 4 in Section 3.1.1. The moving distance of the microparticles at the bottom was confirmed to be about 2 μm/s, and the side and center of the central part in the capillary tube were about 11μm/s and about 25 μm/s.




3.1.4. pH 10


The flow velocity was measured in the same way as pH 4 in Section 3.1.1. The moving distance of microparticles at the bottom was confirmed to be about 1 μm/s, and the side and center of the central part in the capillary tube were about 9 μm/s and about 17 μm/s. These results indicate a tendency for the distance traveled to decrease as pH increases.





3.2. Microfluid Flow Moving Distance


The following Figure 8 shows the moving distance over time according to pH for microparticles on the capillary tube. In the bottom part, it moved at the slowest speed of 1~4 μm/s, and it was confirmed that the influence on the microfluid flow was small at the rest of the pH except for pH 10 in the center part. There was little effect at pH 4–8, and it was confirmed that the flow rate decreased at pH 10. As a result, it is confirmed that if the hydrophobic coating is applied under high pH conditions, the flow rate of heavy metal contaminants can be controlled.




3.3. Microparticle Flow Velocity


The results of the analysis of flow characteristics for the bottom and central sides/centers of Capillary tubes for copper contaminants are shown in Figure 9. The flow rate at the bottom of the capillary tube was about 1.0 × 10−4 cm/s, which is slower than the inflow rate of 1.0 × 10−3 cm/s, and the flow rate at the center was analyzed to be 1.0 × 10−3 cm/s similar to the inflow rate. In addition, it was analyzed that the flow rate from the center to the center appeared somewhat faster than the side. When copper contaminants pass through the filter, it was revealed that the inflow of contaminants could be controlled depending on whether the surface’s hydrophobic properties persist.




3.4. CFD Numerical Analysis


In the hydrophobic coated square capillary tube, the microfluidic flow according to the pH did not change at pH 4, pH 6 and pH 8, and it was confirmed that the speed decreased slightly at pH 10. Table 3 shows the flow rate at the center, which is the fastest among the speeds in the capillary tube among numerical analysis results, and it is possible to confirm the flow rate slower than the experimental results. The following Figure 10, Figure 11, Figure 12 and Figure 13 show the result of numerical analysis of flow velocity and vector of square capillary tube through numerical analysis.



The numerical analysis shows that there was no change in velocity at pH 4, pH 6 and pH 8, and that there was a small decrease in velocity at pH 10, but the difference between the actual flow rate and the actual flow rate was confirmed to be caused by pH. Based on the experimental results, the velocity coefficient was presented. At this time, the diffusion coefficient was calculated by regression analysis of the flow rate measured for the copper contaminant and expressed in the rate coefficient Equations 1 to 3 according to the pH.


   v b  = 0.0005  e  − 0.335 p H    



(1)






   v  s c   = 0.0013  e  − 0.115 p H    



(2)






   v  m c   = 0.0031  e  − 0.192 p H    



(3)







Here,    v b   : velocity coefficient at the bottom of the capillary tube,    v  s c    : velocity coefficient at the central side of the capillary tube,    v  m c    : speed factor at the center of the capillary tube, and pH: pH of heavy metal contaminants are shown.





4. Conclusions


In this study, a microfluidic flow experiment was performed to apply a hydrophilic hydrophobic filter for selective remediation of heavy metal copper contaminated ground. Accordingly, the summary of the results of this study is as follows.




	(1)

	
As a result of microfluidic flow experiments for heavy copper metal contaminants, it was confirmed that the movement of contaminants was small in locations where the influence of hydrophobic properties was large. This means that hydrophobic surfaces can slow down the flow of hydrophilic heavy metal contaminants.




	(2)

	
The analysis of the flow rate according to each experimental condition confirmed that the change in flow rate of pH conditions was an influential factor. It was confirmed that the flow rate increased as the pH was more basic, and it was confirmed that the hydrophobic properties slightly decreased under basic conditions.




	(3)

	
Numerical analysis was performed by applying the contact angle, which is a hydrophobic characteristic, however, it was difficult to compare and analyze through CFD analysis. Based on the flow rate according to pH as a result of the experiment, the velocity coefficient was proposed through regression analysis. Using the velocity coefficient, it is determined that the flow rate according to pH on a hydrophobic coated surface can be determined.









In this study, it was confirmed that heavy metal contaminants were slowed down through hydrophobic coating. Through additional laboratory and filed tests, selective remediation is possible in the ground contaminated with heavy metals and organic.
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Figure 1. Test equipment. 






Figure 1. Test equipment.
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Figure 2. Microparticles (×3000). 
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Figure 3. Square capillary tube schematic and observation position. 
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Figure 4. Capillary tube mesh: (a) Section 1; (b) Section 2. 
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Figure 5. Experimental results of flow characteristics of copper contaminants–capillary tube bottom: (a) particle position before moving; (b) particle position after moving. 






Figure 5. Experimental results of flow characteristics of copper contaminants–capillary tube bottom: (a) particle position before moving; (b) particle position after moving.
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Figure 6. Experimental results of flow characteristics of copper contaminants–capillary tube side of center: (a) Particle position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position after moving 2; (e) particle position before moving 3; (f) particle position after moving 3. 






Figure 6. Experimental results of flow characteristics of copper contaminants–capillary tube side of center: (a) Particle position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position after moving 2; (e) particle position before moving 3; (f) particle position after moving 3.
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Figure 7. Experimental results of flow characteristics of copper contaminants–capillary tube middle of center: (a) Particle position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position after moving 2; (e) particle position before moving 3; (f) particle position after moving 3. 






Figure 7. Experimental results of flow characteristics of copper contaminants–capillary tube middle of center: (a) Particle position before moving 1; (b) particle position after moving 1; (c) particle position before moving 2; (d) particle position after moving 2; (e) particle position before moving 3; (f) particle position after moving 3.
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Figure 8. Micro particles distance (μm/s). 
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Figure 9. Microparticle flow velocity (μm/s). 
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Figure 10. CFD numerical analysis results (pH 4): (a) contour; (b) vector. 
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Figure 11. CFD numerical analysis results (pH 6): (a) contour; (b) vector. 
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Figure 12. CFD numerical analysis results (pH 8): (a) contour; (b) vector. 
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Figure 13. CFD numerical analysis results (pH 10): (a) contour; (b) vector. 
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Table 1. Microfluidic Flow Test Condition.






Table 1. Microfluidic Flow Test Condition.





	
Classification

	
Test Condition




	
Pollutants

	
Concentration (ppm)

	
Flow Velocity (cm/s)

	
pH






	
Flow characteristic of pollutants

	
Copper

	
6000

	
1.0 × 10−3

	
4, 6, 8, 10
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Table 2. CFD properties.
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Flow Rate

(cm/s)

	
Contract Angle




	
pH 4

	
pH 6

	
pH 8

	
pH 10






	
1.0 × 10−3

	
124°

	
125°

	
119°

	
116°
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Table 3. CFD analysis result.






Table 3. CFD analysis result.





	

	
pH




	
4

	
6

	
8

	
10






	
Flow rate (cm/s)

	
1.272 × 10−3

	
1.272 × 10−3

	
1.272 × 10−3

	
1.264 × 10−3
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