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			Abstract

			The research demonstrates the theoretical impact of various parameters on contaminant migration through landfill liners, utilising POLLUTEv7 software. The study considers the impact of varying attenuation by adsorption and effective diffusion coefficients, on the mobility of contaminants through clay and geomembranes. The sensitivity of these parameters was tested in regards their impact on the maximum contaminant concentration in a receiving aquifer under a theoretical landfill scenario. This principally addresses the role of temperature in the diffusion of contaminants through the liners. In order to understand the parametric behaviour, a simple 1D landfill model was developed using the Pollute7 software, and the parameters were tested in the simulation. On the basis of the model analyses, it could be stated that clay distribution and diffusion coefficient measurably affect the most during the contaminant migration through the landfill liners, in particular for inorganics, whereas coefficients concerning geomembranes were found to have marginal or no impact on the aquifer concentration level in the present scenario. Furthermore, it was also found that temperature increases the diffusion process in landfills at a broader range, and hence proper attention is required to study the changes in temperature in landfills
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			Introduction

			Landfill is an essential part of the waste management system. Wastes which cannot be re-used or recycled, are generally stored in landfills. A typical landfill consists of geomembrane, clay liner, and overlays the prevailing hydrogeological setting, depending on the landfill type and geographic location [1,2]. Solid wastes contain different types of contaminants, such as inorganics, anions, organics, and pesticides. Through the percolation of water and the in-situ generations from waste decomposition contaminants can partition to the aqueous phase (leachate) [1,3]. This leachate is able to percolate through the waste and presents a potential risk of emission through the base of the landfill if not appropriately managed. In landfills, geomembranes and clays materials are often employed as barriers which aim to retard the migration of contaminants [4-6]. Understanding contaminant migration if important to establishing a safe environmental legacy. 

			Contaminant mobility through landfills occurs by advection, dilution, and dispersion [7], as well as by a number of factors such as the prevailing aqueous geochemistry, adsorption/desorption reactions and precipitation [8]. In order to determine the contaminant mobility through the landfill liner, it is essential to fully consider these the geochemical processes. Diffusion is associated with the migration of pollutants from an area of high concentration to low, whereas advection is related to the flow of leachate [9-11]. On the other hand, the localised alteration in the groundwater flow which leads to mechanical mixing is defined as dispersion [12-14]. Therefore, in order to ensure safe landfill operations and modelling, adequate knowledge of those transport phenomena and related parameters is required. 

			The limited advection of the leachate through landfill liners allows for collection and removal of the contaminants from the landfill system. The limited advection through these materials means the mobility of contaminants is highly influenced by the diffusion kinetics [15,16]. During diffusion or advection through the landfill liner, contaminants in the system can be removed from the aqueous phase onto the barrier material through adsorption, controlled by as the specific distribution coefficient of clay (Kd) or geomembrane (Ka) [17-19]. In short, Kd represents the adsorption efficiency of a specific contaminant to a specific solid media under specific geochemical conditions [19,20]. Meanwhile, diffusion of contaminants through the clay liner and geomembrane is expressed by two more coefficients namely, clay diffusion coefficient (De), and geomembrane diffusion coefficient (Dg) [20-25]. 

			In any contaminant migration numerical analysis, the sensitivity of the aforementioned parameters has to be properly understood to precisely predict contaminant migration [7]. In this research, a finite layer approach has been considered to model a 1D landfill using Pollute7 software to assess the role Kd, Ka, De, and Dg have in controlling contaminants. The results provide some basic insight on the influence of each parameter for different contaminants. Based on the model scenario, it was found that clay distribution coefficient (Kd) had the most significant impact on the maximum leachable concentration values due to its ability to attenuate contaminant mass at a bigger range, essentially removing from the system. On the other hand, partitioning to geomembranes had a marginal impact due to having less thickness compared to clay liners. In addition, the influence of temperature on the diffusion coefficient was also investigated which showed that with an increment in temperature, the diffusion procedure increases abruptly. 

			Mathematical Formulation

			The transportation of dissolved contaminants through the subsurface may vary based on the type of soil, degree of saturation, and soil-contaminant interaction [26]. However, in most of the landfill applications associated with the contaminant mobility, the flow is considered in one direction and can be found by utilising the 1D dispersion-advection equation for a layered deposit [27]. This approach takes into consideration advection, diffusion and dispersion of the contaminant and leachate as it migrates through subsurface layers. In the following sections, basic theory on the necessary numerical parameters and boundary conditions for the modelling will be discussed. 

			Numerical parameters

			In numerical analysis, a contaminant transport model is developed to represent a landfill. The model consists of the general governing equations along with the boundary and initial conditions. After developing the model, the governing equations are solved. The 1D contaminant migration is governed by the following equation [27]:
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			where, 

			c=contaminant concentration at depth z at time t

			D=coefficient of hydrodynamic dispersion at depth z

			v=groundwater velocity at depth z

			n=porosity of soil

			ρ=dry density of soil

			Kd=clay distribution coefficient

			vs=Darcy velocity

			λ=decay constant of the contaminant species

			The clay distribution coefficient Kd, is specific for each contaminant and solid material tested. The parameter is utilised in determining the adsorption potential of the dissolved contaminants in contact with the soil. In general, Kd is the ratio of the contaminant concentration associated with the solid to the contaminant concentration in the aqueous solution, considering the fact that the whole system is in equilibrium condition [8]. Kd values are typically derived experimentally [26], however, approaches to mathematical determination can also be used. The following empirical equation provided by [28], which was in fact derived from experimental data:
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			Here,  and  represent the organic carbon/water partitioning coefficient and weight fraction of organic carbon in the soil, respectively. Meanwhile, the diffusion coefficient of clay, De, is included in the mass flux transportation (f) equation, which can be written as the following [28,29]

			[image: ] (3)

			where, De is the clay diffusion coefficient.

			On the other hand, if the landfill contains a geomembrane, two other parameters namely, geomembrane distribution coefficient (Ka), and geomembrane diffusion coefficient (Dg), have to be implemented in the numerical modelling. The parameters can be determined by the following empirical equations [14]:
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			Here, Kow is the octanol/water partition coefficient which is used to model the transportation of dissolved hydrophobic organic compounds in both soil and groundwater. 

			In general, Equations (4,5) were derived from experimental data, as mentioned in [14]. Figure 1 demonstrates the influences of Kow in both Ka and Dg. It could be observed from Figure 1a that Ka remained indifferent to the increment of Log Kow, and later started to increase exponentially. On the other hand, Dg was much found to be much responsive at low Log Kow, but started to lose dominance as Log Kow ⩾2. This could be explained by comparing Figure 1a and 1b, where Ka started to increase abruptly once Da started to decrease. It means at lower Kow, the geomembrane diffusion coefficient is more dominant than the geomembrane distribution coefficient. Once Ka reached almost 1200, the impact of Dg diminished. 
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							Figure 1:  Effect of Log Kow on geomembrane (a) distribution coefficient (Ka), and (b) diffusion coefficient (Dg), based on [14].

						
					

				
			

			Boundary conditions

			In the 1D approach, top and bottom boundary conditions of the layers have to be defined. The bottom boundary was considered to have an infinite thickness for the ease of the study. However, a finite mass top boundary condition was considered in this study, where the initial source concentration begins at an initial value, and increases with time (t), at a specific rate (cr). As the contaminant is migrated into the soil or collected by a leachate collection system, the concentration decreases. Based on this understanding, the mathematical expression for finite mass top boundary condition can be written as the following [14]:
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			Here, 

			cs=constant concentration at the top boundary

			= volume of leachate collected/unit area of landfill/unit time

			Rs=mass of pollutants in the waste available to be transformed into dissolved over time

			= volumetric water content of the waste

			=generation coefficient determined based on the conversion rate half-life K, such that k=ln 2/K

			Hf= reference height of the leachate

			Reference height of the leachate indicates the leachate volume that would contain the total amount of leachable mass of a specific contaminant at an initial concentration. Therefore, the reference height is equal to the contaminant (M)/unit area divided by the initial source concentration [1]. 

			Methodology 

			The numerical simulations in this study were carried out by the finite layer approach. The method was applied by using Pollute7 software [7], which uses the finite layer technique and simplifies the governing equations by introducing Laplace transform parameters [17]. The conventional finite difference or finite element method has a plethora of pitfalls, as governing equations have to be discretised, and each and every time and mesh step have to be well-defined [30,31]. Therefore, a finite layer technique could be a reasonably easier technique, where the equations are already included in the system and the semi-analytical solution could be achieved. The solutions were found to be numerically accurate when comparisons were made both qualitatively and quantitatively with finite difference and finite element methods [1]. In the present research, 1D landfill modelling has been performed by finite layer technique. Due to the semi-analytical solution, the total mass flux into the clay or geomembrane barrier was predicted without determining the solution for the entire landfill. 

			Figure 2 contains the schematic diagrams of the landfill design adopted in this study. The thickness of the clay liner and aquifer were considered to be 1m each. If the geomembrane exists in the system Figure 2b, the thickness was considered to be 1.5mm [32]. Contaminant migration was then simulated through and the concentration changes in the receiving aquifer layer were monitored to determine the maximum concentration. Key parameters were then varied to assess their impact on the concentration in the aquifer.
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							Figure 2: Schematic diagrams of the landfills considered in this study.

						
					

				
			

			Table 1 shows the basic numerical parameters considered in the simulation technique. If the geomembrane was not present in the system, layer 1 was omitted. The dry density and porosity were considered based on [33]. Although dry density and porosity have significant impacts on the soil mechanics [34], the primary focus was diverted to the clay and geomembrane coefficients. It should be mentioned here that since Kd, De, Ka and Dg vary based on the type of contaminants, no specific value has been mentioned in Table 1. 

			Table 1: General specification of landfill parameters.

			
				
					
					
				
				
					
							
							Layer 1: GMB Layer

						
					

					
							
							Thickness (mm)

						
							
							1.5

						
					

					
							
							Dry density (g/cm3)

						
							
							1.9

						
					

					
							
							Porosity

						
							
							0.3

						
					

					
							
							Diffusion coefficient, Dg (m2/s)

						
							
							Variable

						
					

					
							
							Distribution coefficient, Ka (mL/g)

						
							
							Variable

						
					

					
							
							Layer 2: Clay layer

						
					

					
							
							Thickness (m)

						
							
							1

						
					

					
							
							Dry density (g/cm3)

						
							
							1.9

						
					

					
							
							Porosity

						
							
							0.3

						
					

					
							
							Diffusion coefficient, De (m2/s)

						
							
							Variable

						
					

					
							
							Distribution coefficient, Kd (mL/g)

						
							
							Variable

						
					

					
							
							Layer 3: Aquifer

						
					

					
							
							Thickness (m)

						
							
							1

						
					

					
							
							Dry density (g/cm3)

						
							
							1.9

						
					

					
							
							Porosity

						
							
							0.3

						
					

					
							
							Diffusion coefficient, De (m2/s)

						
							
							Variable

						
					

					
							
							Distribution coefficient, Kd (mL/g)

						
							
							0

						
					

					
							
							Boundary Conditions

						
					

					
							
							Top boundary

						
							
							Finite mass

						
					

					
							
							Bottom boundary

						
							
							Infinite thickness

						
					

				
			

			Results and Discussion

			Effect of clay distribution coefficient Kd
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							Figure 3: Changes in maximum leachable concentration as a function of Kd.

						
					

				
			

			The clay distribution coefficients for many contaminants in the literature have considerable variability, due to the influence of key environmental attributes. As Kd is considered in the landfill model, it is assumed to infer a liner, zero-intercept relationship between sorbed and non-sorbed species of the contaminant. For the sensitivity analyses, the Kd value was variable, and the rest of the parameters were kept constant. Figure 3 demonstrates that for lead, nickel, and mercury, as Kd increased, the maximum concentration in the aquifer increased concurrently. This behaviour could be attributed to the fact that as the contaminant partitions to the solid phase its concentration in the liquid decreases [33]. It should be mentioned that Figure 3 demonstrates the results for landfills where geomembrane was absent, and hence the contaminant mobility through the compacted clay liners was taken into account. The presence of geomembrane adds an additional barrier in the system, and therefore, the results would turn out to be different. 

			Role of clay diffusion coefficient De

			In this part of the sensitivity analysis, the diffusion coefficient of clay was varied to observe the changes in the concentration at the aquifer. Figure 4 illustrates that as De increased, the concentration in the aquifer increased for both inorganics Figure 4a and anions Figure 4b. For example, for nickel, De=2×10-10m2/s and the concentration in the aquifer it can accept was approximately 0.015mg/L, whereas it increased to 0.047 mg/L as De reached 10×10-10 m2/s, despite having the same initial concentration. Therefore, if the maximum aquifer concentration level is lower than 0.047mg/L, the initial concentration has to be increased. It should be mentioned here that most of the contaminants have De between 1×10-10m2/s to 6×10-10m2/s [20]. Meanwhile, iodide and fluoride do not readily adsorb. Therefore, their mobility is more influenced by the diffusion coefficient, and it is unlikely that the trend of increment will remain consistent throughout the process. 
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							Figure 4:  Effect of De on-aquifer concentration for (a) inorganics, and (b) anions.

						
					

				
			

			Influence of geomembrane distribution coefficient Ka 

			Considering the other numerical parameters as constants, increment in the geomembrane distribution coefficient had a negligible impact on the aquifer concentration, as shown in Figure 5. It was found that at Ka≤200mL/g, the concentration at the aquifer remained unchanged, regardless of the type of contaminants (Figure 5a & 5b). This is likely due to the low thickness of the geomembrane (1.5mm), whereas the clay liner was 1m. Therefore, despite Kd remained unchanged, Ka failed to make a reasonable impact on the aquifer concentration. 

			Meanwhile, as Ka values increased further (more than 200mL/g), the concentration started to decrease slowly. This is due to the fact that as the retention on the geomembrane increases, the concentration at the aquifer should decrease, and a similar pattern could be seen in Figure 5. However, for most of the contaminants, Ka values were found to be between 0.0013mL/g to 0.15mL/g, exempting tributyltin oxide, chlorobenzene, heptachlor, and few more where each of them has Ka=1000mL/g or more [20]. Therefore, it’s unlikely that Ka will have any substantial impact on the aquifer concentration as far as the standard values are concerned. 
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							Figure 5:  Impact of Ka on aquifer compliance level for (a) inorganics, and (b) anions.

						
					

				
			

			Impact of geomembrane diffusion coefficient Dg 

			The rate of diffusion through geomembrane is presented by geomembrane diffusion coefficient (Dg). The values of Dg may vary based on the source and type of the pollutants. In general, charged cations and anions possess extremely low Dg comparing to inorganics. In fact, anion like chloride does not provide any breakthrough during the geomembrane diffusion experiment, and upper bound for the Dg could be as low as 6×10-15m2/s [28]. Thus, it was expected that Dg would have an insignificant impact on the concentration of contaminants. 

			Figure 6 depicts the changes in the aquifer concentration level as a function of Dg, which is also in accord with the statement in the preceding paragraph. For nickel, there was no change in the aquifer concentration unless Dg was larger than 1×10-14m2/s, and for other pollutants such as mercury, lead or other anions, the increment rate was slower than nickel. It could be referred to the previous discussion regarding Kd that nickel, in fact, has higher Kd than lead or mercury. At this stage, the diffusion rates of the contaminant mobility are dominated by advection and the leakage through the geomembrane holes. At Dg= 1×10-13m2/s, the increment in concentration values could be observed; however, this outcome was recorded keeping other parameters constant, which is unlikely in the practical application. Apart from some organics such as benzene, chloroform, most of the contaminants have low Dg, and there was no contaminant where De<Dg [20]. Therefore, in this scenario, Dg has a marginal impact on the aquifer concentration, regardless of the type of contaminants. However, it should be mentioned that Dg might have a significant contribution to contaminant mobility through the landfill liners, depending on the influence of other parameters, and physical properties of geomembranes.
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							Figure 6:  Influence of Dg on aquifer compliance concentration for (a) inorganics, and (b) anions.

						
					

				
			

			Changes in diffusion process with temperature

			Temperature is one of the critical factors which influence the diffusion process. Rowe [33] created a database of the normalised diffusion coefficients at different temperatures between 10 ˚C to 65 ˚C, where it was found that diffusive transports of geomembranes were considerably 40% greater at 20 ˚C than that at 10 ˚C. It can be described from the conceptual understanding of the diffusion as a function of temperature. This fluid movement will enhance the diffusion process, particularly through the geomembrane [35,36]. The temperature of the landfills can be affected with changes in time, rate of landfilling of wastes, water content of the waste mass, and the saturated waste thickness [33]. As a result, to develop a realistic landfill design, changes in the diffusion with temperature should be taken into account. 

			In this study, the changes in diffusion coefficients were recorded as a function of temperature. Figure 7a is a replication from the equation provided by Rowe [33]. Based on the changes in clay diffusion coefficient (De) the numerical analyses were conducted to observe the changes in the aquifer concentration. Therefore, the modified De actually represented the effect of temperature in the diffusion modelling. Figure 7b pinpoints that the concentration at the aquifer increased with temperature, which means the initial concentration to reach the final concentration level will increase. As a consequence, the rate of diffusion through either clay or geomembrane would be higher.
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							Figure 7:  Impact of temperature on (a) De, and (b) aquifer compliance value.

						
					

				
			

			Conclusion 

			The sensitivity analyses of landfill models during contaminant migration have been conducted by the finite layer method corresponding to the changes in numerical parameters. The research has considered all the important numerical parameters involving potential contaminant transportation through landfill liners such as distribution and diffusion coefficients of clay and geomembrane liners, the effect of temperature, and dry density and porosity of clay. The 1D numerical model was used to interpret the impact of those parameters, and based on this study, the following conclusions can be made:

			1) Inorganic contaminant’s mobility is profoundly influenced by clay distribution coefficient (Kd), and clay diffusion coefficients (De). Anions do not generally have Kd values, and their transportation is likely to be affected by the diffusion coefficient (De).

			2) Geomembrane coefficients have a marginal impact on the aquifer concentration due to geomembrane’s physical dimension, comparing to that of clay liners. However, this is the result of the present model scenario, and may not necessarily agree with different landfill models. 

			3) Increment in temperature increases the diffusion, and hence it will increase the aquifer concentration. In that case, the contaminant mobility will be dominated by the diffusion process. Therefore, adequate attention should be provided on changes in landfill temperatures to ensure precise numerical analysis. 
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