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After decades of discovery of microplastic contamination over the world, effects of 

microplastic on organisms have been studied thoroughly, whereas ones on hydrological aspect 
are yet quite mentioned. As one of major microplastic sinks, soils are inevitable to face a 
number of microplastics; however, the movement of microplastic through soil and its 
consequence are still unknown. Then this research would be focusing on effects of 
microplastic contamination in soil sediment on hydraulic and transport parameters. Hydraulic 
conductivity (K), distribution coefficient (Kd), and dispersion coefficient (D) are the main 
parameters to be measured. The column experiment in column of diameter 7 cm and depth 
20 cm of sand, half of which is contaminated with microplastic, together with bromide tracer 
solution (1000 mg/L) was chosen to be conducted for controllability, and replication. The total 
of 15 column experiments were conducted with microplastic contamination of microplastic in 
sand ranging from 5-20% by mass. Three size ranges of sand, 0.5-1.0, 1.0-2.0 and 2.0-4.0 
millimeters, together with microplastic of size 0.25-0.5 and 0.5-1.0 millimeters, were used in 
the experiments. The result suggested that microplastic contamination has significantly 
affected hydraulic conductivity of the sand and dispersion of the solution. A relationship 
between hydraulic conductivity and dispersion coefficient, as well as one between distribution 
coefficient and dispersivity, was discovered. Those findings were mentioned in no prior 
theories. After each experiment, the movement, or migration, of microplastic was examined. 
The result suggested that there was no migration of microplastic to any other layers of sand. 
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 INTRODUCTION 

 Rationale 
 After over 50 years of the first discovery, microplastic is nowadays one of the 
most well-known global contaminants. The plastic particles of size smaller than 5 
millimeters (Xu et al. 2020; Bissen and Chawchai 2020; O'Connor et al. 2019), 
microplastics, could be categorized into two groups with respect to the 
origination. Primary microplastic refers to the intentionally produced microplastic, 
while secondary microplastic refers to the plastic particles originated from 
weathering and degradation of larger plastics, unintentionally (Royer et al. 2018). 
The plastic particle has been discovered contaminating the environment 
throughout the world, including seafloor (La Daana et al. 2018; Peng et al. 2020; 
Goodman et al. 2020), beaches (Urban-Malinga et al. 2020; Bissen and Chawchai 
2020; Ballent et al. 2016), lakes (Su et al. 2016), estuaries (Zhang et al. 2019; 
Firdaus, Trihadiningrum, and Lestari 2020), groundwater (La Daana et al. 2018), 
rivers (Lestari et al. 2020) and so on. Even in Thailand, it was discovered that 
sandy beaches alongside the Gulf of Thailand have also been contaminated with 
microplastics (Bissen and Chawchai 2020; Thepwilai et al. 2021). 
 Nowadays, there have been a great number of studies about microplastic, in 
various aspects, namely, the discovery, the hazard to variety of aquatic organisms 
(Wu et al. 2020; Beyer et al. 2017; Schmid et al. 2018), etc. Yet the 
hydrogeological effects of microplastic contamination have not been thoroughly 
investigated. Once the comprehension of microplastic manner in such aspect is 
clear, it could lead to better microplastic regulation. 
 (Hüffer et al. 2019) has discovered that the transport of pesticides could be 
influenced by microplastic contamination, in this case mainly polyethylene one. 
Consequently, this study was aimed to simulate microplastic contamination in 
water-saturated sand column and investigate effects of the contamination on 
flow and transport, indicated by hydrogeological parameters, namely porosity (𝜙), 
hydraulic conductivity (𝐾), dispersion coefficient (𝐷), and distribution coefficient 
(𝐾𝑑) which might have been affected according to microplastic disruption on 
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particle configuration, over various amount of microplastic in each batch. The 
representative microplastic in the experiment was selected to be low-density 
polyethylene according to tendency to degrade into secondary microplastic 
(Royer et al. 2018) as well as the availability in real situations (Saliu et al. 2018; 
Firdaus, Trihadiningrum, and Lestari 2020). The sand was used in three size 
ranges, 0.5-1.0, 1.0-2.0 and 2.0-4.0 mm, representing fine sand, coarse sand, and 
very coarse sand, respectively. Meanwhile, the microplastic was used in two size 
ranges, 0.25-0.5 and 0.5-1.0 mm which is discovered contaminating some 
environment (Urban-Malinga et al. 2020). 
 Empirical theory about hydrogeological effects of microplastic is expected to 
be the result of this study and the foundation of future microplastic 
contamination research. 

 
 Objectives 

• To investigate hydrogeological effects of microplastic contamination in water-
saturated sand by measuring porosity (𝜙), hydraulic conductivity (𝐾), dispersion 
coefficient (𝐷), and distribution coefficient (𝐾𝑑) of columns with different 
amount of microplastic contaminant. 

• To examine migration of microplastic in water-saturated sand columns under 
different amounts of microplastic contamination 
 
 Hypothesis 

 The hypothesis of this thesis is that the existence of microplastic 
contamination in sand columns would have effects on the hydraulic parameters (e.g., 
porosity (𝜙), hydraulic conductivity (𝐾), dispersion coefficient (𝐷), and distribution 
coefficient (𝐾𝑑)) of the sand in the column. And there should be some trend over 
different concentrations of microplastic contaminant for each parameter. Moreover, 
with relatively smaller size the sand particle, the microplastic would have more 
tendency to migrate along the direction of water flow. 
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 Methodology 
This study was divided into 3 parts: 

• Microplastic and sand were mixed with different sand size combination and 
concentrations, in the unit of mass percentage. The combination of sand size 
and microplastic concentration are as follows: 
1) Microplastic of size 0.25-0.5 mm was mixed with sand of size 0.5-1.0 mm 

at concentrations of 5%, 10%, 15% and 20%, 
2) Microplastic of size 0.5-1.0 mm was mixed with sand of size 0.5-1.0 mm at 

concentrations of 5%, 10%, 15% and 20%, and 
3) And microplastic of size 0.5-1.0 was mixed with sand of size 1.0-2.0 and 

2.0-4.0 at concentrations of 5% and 15% 

• Columns of microplastic-sand mixture were flown with deionized water and 
sodium bromide (NaBr) solution, as a tracer solution, to measure the 
hydraulic conductivity (𝐾), dispersion coefficient (𝐷), and distribution 
coefficient (𝐾𝑑) of each column. 

• The mixture in the columns, after flowing with water and NaBr solution, were 
sectioned into three main layers, sampled, and measured the concentrations 
of microplastic in each layer, in order to investigate the gradient of 
microplastic concentrations. 
 

 Research assumptions 
In this research, it was assumed that sand-microplastic mixtures were packed into 
the column uniformly, i.e., the concentration at every point is equal. The 
mixtures reacted with neither water nor sodium bromide solution. The sand was 
water-saturated throughout the column experiment, and the flow in column was 
downward. 
 
 Expected results 
The result of this study was expected to investigate effects of microplastic 
contamination in soil on the hydraulic properties. 
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 Organization of thesis 
This thesis composed of five chapters, including Chapter 1 Introduction, Chapter 
2 Literature Review, Chapter 3 Methodology, Chapter 4 Results and Discussion, 
and Chapter 5 Conclusions and Recommendation, respectively. 
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 LITERATURE REVIEW 

 Microplastic 
Microplastic (MP) is defined to be plastic particles of size, or length, less than 5 
mm. Microplastics are divided into two main categories: primary microplastics, 
and secondary microplastics. Primary microplastics are those plastics whose 
dimension is intentionally produced smaller than 5 mm, e.g., microbeads. While 
secondary microplastics are originated from the degradation of larger plastic 
pieces caused by weathering (Royer et al. 2018). Microplastic could also be 
classified by the shape into microfilm, microfiber, microbead (granule), foam and 
fragment (debris). 

 
 Microplastic contamination in sandy beach 
(Urban-Malinga et al. 2020) has revealed that there are microplastic 
contamination in sandy beaches of southern Baltic Sea. Moreover, the majority of 
plastic particle was of size 0.5-1.0 mm and color blue.  The result suggested that 
high contamination sites were associated to plastic macrolitter pollution and 
anthropogenic activities, namely, fishery (microfibers from fishing net), and 
tourism (synthetic fibers from tourists’ clothes). 
 
 Microplastic contamination on sandy beaches on Gulf of Thailand 
(Bissen and Chawchai 2020; Thepwilai et al. 2021) have sampled sands from 
beaches alongside the shore of Gulf of Thailand and discovered abundance of 
MP in all 25 samples collected. Most of the MP found was of sheet and fiber 
shapes, and black. The amount of MP was discovered correlative to the surface 
circulation direction as well as the anthropogenic factors, such as fishing 
industries, and sewage system. 
 
 Vertical migration of microplastic in sand soil 
(O'Connor et al. 2019) have conducted an experiment of tidal flow in the sand 
column. And the result came out that fine polyethylene microplastic (PE) had 
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migrated deepest among all microplastics used in the experiment. So, 
polyethylene microplastic was selected to be the representative due to high 
tendency of migration. 
 
 Density separation 
Density separation is a simple but effective technique of extracting microplastic 
out of other substances. It relies on a simple buoyancy principle that a matter of 
lower density would float in a solution of higher density. Microplastics which 
have various density up to the type of plastic, shall require different density of 
solution for separation process. One of most widely used solutions is zinc 
chloride (ZnCl2) due to the cost and wide range of solution density provided (up 
to 2.1 g/cm3). However, sodium chloride (NaCl) and sodium iodide (NaI) could 
also be used. 
 
 Influence of polyethylene microplastic 
(Hüffer et al. 2019) has discovered that contamination of polyethylene 
microplastic could have influence on the transport of some pesticides in soils. 
Distribution coefficient, together with sorption capacity of the MP was lower than 
one of the pure soil, implying that microplastic-contaminated soils would have 
lower distribution coefficient and sorption capacity. This was caused by the fact 
that molecular interactions between the pesticide and the PE was weaker than 
ones between the pesticide and soil particles. 
 
 Pore volume and porosity 
Pore volume (𝑃𝑉) is one of the fundamental hydrological parameters referring to 
the volume of air, or void, in a material. In this study, 𝑃𝑉 was measured within 
column setting process, the sand and mixture were gradually set together with 
water into the column with lid at the lower end, in order to ensure that the 
media is completely saturated. When the setting was finished, the total volume 
of water used was taken to be the pore volume.  
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 Porosity (𝜙) is the ratio of pore volume, or void space to the total volume of 
the material. Porosity could be calculated from Equation 2.1. 
 
 

𝜙 =
𝑃𝑉

𝑉𝑇
 [2.1] 

Where  𝑃𝑉 stands for pore volume, and 
𝑉𝑇 stands for the total volume of the material. 

 
 Seepage velocity  
Seepage velocity, denoted by 𝑣𝑠, represents the actual velocity of the fluid 
flowing through the void space in the material. The seepage velocity could be 
represented in Equation 2.2. 
 
 

𝑣𝑠 =
𝑣

𝜙
 [2.2] 

Where  𝑣 stands for discharge velocity. 
𝜙 stands for porosity. 

 

 Hydraulic conductivity 
Hydraulic conductivity, 𝐾, describes the ability of a fluid flowing through a porous 
media. It is dependent on the permeability of the media, the saturation degree, 
the density and viscosity of the fluid. In this case, the experiment was conducted 
in saturated media, so a hydraulic conductivity measured was a saturated one. 
According to (Gefell, Larue, and Russell 2019), for vertical columns, the hydraulic 
conductivity could be represented in Equation 2.3.  
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Figure 2.1 The vertical sand column with free gravity drainage (Gefell, Larue, and 

Russell 2019) 
 
 

𝐾𝑉 =
𝑄

𝐴
𝑑ℎ
𝑑𝑙

 [2.3] 

Where  𝐾𝑉 stands for vertical hydraulic conductivity 
𝑄 stands for flow rate 
𝐴 stands for cross section area of the column and. 
𝑑ℎ

𝑑𝑙
 stands for hydraulic gradient. 

 
 Vertical hydraulic conductivity of stratified soil 
For a soil composing of layers of different types of soil, or different hydraulic 
conductivity, the equivalent vertical hydraulic conductivity of the whole system 
could be calculated by Equation 2.4. 

 
Figure 2.2 The hydraulic conductivity of stratified soil 
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𝐾 =

𝐻

𝐻1

𝐾𝑉1

+
𝐻2

𝐾𝑉2

+ ⋯ +
𝐻𝑛

𝐾𝑉𝑛

 [2.4] 

Where  𝐾 stands for the vertical hydraulic conductivity of the column 
𝐾𝑉𝑖

 stands for the vertical hydraulic conductivity of the ith layer 
i = 1, 2, 3, …, n 
𝐻 stands for the depth of the in-column soil, and 
𝐻𝑖 stands for the depth of the ith layer, i = 1, 2, 3, …, n. 

 
 Tracer transport in soil 
Sodium bromide (NaBr) solution is regarded as a non-reactive tracer, that is it 
does not react with soil particles and components and has low sorption to soil 
particles, moreover, salt tracers are suitable for small-scale experiments such as 
soil column (Treatise on Water Science), therefore, several studies have used it as 
tracer in soil columns. (Masipan, Chotpantarat, and Boonkaewwan 2016) 
conducted a vertical column experiment and used NaBr as a tracer to determine 
the dispersivity of the solution in the column. As a result, positive power 
correlation between column length and dispersivity was discovered. Also, 
bromide tracer was used by Kastrinos et al. (2019), Labrecque et al. (2021) 
(Kastrinos, Chiasson, and Ormond 2019; Labrecque and Blanford 2021) and many 
more. Furthermore, due to availability, NaBr was selected to be the tracer in this 
study. 
  
 Hydrodynamic dispersion 
Molecular diffusion, diffusion process caused by the concentration gradient, and 
mechanical dispersion, diffusion process caused by movement of the solute 
front, are combined, and regarded as hydrodynamic dispersion (Fetter, Boving, 
and Kreamer 1999). Up to three directions of dispersion could be put in 
consideration, however, in this study, only longitudinal dispersion, dispersion in 
the same direction as the flow of the solute, would be considered. Dispersion in 
such direction could be determined by the coefficient of longitudinal dispersion 
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(𝐷𝐿). 𝐷𝐿 could be represented as the sum of mechanical dispersion and 
molecular diffusion as shown in Equation 2.5. 

 
 𝐷𝐿 = 𝛼𝐿𝑣𝑠 + 𝐷∗ [2.5] 
Where  𝐷𝐿 stands for hydrodynamic dispersion in longitudinal direction 

𝛼𝐿 stands for longitudinal dispersivity 
𝑣𝑠 stands for seepage velocity, and 
𝐷∗ stands for molecular diffusion. 

 The value of 𝐷∗ usually lies in the magnitude of 10-5 – 10-6 cm2/s (Cussler and 
Cussler 2009), so, if the term 𝛼𝐿𝑣𝑠 is greater than 𝐷∗, the term 𝐷∗ could be 
omitted. 
 
 Peclet number 
Peclet number (𝑃𝑒𝐿) is a dimensionless ratio of advection rate over dispersion 
rate, showing the predominance of either of two, see Equation 2.6. 
 

𝑃𝑒𝐿 =
𝑣𝐿

𝐷𝐿
 [2.6] 

Where  𝑃𝑒𝐿 stands for Peclet number 
𝑣 stands for advective velocity 
𝐿 stands for characteristic length 
𝐷𝐿 stands for longitudinal dispersion coefficient 

 
 
 Sorption 
Sorption is the collective term of adsorption, chemisorption, absorption, and ion 
exchange. In this study, the sorption isotherm (see Figure 2.3), the relation 
between input concentration and the amount of sorbed solute, was assumed to 
be linear. Accordingly, the degree of sorption could be represented with the 
slope of the line called distribution coefficient (𝐾𝑑). 
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Figure 2.3 Sorption isotherm 

 
 Advection-Dispersion-Reaction equation 
The equation (see Equation 2.7) describes the dispersing manner of a solution in 
a saturated homogeneous porous media. 

 
 𝜕𝐶

𝜕𝑡 
= 𝐷𝐿

𝜕2𝐶

𝜕𝑥2
− 𝑣

𝜕𝐶

𝜕𝑥
−

𝐵𝑑

𝜃

𝜕𝐶∗

𝜕𝑡
− (

𝜕𝐶

𝜕𝑡
)

𝑟𝑥𝑛
 

[2.7] 

Where  𝐶 stands for the concentration 
𝑡 stands for time 

𝐷𝐿
𝜕2𝐶

𝜕𝑥2 represents the dispersion process 

𝑣
𝜕𝐶

𝜕𝑥
 represents the advection process 

𝐵𝑑

𝜃

𝜕𝐶∗

𝜕𝑡
 represents the sorption process, and 

(
𝜕𝐶

𝜕𝑡
)

𝑟𝑥𝑛
 represents the reaction process. 

 
 Electrical conductivity 
The electric conductivity (EC) of a solution could be measured by an EC meter. 

The unit of conductivity is μS/cm. 
 

2.16.1 EC and concentration 
It is suggested that the electric conductivity and the concentration of an ion 
are linearly proportional (see Figure 2.4) (Richards 1954). When only the 
relative concentration was in consideration, it is eligible to regard the 
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conductivity as the concentration. Such calculation was previously done by 
(Hossain 2006) as shown in Equation 2.8. 

 
Figure 2.4 The relation between EC and the concentration (Polle and Chen 2015) 

 
 𝐶

𝐶0
⁄ =

𝐸𝐶𝑖 − 𝐵𝐺

𝑇𝑅 − 𝐵𝐺
 [2.8] 

Where 𝐶 𝐶0
⁄  stands for relative concentration of sodium bromide solution 

  𝐸𝐶𝑖 stands for the EC value of the the ith sample, i = 0, 1, 2, 3, … 
𝐵𝐺 stands for the background EC value, and 
𝑇𝑅 stands for the EC value of the sodium bromide solution. 

 
 Breakthrough curve 
Breakthrough curve is a graph of relative concentration of outlet solution over 
time or flown volume (see Figure 2.5). Breakthrough curves may contain only 
ascending log of the graph, up to maximum concentration, but in this study, as 
pioneering research, the descending one was included to provide more precise 
information. In this study, after the effluent concentration have reached the 
maximum concentration for some time, the influent would be swapped back to 
pure water, causing the decline of the curve. The ‘swap point’ was set to be the 
end of ascending log and the start of descending log. 
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Figure 2.5 Breakthrough curve derived from sample collection 

2.17.1 Breakpoint 
Breakpoint is the point at which the relative concentration of the effluent 
solution approaches the value of 0.05 (5%) for the ascending log (see Figure 
2.6). 

 
Figure 2.6 Breakpoint and exhaustion point of ascending log 

2.17.2 Adsorption capacity 
The capacity of soil adsorption could be determined by a ratio of breakpoint, 
or the area over the curve to the breakpoint itself, to the total capacity, the 
whole area over the curve. Note that only ascending log was considered in 
the following calculations. 
 

 
𝑥𝐵 = ∫ (1 − 𝐶

𝐶0
⁄ )𝑑𝑥

𝑡𝐵

0

 
[2.9] 

 
 

𝑥𝑇 = ∫ (1 − 𝐶
𝐶0

⁄ )𝑑𝑥
∞

0

 [2.10] 

 The usable fraction, 𝑥𝐵

𝑥𝑇
, could represent the fraction of column used 

for adsorption of the solution. 
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 Breakthrough curve fitting 
Breakthrough curves were fitted by the function solver in Microsoft Excel. Each 
curve was divided into two sections, or logs, namely ascending and descending. 
Ascending log and descending log would be fitted by Equation 2.11 and 2.12 
respectively. 
 
 𝐶

𝐶0
⁄ = 1 − 𝑒−𝑘𝑡𝑛

 [2.11] 
 

 𝐶
𝐶0

⁄ = 𝑒−𝑘𝑡𝑛
 [2.12] 

Where 𝑘 and 𝑛 are constants, and 𝑡 represents the cumulative volume of flown 
solution relative to pore volume. The first equation would fit the ascending 
section and the second one would fit the descending part.  
 Moreover, the curve would be fitted with HYDRUS-1D, to obtain the values of 
distribution coefficient (𝐾𝑑), longitudinal dispersivity (𝛼𝐿) and, consequently, 
dispersion coefficient (𝐷𝐿) to interpret the constants 𝑘 and 𝑛. Since such curve 
fitting was noticed in no prior studies, 𝑘 and 𝑛 might yet be interpreted or 
discovered correlating any other hydraulic parameter 
 
 HYDURS-1D 

HYDRUS-1D is a program for simulation of one-dimensional movement of 
water, heat, and solutes in variably saturated media. By numerically solve 
Richard’s equation for water flow, and Advection-Dispersion-Reaction 
equation for heat and solute transport (Source: https://www.pc-
progress.com/en/Default.aspx?h1d-description), HYDRUS-1D could simulate 
the transport and consequently be used to fit breakthrough curves.  
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 METHODOLOGY 

 Flow chart 
 The working plan of this study is represented in figure 3.1. 

 

Figure 3.1 The workflow of the research 
 

 Material preparation 
3.2.1 Column experiment 

The column used in the experiment was made of a transparent acrylic tube 
of height 30 centimeters as shown in Figure 3.2, outer diameter of 7 
centimeters and average inner diameter of 6.450 centimeters. Along the side, 
centimeter scale was marked, a hole was punctured at height of 21 
centimeters, connected with a tube, to overflow the fluid, maintaining 
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constant ponding level. The bottom was dammed with a mesh and a cloth 
secured by cable ties. Also, a lid could be attached when the column was 
being set as shown in Figure 3.2. 

 
Figure 3.2 The column experiment and real column setting 

 
3.2.2 Sand 

Aquarium sand was purchased and sieved with meshes of size 0.25, 0.5, 1.0, 
2.0 and 4.0 mm, most of the sand was of three size ranges, 0.5-1.0, 1.0-2.0 
and 2.0-4.0 mm, as shown in Figure 3.3. In this study, the sand of each size 
range was regarded as a representative of fine sand, coarse sand, and very 
coarse sand. The sieved sand was inspected visually for impurities and rinsed 
with tap water until no dust was noticeable, then soaked in 5% (W/W) nitric 
acid for 24 hours to digest organic matters. The acid was then rinsed with 
deionized water for 5 times. Afterwards, the sand was dried in the dry cabinet 
at 60 degrees Celsius for 96 hours. The processed sand is shown in Figure 3.3. 
Lastly, sample of each size range was collected for density measurement. 
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Figure 3.3 The sands (0.5-1.0, 1.0-2.0 and 2.0-4.0 mm respectively) 
 
3.2.3 Microplastic 

The microplastic, blue LDPE debris, as shown in Figure 3.4, was provided by 
Suntor Co., Ltd. The plastic was sieved with the meshes of size 0.25, 0.5, 1.0, 
and 2.0 mm and, afterwards, inspected for impurities. A sample of each size 
range was collected for density measurement. 

 

 
Figure 3.4 The microplastic provided by Suntor Co., Ltd.  

 
3.2.4 Bulk density measurement 

Each sample of sand and microplastic packed in a stainless-steel container of 
volume 100 cm3 and then weighed. The bulk density of each sample was 
calculated by Equation 3.1. 

 
 𝜌𝐵 =

𝑚

𝑉
 [3.1] 
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3.2.5 EC meter 
Hanna Instruments two channel HI 3512 EC meter was used in the 

experiment. The meter was regularly calibrated with 1413 μS/cm standard 
solution. 

 
3.2.6 Tracer Solution 

In each experiment, the tracer solution was prepared by dissolving 5 grams of 
sodium bromide (NaBr) (see Figure 3.5) in 5 liters of deionized water. 

 

 

Figure 3.5 Sodium Bromide (NaBr) 
 
3.2.7 Sand and MP mixtures 

The sand and the plastic were mixed with various sand sizes and MP 
concentrations as shown in Table 3.1 and Figure 3.6. 

Table 3.1 Combination of MP and sand 

Particle size (mm) Microplastic concentration (W/W) 
MP Sand 0% 5% 10% 15% 20% 

0.25-0.5 0.5-1.0 ✓ ✓ ✓ ✓ ✓ 
0.5-1.0 0.5-1.0 ✓ ✓ ✓ ✓ ✓ 

1.0-2.0 ✓ ✓ - ✓ - 

2.0-4.0 ✓ ✓ - ✓ - 
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Figure 3.6 A mixture of 5% of 0.25-0.5 mm MP in 0.5-1.0 mm sand 

 
3.2.8 Column packing 

The first (bottom) 6-centimeter layer was packed pure sand of size 0.5-1.0 
mm. Then the mixture was packed for 10 centimeters. And topped with 
another layer of 4-centimeter pure sand of size 0.5-1.0 mm. The packing was 
done by slowly putting little sand by a time and then carefully applying pure 
water to the sand to ensure the saturation, pressing, and slightly stirring might 
be required. The water amount should be appropriate as excessive water 
could lead to the floatation of MP. At the top of the sand, was a stainless-
steel mesh placed, to prevent any erosion caused by water steam (see Figure 
3.7). During the process of sand packing, water was regularly applied to 
ensure that the packed sand was saturated with water. Moreover, the total 
amount of water applied was recorded and regarded as the pore volume of 
the column. 
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Figure 3.7 Packed column 

 
 Column experiment procedure 

3.3.1 EC measurement 
Before each experiment was conducted, the deionized water and the tracer 
solution was measured with EC meter to obtain background EC of each 
environment 
 

3.3.2 Column experiment 
Firstly, deionized water was applied to the column, the pump adjusted to 
maintain ponding level constant. In this process, the flow rate of the column 
was measured and kept the flow time of 50 ml. Afterwards, the effluent was 
regularly measured for EC to keep the initial EC equal for each experiment. 

When the EC of effluent was approximately 50 μS/cm, the experiment was 
started pumping the tracer solution reservoir. At the same time, sample 
collection was started, the samples were collected in amount of 30 and 40 
ml, depending on the periodical sampling collection. At a point the pump 
was moved back to deionized water reservoir (between No. 19 and No. 20 in 
Table 2), denoted by swap point, the flow continued until sample collection 
was completed. After the flow, measurement of each sample EC was done 
three times due to the fluctuation of the meter and the volume of each 
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sample was recorded.  
 The amount of collected effluent volume was adjusted after the 
pioneering column of 15% of 0.25-0.5 mm MP in 0.5-1.0 mm sand. The results 
suggested that the samples should be collected as follows. 

Table 3.2 The volume of effluent solution samples to be collected in the 
experiment 

No. Volume (ml) No. Volume (ml) No. Volume (ml) No. Volume (ml) 

1 40 11 30 21 40 31 30 
2 40 12 30 22 40 32 30 

3 40 13 30 23 40 33 30 
4 40 14 30 24 40 34 30 

5 30 15 40 25 30 35 40 

6 30 16 40 26 30 36 40 
7 30 17 40 27 30 37 40 

8 30 18 40 28 30 38 40 

9 30 19 40 29 30   

10 30 20 40 30 30   

Since the flow rate of each column might be different, the sample was 
collected with respect to volume instead of time interval. Moreover, the 
swap point, at which the pump was relocated back to deionized water 
reservoir, was simply between the sample number 19 and 20. After collected 
sampling, each sample was EC and volume measured (see Figure 3.8). The 
results were shown in APPENDIX. 
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Figure 3.8 EC measurement 

 
3.3.3 Column section and sampling 

For the sand column, after the experiment, no matter if there was sign of 
plastic particle movement to another layer of sand, the pure sand layers 
were inspected another time in the sectioning process. The mixing layer was 
sectioned in to three sublayers namely top, middle, and bottom, the process 
was done with estimation by sight ,a sample from each sublayer was 
collected and prepared for density separation process as shown in Figure 3.9. 

 
Figure 3.9 showing the sectioning column  

 
3.3.4 Density separation 

After collected from the column, the sample was kept dry at room 
temperature. In the process of density separation, pure water was added to 
the sample, stirring was applied until the plastic particle stayed afloat (see 
Figure 3.10), then the MP was gradually separated from the fluid by stainless-
steel spatula. The spatula was regularly rinsed with pure water to recover the 
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sticking particles. The sand and plastic samples were kept in dry cabinet for 
96 hours and weighed. Mass percentage of MP in each sample was 
calculated. 

 
Figure 3.10 showing density separation 

 
 Data analysis  

3.4.1 Hydraulic conductivity calculation 
According to (Gefell, Larue, and Russell 2019), vertical hydraulic conductivity 
of a column could be calculated from Equatio 2.3. 
 The hydraulic conductivity of the middle layer could be calculated 
from one of the entire column. As a column of stratified soil structure, the 
hydraulic conductivity of the column could be represented in Equation 3.2.  

 
 

𝐾 =
𝐻

𝐻1

𝐾𝑉1

+
𝐻2

𝐾𝑉2

+
𝐻3

𝐾𝑉3

 [3.2] 

 By taking 𝐻 = 20 cm, 𝐻1 = 4 cm, 𝐻2 = 10 cm, 𝐻3 = 6 cm, 𝐾 = the 
hydraulic conductivity of the column, 𝐾𝑉1

= 𝐾𝑉3
= the vertical hydraulic 

conductivity of the pure sand 0.5-1.0 mm, 𝑘𝑉2
 could be represented in 

Equation 3.3. 
 

 
𝐾𝑉2

= (
2

𝐾
−

1

𝐾𝑉1

)

−1

 
[3.3] 
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3.4.2 Breakthrough curve adjustment 

To plot the normalized breakthrough curve of each column, it is necessary to 
convert the data in horizontal axis into the scale of pore volume with the 
formula in Equation 3.4. 

 
 

𝑣𝑘 =  
(∑ 𝑥𝑖) +

𝑥𝑘

2
𝑘−1
𝑖=0

𝑃𝑉
 

3.4 

Where  𝑣𝑘 stands for the middle point of the 𝑘th interval on the horizontal 
axis in the unit of pore volume, 𝑘 = 1, 2, 3, … 

𝑥𝑖  stands for volume of the 𝑖th sample, 𝑖 = 0, 1, 2, 3, … and 𝑥0 = 0, and 
𝑃𝑉 stands for the pore volume of the column. 

 Meanwhile, the relative concentration was calculated from EC value 
by Equation 2.8. The scatterplot of adjusted volume (PV) and relative 
concentration would form the breakthrough curve. 
 

3.4.3 Breakthrough curve fitting 
The breakthrough curves were sectioned into two logs at the swap point, 
namely ascending, and descending. The ascending log and the descending log 
of each breakthrough curve were separately fitted to Equation 2.11 and 
Equation 2.12, respectively. The coefficient of determination (R2) was used to 
determine the  
 The values of 𝑘 and 𝑛 of each log would be provided by the function 
solver of Microsoft Excel. The fitted breakthrough curve, one with highest R2 
value, would be used to determine the breakpoint of each breakthrough 
curve.  

 Moreover, HYDRUS-1D software was used to fit the curves as well, to 
obtain the value of longitudinal dispersivity and, consequently, coefficient of 
longitudinal dispersion.  
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3.4.4 Curve fitting with HYDRUS-1D 
In the process of fitting breakthrough curves in HYDRUS-1D, the configuration 
was set as follows: Main Processes – simulate water flow and solute transport 
(standard solute transport), and enable inverse solution; Inverse solution – 
estimate soil hydraulic parameters, and solute transport parameters (from flux 
concentration); Soil Hydraulic Model – van Genuchten-Mualem with no 
hysteresis; Water Flow Boundary Conditions – constant pressure head for 
upper boundary condition and free drainage for lower boundary condition; 
Solute Transport – equilibrium model. In this case, some parameters of the 
sand and solute were to be input, namely residual water content (𝜃𝑟), 
saturated water content (𝜃𝑠), saturated hydraulic conductivity (𝐾𝑠), 
longitudinal dispersivity (𝛼𝐿), distribution coefficient (𝐾𝑑), and van Genuchten 
parameters (𝛼 and 𝑛). The parameters 𝜃𝑟, 𝛼, and 𝑛 was provided by the 
software neural network prediction by inputting the bulk density of the sand 
due to the lack of data source and the fact that changes of those parameters 
have very little impact to the breakthrough curve, 𝜃𝑠 could be regarded as 
the porosity (𝜙), while 𝛼𝐿 and 𝐾𝑑 would be varied until the simulated 
breakthrough curve fit the experimental breakthrough curve (R2 > 0.95). 
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 RESULTS AND DISCUSSION 

 The results of this study were divided into four main parts as follows: 1) Basic 
hydraulic properties, 2) Breakthrough curve analysis, 3) Microplastic migration, and 4) 
Additional results. 
 

 Basic hydraulic properties 
This section consists of results and discussion on the following parameters, bulk 
density, pore volume, constant flow rate, and hydraulic conductivity. 
 
4.1.1 Bulk density 

The density of sand was measured without any obstruction, while one of 
microplastic could not be measured directly. As the plastic debris showed the 
characteristic of compressibility, i.e., the amount of to-be-weighed plastic was 
dependent on the tightness of particle packing in the container, resulting a 
considerable gap of density. So, the density of the plastic debris was assumed to 
be the same as of ordinary LDPE, which is 0.940 g/cm3 (Source: 
https://www.plasticseurope.org/en/about-plastics/what-are-plastics/large-
family/polyolefins). The result of the density is shown in Table 4.1. 

Table 4.1 Density of the sands 

Material Density (g/cm3) 

Sand 0.5-1.0 mm 1.504 
Sand 1.0-2.0 mm 1.764 
Sand 2.0-4.0 mm 1.717 

 
4.1.2 Pore volume and porosity 

 For pure sand columns (0% MP), it is noticeable that sand of size 0.5-1.0 mm 
has higher value of porosity than ones of size 1.0-2.0 and 2.0-4.0 mm, as shown 
in Figure 4.1. This could have explained the fact that sands of size 1.0-2.0 and 
2.0-4.0 mm have higher bulk density than sand of size 0.5-1.0 mm. 
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 It is reasonable that the porosity decreases while the MP percentage 
increases as plastic particles could have fulfilled the gap between sand particles. 
However, there were some columns having outlying pore volume. The 
fluctuations might have been a consequence of the abovementioned sponge-like 
behavior of the MP; slight change of packing tightness could have caused some 
change in porosity. The larger sands (sands of size 1.0-2.0 mm and 2.0-4.0 mm) 
having higher bulk densities (1.764 and 1.717 g/cm3) could compress the debris 
tighter, resulting greater decrease in pore volume than smaller sand (0.5-1.0). 

 
Figure 4.1 The porosity of the column  

over the mass percentage of MP in the middle layer 
 

4.1.3 Porosity and bulk density 
 For each pair of sand and microplastic, positive correlation between bulk 
density and porosity of is noticeable, see Figure 4.2. This could have been caused 
by the fact that, in the column with more microplastic, the void between sand 
particles was fulfilled by the debris, causing lower porosity. Meanwhile, the bulk 
density would be lower as the plastic mass was lighter than the sand particle. 
 For ordinary sands, bulk density and porosity have negative correlation 
(Kakaire et al. 2015; Oleszczuk and Truba 2013), but the scatterplot above 
suggested that microplastic contaminated soil does not follow the trend of 
normal soil. Furthermore, the columns of 0.25-0.5 mm MP in 0.5-1.0 mm sand 
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and 0.5-1.0 mm MP in 2.0-4.0 mm sand have shown the manner in opposite way, 
having positive correlation. 

 
Figure 4.2 The scatterplot of bulk density and the porosity of the column 

 
4.1.4 Constant flow rate 

The constant flow rate of each column was measured and shown in Figure 4.3. It 
is noticeable that, firstly, columns of larger sand particles have higher constant 
flow rate than those of smaller sand particles, i.e., at the same percentage of MP. 
For example, the constant flow rate increases from 0.25-0.5 mm MP in 0.5-1.0 
mm sand to 0.5-1.0 mm MP in 0.5-1.0 mm, 1.0-2.0 mm, and 2.0-4.0 mm sand 
respectively. This could have been caused by the bigger void space in each 
column which facilitates the water flow through the media. 
 Moreover, as MP amount increases, the MP particles, being smaller than sand 
particles, could fulfill the void between sand particles, causing lower flow rate. 
Secondly, the overall behavior of the constant flow rate is that it decreases and 
then increases at the end, such behavior shows up in every column experiments. 
This would be discussed later in section 4.1.7. Lastly, the constant flow rate of 
columns of 0.5-1.0 mm MP in 0.5-1.0 sand appeared to be steady. While ones of 
the other columns (MP smaller than sand) appeared to be decreasing. This could 
lead to a conclusion that relative size between MP and sand has affected the 
constant flow rate. That is the lower the average particle size, the lower the 
constant flow rate. 
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Figure 4.3 The constant flow rate of the column  

over the mass percentage of MP in the middle layer  
 
4.1.5 Constant flow rate and bulk density 

 The scatterplot of bulk density and pore volume in Figure 4.4 showed no 
visible correlation between the parameters despite considering separately by 
groups of sand and microplastic. This could lead to a conclusion that the 
constant flow rate and bulk density of the column with microplastic-
contaminated sand have no direct relationship, that is microplastic contamination 
did not introduce any correlation between the two parameters. 

 
Figure 4.4 The scatterplot of the bulk density and the constant flow rate of the 

column 
 

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

2.1

0% 5% 10% 15% 20%

Fl
o

w
 r

at
e 

(c
m

3
/s

)

MP percentage of the middle layer (W/W)

Constant flow rate of each column

MP 0.25-0.5 & sand 0.5-1.0

MP 0.5-1.0 & sand 0.5-1.0

MP 0.5-1.0 & sand 1.0-2.0

MP 0.5-1.0 & sand 2.0-4.0

0.6

1.1

1.6

2.1

1.35 1.55 1.75

Fl
o

w
 r

at
e 

(c
m

3
/s

)

Bulk density of the column (g/cm3)

Scatterplot of bulk density and constant flow rate

MP 0.25-0.5 & sand 0.5-1.0

MP 0.5-1.0 & sand 0.5-1.0

MP 0.5-1.0 & sand 2.0-4.0

MP 0.5-1.0 & sand 2.0-4.0



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 39 

4.1.6 Constant flow rate and pore volume 
 Like one of bulk density and the constant flow rate of the column, the 
scatterplot of pore volume and flow rate in Figure 4.5 showed no direct 
relationship between the pore volume and the flow rate in this experiment. 
Therefore, a conclusion could be drawn in the same manner that microplastic 
did not introduce any correlation between the parameters. 

 
Figure 4.5 The scatterplot of the pore volume and the constant flow rate of the 

column 
 

4.1.7 Hydraulic conductivity of the column 
Hydraulic conductivity of the column could be calculated by Equation 2.3 and 
shown as follows in Figure 4.6.  

   
Figure 4.6 Hydraulic conductivity of the column  

over the mass percentage of MP in the middle layer 
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4.1.8 Hydraulic conductivity of the middle layer 

The hydraulic conductivity of the middle layer of each column could be 
calculated from the ones of the whole column and of 0.5-1.0 mm sand with 
Equation 2.4 and represented in Figure 4.7. The hydraulic conductivity of pure 
sand of size 0.5-1.0 mm stayed unchanged for the hydraulic conductivity is 
depth-independent, while ones of the other columns would vary due to the 
media difference. The result of calculation showed that the hydraulic 
conductivities of the middle layers lie in the range of 0.01-0.04 cm/s (0.5-1.0 mm 
sand), 0.04-0.08 cm/s (1.0-2.0 mm sand) and 0.06-0.13 cm/s (2.0-4.0 mm sand). 
These values coincide the hydraulic conductivity of fine sand, medium sand, and 
coarse sand respectively (Source: https://structx.com/Soil_Properties_007.html), 
confirming that the three sizes of sand were good representatives of sands. 
 Moreover, to investigate the ‘turning point’ of the trendlines, the unit of 
horizontal axis was changed into ‘volume percentage of microplastic in the 
middle layer’. All the trendlines were generated to fit with polynomial of degree 
2 (see 4.1.9). For columns of 0.25-0.5 mm MP in 0.5-1.0 mm sand and, the turning 
point, the point where the hydraulic conductivity reaches the minimum value, 
appeared to lie between 15-20% of MP (V/V) while ones of the columns of 0.5-
1.0 mm MP in all sizes of sands (0.5-1.0, 1.0-2.0 and 2.0-4.0 mm) appeared to lie 
between 10-15% of MP (V/V). This could be concluded that the turning point is 
determined only by the MP size, the smaller the MP, the further the turning 
point. Interestingly, if the MP is smaller, the turning point would lie closer to 
100%, making the curve continually decreasing with no turning up.  
 The manner of ‘turning’ of hydraulic conductivity is similar to one proposed 
by (Woessner and Poeter 2020) (see Figure 4.8). That is normally the hydraulic 
conductivity would decrease to a point and slightly increase. Such behavior was 
described as “The larger grains of coarse sand occupy some of the pore space 
available for water flow in the 100% fine-sand sample.” 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 41 

 
Figure 4.7 Hydraulic conductivity of the middle layer  

over the volume percentage of MP in the middle layer 
 

 

Figure 4.8 Hydraulic conductivity of sand at various percentage of fine-coarse sand 
(Woessner and Poeter 2020) 

4.1.9 Hydraulic conductivity and grain size 
According (Hazen 1983), empirical relationship between the hydraulic 
conductivity and particle grain size could be described by Equation 4.1. 
 
 𝐾 = 𝐴(𝑑10)2 [4.1] 
Where 𝐾 stands for the hydraulic conductivity (cm/s). 

𝐴 is a constant (1/cm·s), and 
𝑑10 is a grain size of which 10% of the particles are finer (cm). 
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 Later, (Krumbein and Monk 1943) had proposed Equation 4.2 which could 
predict and describe the hydraulic conductivity more precisely. 
 
 𝐾 = 760(𝑑𝑤)2 exp(−1.31𝜎𝜓) [4.2] 

Where  𝑑𝑤stands for geometric mean diameter by weight (mm), and 
 𝜎𝜓 stands for standard deviation of the 𝜓 distribution function (-). 

 However, Equation 4.2 was complicated and hard to calculate, so (Kozeny 
1927) had proposed an equation, later modified by (Carman 1956). Known as 
Kozeny-Carman Model, Equation 4.3 has been well-known and widely used. 

 
 

𝐾 = (
𝜌𝑤𝑔

𝜇
)

𝜙3

(1 − 𝜙)2

 (𝑑𝑚)2

180
   

[4.3] 

Where 𝜌𝑤 stands for the density of the fluid (g/cm3) 
 𝜇 stands for the viscosity of the fluid (N·s/m2) 
 𝜙 stands for the porosity (-), and  
 𝑑𝑚 stands for representative grain size (mm). 

 It is empirical that hydraulic conductivity is proportional to the square of 
representative grain size of sand, by weight, that is the relationship between 
hydraulic conductivity and grain size could be fitted with polynomial of degree 2. 
This could be another explanation that the middle layer of pure sand larger than 
1.0 mm has lower hydraulic conductivity than the whole column. As the top and 
bottom layers of 0.5-1.0 mm sand was excluded, the average grain size was 
higher, resulting higher hydraulic conductivity. 
 Theoretically, if MP behaves in the same manner as sand particles the 
trendlines of hydraulic conductivity should be decreasing, except the line of 0.5-
1.0 mm MP in 0.5-1.0 mm sand which should be invariant, while the percentage 
of MP increases, i.e., the average particle size being dominated by MP particle 
size. Moreover, the lines would intersect only at the point of 100% MP, for the 
same variation of MP. Yet, all the trendlines have a manner of ‘turning’ after 
passing the turning point. This could lead to a conclusion that the equations 
were not able to precisely model the hydraulic conductivity of MP-contaminated 
sand. 
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 Although none of the equations could thoroughly describe the hydraulic 
conductivity of MP-contaminated sand, they could be used to approximate the 
hydraulic conductivity of sands when the contamination is lower than the turning 
point. Because the hydraulic conductivities behave in the same manner as the 
equations describe; ones of columns of MP smaller than sand (0.25-0.5 mm MP in 
0.5-1.0 mm sand, 0.5-1.0 mm MP in 1.0-2.0- and 2.0-4.0-mm sand) were 
decreasing, while ones of columns of 0.5-1.0 mm MP in 0.5-1.0 mm sand were 
steady. 
 
 Breakthrough curve analysis 

To analyze results from breakthrough curves, the curves were fitted. In this study, 
two approaches of curve fitting (Spreadsheet and HYDRUS-1D) were used as 
described in 3.4. 
 
4.2.1 Breakthrough curve fitting using spreadsheet software(Excel) 

The ascending and descending logs of breakthrough curve from column of 10% 
MP 0.25-0.5 in sand 0.5-1.0, experimental ones, exp, and fitted ones, fit, are 
shown in Figure 4.9 and Figure 4.10 as follows. The values of best fitted 𝑘, 𝑛 and 
R2 are shown underneath. 

 
Figure 4.9 The ascending log of breakthrough curve derived from the column of  

10% MP 0.25-0.5 mm in sand 0.5-1.0 mm  
(𝑘 = 0.396, 𝑛 = 10.392, R2 = 0.988) 
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Figure 4.10 The descending log of breakthrough curve derived from the column of  

10% MP 0.25-0.5 mm in sand 0.5-1.0 mm 
(𝑘 = 0.206, 𝑛 = 10.064, R2 = 0.992) 

 
(i) The parameters of breakthrough curve fitting 

To investigate the behavior of 𝑘 and 𝑛 from each log scatterplot of each 
parameter was plotted over different amount of MP as shown in Figure 4.11 
and Figure 4.12. Note that the data from column of pure 0.5-1.0 mm sand 
was outlying, therefore excluded. For both logs, the overall decreasing trend 
of 𝑘 is noticeable, linear correlation is clear for the columns of 0.5-1.0 mm. 
Additionally, it is notable that the value of 𝑘 of ascending log is higher than 
one of descending log of each column. Meanwhile, the parameter 𝑛 showed 
fluctuation on both logs. However, the scattering patterns of 𝑛 of the two 
logs were quite similar. 
 Moreover, to investigate the relationship between 𝑘 and 𝑛 scatterplot 
of the two parameters of each log was plotted and represented in Figure 
4.13. Although no relationship between 𝑘 and 𝑛 has yet been discovered 
from the scatterplot, it will not be concluded that there is no relationship 
between the two parameters. As it could be discovered by future study. 
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Figure 4.11 The scatterplot of 𝑘 

over the mass percentage of MP in the middle layer 

 

 
Figure 4.12 The scatterplot of 𝑛 

over the mass percentage of MP in the middle layer 
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Figure 4.13 The scatterplot of the parameters 𝑘 and 𝑛  

from ascending logs of breakthrough curve fitting 
 

(ii) Usable capacity, total capacity, and usable fraction 
After fitting, the formula of breakthrough curve could be used to calculate 
the breakpoint, total capacity and consequently, usable fraction by Equation 
2.8 and Equation 2.9. The results were shown in Figure 4.14, Figure 4.15, and 
Figure 4.16 respectively. Note that only ascending log of each breakthrough 
curve was in consideration in this section. 
 The graphs showed that breakpoint and total capacity have overall 
positive correlation to the amount of MP contaminant, especially in the 
column of 0.5-1.0 mm MP in 0.5-1.0 mm sand. While the usable fraction 
expressed fluctuation, especially in the column of 0.25-0.5 mm MP in 0.5-1.0 
mm sand. The correlation of breakpoint and total capacity could be 

6

7

8

9

10

11

0 0.5 1 1.5

𝑛

𝑘

Scatterplot of 𝑘 and 𝑛 of ascending log

MP 0.25-0.5 & sand 0.5-1.0

MP 0.5-1.0 & sand 0.5-1.0

MP 0.5-1.0 & sand 2.0-4.0

MP 0.5-1.0 & sand 2.0-4.0

6

7

8

9

10

11

0 0.5

𝑛

𝑘

Scatterplot of 𝑘 and 𝑛 of descending log

MP 0.25-0.5 & sand 0.5-1.0

MP 0.5-1.0 & sand 0.5-1.0

MP 0.5-1.0 & sand 2.0-4.0

MP 0.5-1.0 & sand 2.0-4.0



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 47 

confirmation of normalizing breakthrough curve into dimensionless one, the 
one with horizontal axis of unit relative to PV. 
 The increasing of total capacity, in the other word higher area over the 
breakthrough curve, is associated with the shift of breakthrough curve to the 
right, which means it took the solute longer to pass the sand column. That is 
the column has higher sorption capacity. However, the increase is noticeable 
in the column of 0.5-1.0 mm sand only. The sand particle compaction might 
have been the cause of such incident, i.e., the sand of smaller size could 
compress the MP debris better than sand of larger size, especially when the 
MP and sand are of the same size (0.5-1.0 mm). While the amount of MP is 
higher in the column, the bulk density becomes less, causing less 
compression to the MP debris. So, they could adsorb the solute more causing 
the increase in total capacity. Such increase is smaller in larger sands (1.0-2.0 
and 2.0-4.0 mm) for the void between the sand particles are larger, causing 
less compression to the MP. 

  
Figure 4.14 The usable capacity of the ascending log  
over the mass percentage of MP in the middle layer 
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Figure 4.15 The total capacity of the ascending log  

over the mass percentage of MP in the middle layer 

 
Figure 4.16 The usable fraction of the ascending log  
over the mass percentage of MP in the middle layer 

 
4.2.2 Breakthrough curve fitting (HYDRUS-1D) 

Each breakthrough curve was also fitted with HYDRUS-1D. An example of this 
fitting approach is shown in Figure 4.17. The results of distribution coefficient, 
longitudinal dispersivity, and consequently, dispersion coefficient derived from 
breakthrough curve fitting are shown in Table 4.2, Table 4.3, and Table 4.4 
respectively. 
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Figure 4.17 The result of curve fitting with HYDRUS-1D for the breakthrough curve of  

10% MP 0.25-0.5 mm in sand 0.5-1.0 mm (R2 = 0.9917) 
 

Table 4.2 Distribution coefficient of the column experiments 

Distribution coefficient (L/kg) 

Particle size (mm) MP concentration (W/W) 
MP Sand 0% 5% 10% 15% 20% 

0.25-0.5 0.5-1.0 0.080 0.085 0.090 0.090 0.100 

0.5-1.0 0.5-1.0 0.080 0.080 0.090 0.110 0.120 
1.0-2.0 0.085 0.090 - 0.090 - 

2.0-4.0 0.085 0.085 - 0.085 - 
 Although NaBr is normally regarded as a nonreactive tracer, still it has 
some sorption to the soil particles, in this case, sand and microplastic 
particles. However, the amount of adsorption is relatively low, compared to 
another solute, such as Cu2+ ( 𝐾𝑑  = 3.58-9.41 L/kg, 𝐶0 = 10 mg/L) and Pb2+ ( 
𝐾𝑑 = 3.07-7.47 L/kg, 𝐶0 = 10 mg/L) (Masipan, Chotpantarat, and Boonkaewwan 
2016), therefore the adsorption of NaBr could be omitted. Moreover, as the 
initial concentration of NaBr used in this study was quite high (1000 mg/L), the 
distribution coefficient could also be high according to (Naranjo et al. 2013). 
The increase of sorption, which is associated to the distribution coefficient, 
was previously discussed in (ii).  
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Table 4.3 Longitudinal dispersivity of the column experiments 

Longitudinal dispersivity (cm) 
Particle size (mm) MP concentration (W/W) 

MP Sand 0% 5% 10% 15% 20% 

0.25-0.5 0.5-1.0 0.18 0.22 0.23 0.24 0.25 
0.5-1.0 0.5-1.0 0.18 0.19 0.20 0.21 0.22 

1.0-2.0 0.18 0.20 - 0.20 - 
2.0-4.0 0.20 0.21 - 0.21 - 

 As it is noticeable that dispersion coefficient and longitudinal 
dispersivity of the column have some common manner, increasing in the 
columns of 0.25-0.5 mm MP in 0.5-1.0 mm sand, slightly increasing in ones of 
0.5-1.0 mm MP in 0.5-1.0 mm sand, and quite stable in ones of 0.5-1.0 mm 
MP in 1.0-2.0 mm and 2.0-4.0 mm sand. The scatterplot between the two 
parameters was then plotted to investigate the correlation as shown in Figure 
4.18. 

 
Figure 4.18 The scatterplot between dispersivity and dispersion coefficient; the 

number of each datapoint representing the Peclet number of individual column 
 

 The scatterplot showed that the slope of increasing was quite high in 
the columns of 0.5-1.0 mm MP in 0.5-1.0 mm sand, while one of the other 
columns was quite low. Interestingly, the data of those columns has aligned 
in the same line. The direction of data could be determined by the Peclet 
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number (shown in figure), higher on the left. That is when advection 
predominates dispersion, as well as sorption, the distribution coefficient and 
dispersivity have lower value. Especially in columns of larger sands (1.0-2.0 
and 2.0-4.0 mm), the advection rate is higher, resulting higher Peclet number 
and small change in the two parameters. Moreover, the direction coincides 
with the amount of MP contaminant in the column, lower on the left. 
Therefore, this relationship might be induced by MP contamination. 
Furthermore, it could be concluded that in the columns of MP and sand of 
same size, the correlation between dispersivity and distribution coefficient is 
stronger than one in the columns of MP smaller than sand. However, it is still 
unclear if the MP is the cause of such incident, therefore, more information 
on this topic is required for more precise conclusion. 

Table 4.4 Longitudinal dispersion coefficient of the column experiments 
Longitudinal dispersion coefficient (cm2/s) 

Particle size (mm) MP concentration (W/W) 
MP Sand 0% 5% 10% 15% 20% 

0.25-0.5 0.5-1.0 0.0156 0.0176 0.0142 0.0127 0.0201 

0.5-1.0 0.5-1.0 0.0156 0.0166 0.0170 0.0207 0.0235 
1.0-2.0 0.0221 0.0215 - 0.0242 - 

2.0-4.0 0.0283 0.0302 - 0.0299 - 

  It is noticeable that the trend of dispersion coefficient over the 
amount of MP contaminant is not linear, decreasing at first and increasing at 
higher amount of MP. This is similar to the behavior of hydraulic conductivity 
of the column, therefore the relationship between dispersion coefficient and 
hydraulic conductivity was in focus. Moreover the factors affecting the 
dispersion coefficient include the parameters of the medium, namely porosity 
and permeability; characteristic of fluid; and the characteristic of 
displacement (Fried 1975). Therefore, in addition, relationship between 
dispersivity, dispersion coefficient and the mentioned parameters were to be 
observed to find empirical relationship. Three relationships were discovered 
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and shown as follows. Note that the following relationships were discovered 
in no prior study and possibly also behavior of typical sand, therefore further 
study and data are required for more precise conclusion. 

  
Figure 4.19 The scatterplot between dispersivity and dispersivity x bulk density of the 
column; the number of each datapoint representing the Peclet number of individual 

column 
 

 Direct scatterplot between dispersivity and bulk density of the column 
did not represent any empirical correlation, yet one between dispersivity and 
the product of bulk density and dispersivity coefficient has shown a clearer 
trend, as shown in Figure 4.19. For each batch of experiment, especially in 
the columns of 0.25-0.5 mm and 0.5-1.0 mm MP in 0.5-1.0 sand, the data of 
columns with lower MP contamination lies on the left and move to the right 
when MP contamination increases. Moreover, the direction coincides with the 
Peclet number of each column (shown in figure), higher on the left. 
Therefore, it might be concluded that the relationship could describe overall 
behavior of the sand-MP mixture with respect to the amount of MP 
contaminant. The relationship between bulk density and dispersivity could be 
represented in Equation 4.4 with R2 of 0.8862 as follows. 

 
 𝛼𝐿𝜌𝐵 = 0.9105𝛼𝐿 − 0.0531 [4.4] 

y = 0.9105x - 0.0531
R² = 0.8862
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Figure Error! No text of specified style in document..1 The scatterplot between 

dispersion coefficient and 
dispersion coefficient x porosity percentage of the column 

 
 Like bulk density, the relation between dispersion coefficient and 
porosity could be obtained from the scatterplot between porosity itself and 
the product with dispersion coefficient as shown in Figure 4.20. 
 It is noticeable that the data of each combination has clustered 
together, data from batch of smaller grain size on the left, and vice versa, 
implying that the direction of trendline is associated to the representative 
grain size. But the amount of MP contamination in each batch is not 
associated with the direction of the trendline as the dispersion coefficient has 
a non-monotone behavior. That is this relationship might determine behavior 
of typical porous media despite the MP contamination. In addition, the 
cluster of data from columns of 0.5-1.0 mm MP in 2.0-4.0 sand could have 
been excluded from the whole data set due to outlying as a result of high 
flow rate, providing more compact clustering of the data. The relationship 
between porosity percentage and dispersion coefficient could be represented 
in Equation 4.5 with R2 of 0.933 as follows. 

 
 𝐷𝐿𝜙 = 32.758𝐷𝐿 + 0.1187 [4.5] 

 As permeability and hydraulic conductivity are linearly proportional, it 
is reasonable to investigate the relationship between dispersion coefficient 

y = 32.758x + 0.1187
R² = 0.933
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and hydraulic conductivity instead. The relationship was discovered by the 
same manner as the previous ones and shown in Figure 4.21 as follows. 

 
Figure 4.21 The scatterplot between hydraulic conductivity and  

hydraulic conductivity x dispersion coefficient of the column 
 

 Like the previous scatterplot, clustering of data from each 
combination was noticeable, and the direction is associated to the average 
particle size but the MP contamination amount. That is the following 
relationship could have described behavior of typical sand, regardless of MP 
contamination. The relationship between hydraulic conductivity of the 
column and the dispersion coefficient could be shown in Equation 4.6 as 
follows with R2 of 0.9091. 

 
 𝐷𝐿𝐾𝑉 = 0.0396𝐾𝑉 − 0.0007 [4.6] 

 
4.2.3 The connection between two curve fitting methods (Excel and HYDRUS-1D) 

Although each curve fitting method has different approach, the result of each 
could be compared for some possible relationships. Sorption is one common link 
between two methods, associating both total capacity (of unit PV), and 
distribution coefficient (𝐾𝑑). The two parameters, unlike other parameters, have 
represented quite good and simple correlation as follows (see Figure 4.22). This is 
another confirmation of normalizing the breakthrough curve into dimensionless 
one. 

y = 0.0396x - 0.0007
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Figure 4.22 The scatterplot between total capacity and  

the distribution coefficient of the column 
 

 The scatterplot shows that the distribution coefficient of columns of 0.5-1.0 
mm sand has slight increasing trend along with the total capacity, while one of 
columns of larger sands (1.0-2.0 and 2.0-4.0 mm) has quite steady distribution 
coefficient, associated to lower total capacity. The increase of distribution 
coefficient is apparent only when the total capacity is higher than 1 PV. 
However, there are only a few columns with such high total capacities, therefore 
the increasing manner might have been valid to all the columns. Scattering of 
data from each batch shows that columns with sand of size 0.5-1.0 mm have 
been affected more than columns with larger sand size. This could lead to a 
conclusion that one major factor causing the change is the sand particle size. 
Sand of smaller size provides smaller void, resulting higher pressure to the 
debris. Together with sponge-like behavior of the MP, this could have affected 
the sorption capacity of the column. 
 Even though the scatterplot did not show direct relationship between the 
curve fitting parameters, 𝑘, 𝑛 and 𝐾𝑑, this could have been a foundational link 
between the two fitting methods. The link could lead to better comprehension 
and interpretation of breakthrough curves. 
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 Microplastic migration 
The observation during the experiment and on the pure sand layers suggested 
that there was neither visible movement nor intrusion of MP. Therefore, only the 
middle layer was sectioned and sampled. 
 The result from sand column sectioning and density separation could be 
shown as follows. 

 
Figure 4.23 Results from the columns of 0.25-0.5 mm MP and 0.5-1.0 mm sand 

S.D. = 1.056 (10%), 1.318 (15%), 1.065 (20%) 

 
Figure 4.24 Results from the columns of 0.5-1.0 mm MP and 0.5-1.0 mm sand 

S.D. = 0.069 (5%), 0.427 (10%), 0.264 (15%), 1.446 (20%) 
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Figure 4.25 Results from the columns of 0.5-1.0 mm MP and 1. 0-2.0 mm sand 

S.D. = 0.383 (5%), 0.749 (15%) 

 
Figure 4.26 Results from the columns of 0.5-1.0 mm MP and 2.0-4.0 mm sand 

S.D. = 1.017 (5%), 0.698 (15%) 
 In the sectioning process of column of 5% 0.25-0.5 mm MP in 0.5-1.0 mm 
sand, there was an accident causing the data lost that could not be recovered. 
So, the data was left blank. Moreover, the MP of such size was insufficient for any 
replication. 
 The result from the samples showed no certain direction of gradient of MP 
percentage over the depth among the columns. Therefore the conclusion should 
be drawn that the plastic particles did not intrude the layers of pure sand, but 
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should be inconclusive that there were, any or none, migration within the mixing 
layer. As there might have been some unnoticed one. 

  
 Additional results 
 In the process of mixing MP and sand together, it was noticeable that the 
plastic particle in sand of larger particle sizes (1.0-2.0 and 2.0-4.0 mm) had more 
tendency to sink into the bottom of mixing container (see Figure 4.27). In order to 
avoid non-uniform distribution of microplastic that might be caused by such 
incident, the mixture was stirred from the bottom up every time before being 
packed into the column. 

 
Figure 4.27 The mixture of 15% MP 0.5-1.0 mm in sand 2.0-4.0 mm 

 In the density separation process, after pure water was added to some 
samples, it appeared that the dry mixture had formed bubble trap in the 
water (see Figure 4.28), suspending plastic and sand particles. The swelling 
behavior suggested that it might take MP some time to be wet with the 
water. This issue was coped by stirring until the air bubble perished. 

 
Figure 4.28 The bubbling in the process of density separation 
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 CONCLUSIONS AND RECOMMENDATION 

 Conclusions 
It is noticeable that MP contamination have some effects on the hydraulic 
properties of sand, as the hypothesis was set. Porosity was decreased by the MP 
occupation of void space between the sand particles. Consequently, the 
relationship between bulk density and porosity of MP-contaminated sand was of 
opposite direction to one of normal sand due to lower density of MP. For 
constant flow rate, and hydraulic conductivity, behavior of decreasing and turning 
up at some point was discovered. Such behavior is similar to one of sand with 
various percentage of fine sand. Therefore, in the aspect of water flow, it can be 
concluded that MP behaved as a low-density fine sand. In terms of contaminant 
transport, breakthrough curve analysis had provided information about sorption 
capacity (usable capacity, and total capacity), distribution coefficient, dispersivity 
and consequently, dispersion coefficient. The data showed that sorption capacity, 
distribution coefficient and dispersivity increase when the percentage of MP is 
higher. Meanwhile the dispersion coefficient decreases and turns up. This suggest 
that in some columns, MP contamination could induce more sorption of bromide 
tracer. However, the amount of such sorption is relatively low, compared to any 
other pollutants. Some relationships were discovered, such as, distribution 
coefficient-dispersivity, dispersion coefficient-bulk density, dispersion coefficient-
porosity and distribution coefficient-total capacity. The first two have showed 
coincident direction to the percentage of MP and Peclet number, therefore, are 
expected to be MP-induced relationships. 
 For the migration of MP, it can be concluded that the MP intruded to neither 
layer of pure sand. The dynamic of MP in the mixing layer was still inconclusive 
as the gradient of MP percentage of samples might have been a result of column 
packing. 
 The result of this study could also be applied to some real situations of 
pollutant transport. In MP-contaminated sands, both colloid and dispersive ones 
could migrate with more difficulty, as the MP lower both advection and 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 60 

dispersion rate of the contaminant through the media. Moreover, the sorption 
could deal more capacity. Therefore, the contaminant is more likely to stay 
accumulate in a small area. 
 
 Recommendations 
For further research, it is suggested that the range of concentrations of MP should 
be wider, up to 40%, in order to obtain clearer trend of each parameter. 
Moreover, the column could have more monitoring points to obtain more 
detailed data. The flow could have been more various, higher flow rate or even 
upward mode. The discovered relationship should also be tested to in MP-free 
sand columns to ensure if the behavior was induced by MP contamination or not. 
The variation of microplastic type, size as well as the sand, or soil should be 
considered to verify the theory. Lastly, to study and analyze factors increasing 
sorption capacity, the variations in pH and ionic conditions should be in 
consideration. 
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APPENDIX A 

Data of bulk density 
 Here follow the tables of bulk density of each column in the experiment. 
Furthermore, percentage of MP, by weight, in the entire column and percentage of 
MP, by volume, in the middle layer were calculated and included. 
Table A-1 The bulk density of columns of MP 0.25-0.5 mm and sand 0.5-1.0 mm 

  MP concentration of the middle layer (W/W) 

 Layer 0% 5% 10% 15% 20% 

Mass (g) 

Top - 292 235 215 235 

Middle - 466 395 389 361 

Bottom - 281 362 342 353 
Bulk mass (g) 1064 1039 992 946 949 

Bulk density (g/cm3) 1.628 1.590 1.518 1.448 1.452 
%MP of the middle layer (W/W) 0 7.77 15.09 22.01 28.57 

%MP of the column (V/V) 0 2.24 3.98 6.17 7.61 

Table A-2 The bulk density of columns of MP 0.5-1.0 mm and sand 0.5-1.0 mm 
  MP concentration of the middle layer (W/W) 

 Layer 0% 5% 10% 15% 20% 

Mass (g) 
Top - 262 216 245 232 

Middle - 454 417 361 343 

Bottom - 388 356 334 339 
Bulk mass (g) 1064 1054 989 940 914 

Bulk density (g/cm3) 1.628 1.613 1.513 1.438 1.399 

%MP of the middle layer (W/W) 0 7.77 15.09 22.01 28.57 
%MP of the column (V/V) 0 2.15 4.22 5.76 7.51 

Table A-3 The bulk density of columns of MP 0.5-1.0 mm and sand 1.0-2.0 mm 

  MP concentration of the middle layer (W/W) 
 Layer 0% 5% 10% 15% 20% 

Mass (g) Top 243 212 - 201 - 
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Middle 547 459 - 385 - 

Bottom 342 360 - 341 - 
Bulk mass (g) 1132 1031 - 927 - 

Bulk density (g/cm3) 1.732 1.578 - 1.419 - 

%MP of the middle layer (W/W) 0 8.99 - 24.88 - 
%MP of the column (V/V) 0 2.23 - 6.23 - 

Table A-4 The bulk density of columns of MP 0.5-1.0 mm and sand 2.0-4.0 mm 

  MP concentration of the middle layer (W/W) 
 Layer 0% 5% 10% 15% 20% 

Mass (g) 
Top 206 201 - 223 - 

Middle 527 507 - 395 - 

Bottom 339 340 - 341 - 

Bulk mass (g) 1072 1048 - 959 - 
Bulk density (g/cm3) 1.640 1.604 - 1.468 - 

%MP of the middle layer (W/W) 0 8.77 - 24.37 - 

%MP of the column (V/V) 0 2.42 - 6.18 - 
Data of pore volume 
Table A-5 The pore volume of each column 

Pore volume (cm3) 

Particle size (mm) MP concentration (W/W) 

MP Sand 0% 5% 10% 15% 20% 
0.25-0.5 0.5-1.0 279 272 262 248 246 

0.5-1.0 0.5-1.0 279 267 250 257 243 

1.0-2.0 269 250 - 232 - 
2.0-4.0 267 231 - 226 - 
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Figure A-1 The pore volume of the column over the mass percentage of MP in the 

middle layer 

 
Figure A-2 The pore volume of the column over the volume percentage of MP in the 

middle layer 
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Figure A-3 The pore volume of the column over the mass percentage of MP in the 
column 

 
Figure A-4 The pore volume of the column over the weight percentage of MP in the 

colum 
 
Table A-6 The porosity of each column 

Porosity percentage (V/V) 

Particle size (mm) MP concentration (W/W) 

MP Sand 0% 5% 10% 15% 20% 
0.25-0.5 0.5-1.0 42.69 41.62 40.09 37.95 37.64 

0.5-1.0 0.5-1.0 42.69 40.86 38.26 39.33 37.18 

1.0-2.0 41.16 38.26 - 35.50 - 
2.0-4.0 40.86 35.35 - 34.58 - 

Data of constant flow rate 
Table A-7 Constant flow measurement of columns of MP 0.25-0.5 mm in sand 0.5-1.0 
mm 

 MP concentration (W/W) 

Record 0% 5% 10% 15% 20% 

1 41.27 45.70 61.69 76.68 50.62 
2 41.54 45.93 62.02 76.08 50.22 

3 41.56 45.89 61.79 76.69 50.59 
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 Time of 50 cm3 flow (s) 

Mean time (s) 41.46 54.84 61.83 76.48 50.48 
Flow rate (cm3/s) 1.206 1.099 0.809 0.654 1.010 

Table A-8 Constant flow measurement of columns of MP 0.5-1.0 mm in sand 0.5-1.0 
mm 

 MP concentration (W/W) 

Record 0% 5% 10% 15% 20% 
1 41.27 42.79 46.68 39.66 38.54 

2 41.54 42.52 47.38 39.85 38.42 

3 41.56 42.93 46.90 39.07 38.43 
 Time of 50 cm3 flow (s) 

Mean time (s) 41.46 42.75 46.99 39.53 38.46 

Flow rate (cm3/s) 1.206 1.170 1.064 1.265 1.300 
Table A-9 Constant flow measurement of columns of MP 0.5-1.0 mm in sand 1.0-2.0 

mm 
 MP concentration (W/W) 

Record 0% 5% 10% 15% 20% 

1 30.45 37.00 - 35.78 - 
2 30.13 37.23 - 35.75 - 

3 30.06 37.37 - 35.53 - 
 Time of 50 cm3 flow (s) 

Mean time (s) 30.21 37.20 - 35.69 - 

Flow rate (cm3/s) 1.655 1.344 - 1.401 - 
Table A-10 Constant flow measurement of columns of MP 0.5-1.0 mm in sand 2.0-
4.0 mm 

 MP concentration (W/W) 

Record 0% 5% 10% 15% 20% 

1 26.34 30.14 - 31.16 - 
2 26.40 30.05 - 31.11 - 

3 26.61 30.18 - 31.05 - 
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 Time of 50 cm3 flow (s) 

Mean time (s) 26.45 30.12 - 31.16 - 
Flow rate (cm3/s) 1.890 1.660 - 1.605 - 

 

 
Figure A-5 The constant flow rate of the column over the mass percentage of MP in 

the middle layer 

 
Figure A-6 The constant flow rate of the column over the volume percentage of MP 

in the middle layer 
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Figure A-7 The constant flow rate of the column over the mass percentage of MP in 

the column 

 
Figure A-8 The constant flow rate of the column over the weight percentage of MP 

in the column 
Data of hydraulic conductivity of the column 
Table A-11 The hydraulic conductivity of the column 

Particle size (mm) MP concentration (W/W) 

MP Sand 0% 5% 10% 15% 20% 
0.25-0.5 0.5-1.0 0.0351 0.0320 0.0236 0.0191 0.0294 

0.5-1.0 0.5-1.0 0.0351 0.0341 0.0310 0.0369 0.0379 
1.0-2.0 0.0482 0.0392 - 0.0408 - 

2.0-4.0 0.0551 0.0484 - 0.0468 - 

  Vertical hydraulic conductivity of the column (cm/s) 
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Figure A-9 Hydraulic conductivity of the column over the mass percentage of MP in 

the middle layer 

 
Figure A-10 Hydraulic conductivity of the column over the volume percentage of MP 

in the middle layer 

  
Figure A-11 Hydraulic conductivity of the column over the mass percentage of MP in 

the column 
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Figure A-12 Hydraulic conductivity of the column over the volume percentage of MP 

in the colum 
Data of hydraulic conductivity of the middle layer 

Table A-12 The hydraulic conductivity of the middle layer of each column 

Particle size (mm) MP concentration (W/W) 

MP Sand 0% 5% 10% 15% 20% 
0.25-0.5 0.5-1.0 0.0351 0.0294 0.0177 0.0131 0.0253 

0.5-1.0 0.5-1.0 0.0351 0.0331 0.0277 0.0390 0.0410 

1.0-2.0 0.0766 0.0442 - 0.0486 - 
2.0-4.0 0.1266 0.0774 - 0.0697 - 

  Vertical hydraulic conductivity of the middle layer (cm/s) 

 
Figure A-13 Hydraulic conductivity of the middle layer over the mass percentage of 

MP in the middle layer 
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Figure A-14 Hydraulic conductivity of the middle layer over the volume percentage 

of MP in the middle layer 
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APPENDIX B 

 

Data from column section 
Table B-1 Data from the columns of MP 0.25-0.5 mm in sand 0.5-1.0 mm 

  MP concentration of the column (W/W) 
Location Material 5% 10% 15% 20% 

Top MP mass (g) - 2.589 3.556 3.831 
Sand mass (g) - 18.384 19.062 13.739 

%MP (W/W) - 14.08 18.65 27.88 

Middle MP mass (g) - 3.290 3.310 5.735 
Sand mass (g) - 23.891 16.489 20.787 

%MP (W/W) - 13.77 20.07 27.59 

Bottom MP mass (g) - 3.516 2.711 3.209 
Sand mass (g) - 21.767 16.092 12.590 

%MP (W/W) - 16.15 16.85 25.49 

S.D. of %MP - 1.056 1.318 1.065 
Table B-2 Data from the columns of MP 0.5-1.0 mm in sand 0.5-1.0 mm 

  MP concentration of the column (W/W) 
Location Material 5% 10% 15% 20% 

Top MP mass (g) 1.095 1.981 2.894 2.739 

Sand mass 
(g) 21.062 17.613 15.829 11.099 

%MP (W/W) 5.20 11.25 18.28 24.68 
Middle MP mass (g) 1.200 1.950 2.969 3.060 

Sand mass 
(g) 22.370 

16.132 
16.738 11.723 

%MP (W/W) 5.36 12.09 17.74 26.10 

Bottom MP mass (g) 0.969 2.139 2.135 2.591 
Sand mass 

(g) 
18.516 19.224 11.655 9.187 
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%MP (W/W) 5.23 11.13 18.32 28.20 

S.D. of %MP 0.069 0.427 0.264 1.446 
Table B-3 Data from the columns of MP 0.5-1.0 mm in sand 1.0-2.0 mm 

  MP concentration of the column (W/W) 

Location Material 5% 10% 15% 20% 
Top MP mass (g) 1.278 - 3.583 - 

Sand mass (g) 28.518 - 20.425 - 

%MP (W/W) 4.48 - 17.54 - 
Middle MP mass (g) 1.524 - 3.175 - 

Sand mass (g) 29.726 - 18.555 - 
%MP (W/W) 5.13 - 17.11 - 

Bottom MP mass (g) 1.306 - 2.606 - 

Sand mass (g) 30.932 - 16.519 - 
%MP (W/W) 4.22 - 15.78 - 

S.D. of %MP 0.383 - 0.749 - 

Table B-4 Data from the columns of MP 0.5-1.0 mm in sand 2.0-4.0 mm 
  MP concentration of the column (W/W) 

Location Material 5% 10% 15% 20% 

Top MP mass (g) 1.867 - 2.789 - 
Sand mass (g) 30.348 - 16.729 - 

%MP (W/W) 6.15 - 16.65 - 
Middle MP mass (g) 1.455 - 3.180 - 

Sand mass (g) 33.712 - 20.466 - 

%MP (W/W) 4.32 - 15.54 - 
Bottom MP mass (g) 1.105 - 3.357 - 

Sand mass (g) 29.282 - 22.430 - 

%MP (W/W) 3.77 - 14.97 - 
S.D. of %MP 1.017 - 0.698 - 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

Data for breakthrough curve 
Column of 0.5-1.0 mm sand 
Table C-1 Data from the column of 0.5-1.0 mm sand 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 40 45.48 21 37 1064 

2 38 44.97 22 39 1061 
3 37 43.67 23 30 1056 

4 38 42.37 24 27 1033 

5 26 41.35 25 27 1026 
6 27 41.3 26 26 1005 

7 27 103.5 27 26 855.4 

8 31 428.3 28 27 437.6 
9 32 892.8 29 27 202 

10 29 1017 30 28 132.6 
11 33 1036 31 29 92.71 

12 32 1040 32 26 72.8 

13 28 1047 33 36 62.46 
14 33 1050 34 37 53.68 

15 31 1054 35 39 49.94 

16 27 1063 36 38 47.99 
17 37 1067 37 35 45.48 

18 38 1056 38 36 44.97 
19 37 1063  Background 44.24 

20 38 1059  Tracer 1074 
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Table C-2 Adjusted data from the column of 0.5-1.0 mm sand 

No. PV C/C0 No. PV C/C0 
1 0.07168459 0.00120416 21 2.42831541 0.990289 

2 0.21146953 0.0007089 22 2.56451613 0.9873757 

3 0.34587814 -0.0005535 23 2.68817204 0.9825202 
4 0.48028674 -0.001816 24 2.79032258 0.9601849 

5 0.59498208 -0.0028065 25 2.88709677 0.9533872 
6 0.68996416 -0.002855 26 2.98207885 0.9329941 

7 0.78673835 0.05754739 27 3.07526882 0.78771753 

8 0.890681 0.37296069 28 3.1702509 0.38199192 
9 1.00358423 0.82403667 29 3.26702509 0.15320075 

10 1.11290323 0.9446473 30 3.3655914 0.0858064 

11 1.22401434 0.9630982 31 3.46774194 0.04706922 
12 1.34050179 0.9669826 32 3.56630824 0.02773462 

13 1.44802867 0.9737803 33 3.67741935 0.01769344 
14 1.55734767 0.9766936 34 3.80824373 0.00916718 

15 1.67204301 0.980578 35 3.94444444 0.00553527 

16 1.77598566 0.9893179 36 4.08243728 0.00364163 
17 1.890681 0.9932023 37 4.21326165 0.00120416 

18 2.02508961 0.9825202 38 4.34050179 0.0007089 

19 2.15949821 0.9893179    

20 2.29390681 0.9854335    

Columns of 0.25-0.5 mm MP in 0.5-1.0 mm sand 
Table C-3 Data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm (5%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 36 40.04 21 39 1095 

2 36 42 22 41 1087 
3 38 44.28 23 40 1079 

4 37 43.4 24 38 1071 
5 30 42.61 25 29 1002 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 75 

6 28 44.56 26 28 724.2 

7 28 158.8 27 31 395 
8 27 505.5 28 27 207.5 

9 30 767.4 29 29 129 

10 27 917 30 27 92.71 
11 26 1010 31 27 73.61 

12 28 1055 32 28 64.2 

13 28 1067 33 30 58.64 
14 28 1089 34 28 54.98 

15 38 1064 35 40 53.86 
16 40 1076 36 38 52.47 

17 38 1079 37 38 51.08 

18 40 1091 38 38 50.04 
19 38 1094  Background 50.27 

20 37 1105  Tracer 1105 
Table C-4 Adjusted data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm 
(5%) 

No. PV C/C0 No. PV C/C0 
1 0.06617647 -0.0096992 21 2.49080882 0.9905189 

2 0.19852941 -0.0078409 22 2.63786765 0.98293402 
3 0.33455882 -0.0056792 23 2.78676471 0.97534914 

4 0.47242647 -0.0065135 24 2.93014706 0.96776426 

5 0.59558824 -0.0072625 25 3.05330882 0.90234468 
6 0.70220588 -0.0054137 26 3.15808824 0.63895973 

7 0.80514706 0.10289837 27 3.26654412 0.32684194 

8 0.90625 0.43160809 28 3.37316176 0.14907133 
9 1.01102941 0.67991808 29 3.47610294 0.0746447 

10 1.11580882 0.82175533 30 3.57904412 0.04023779 

11 1.21323529 0.90992956 31 3.67830882 0.02212889 
12 1.3125 0.9525945 32 3.77941176 0.01320717 
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13 1.41544118 0.96397182 33 3.88602941 0.00793568 

14 1.51838235 0.98483024 34 3.99264706 0.0044656 
15 1.63970588 0.96112749 35 4.11764706 0.00340371 

16 1.78308824 0.97250481 36 4.26102941 0.00208584 

17 1.92647059 0.97534914 37 4.40073529 0.00076797 
18 2.06985294 0.98672646 38 4.54044118 -0.0002181 

19 2.21323529 0.98957079    

20 2.35110294 1    

Table C-5 Data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm (10%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 40 52.57 21 38 1079 
2 37 53.26 22 40 1088 

3 38 51.63 23 40 1092 

4 38 51.41 24 38 1084 
5 28 51.41 25 30 1020 

6 31 78.78 26 30 745.4 

7 28 230.6 27 31 360.1 
8 27 598.6 28 27 185.5 

9 28 917.5 29 27 118.2 
10 27 1039 30 28 83.35 

11 28 1060 31 28 67.58 

12 28 1076 32 27 62.07 
13 29 1073 33 28 57.44 

14 28 1068 34 28 56.5 

15 49 1080 35 40 56.51 
16 37 1070 36 40 55.22 

17 37 1070 37 38 54.88 
18 38 1095 38 40 54.13 

19 40 1089  Background 54.31 

20 36 1082  Tracer 1092 
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Table C-6 Adjusted data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm 
(10%) 

No. PV C/C0 No. PV C/C0 

1 0.07633588 -0.0016768 21 2.63740458 0.98747217 
2 0.22328244 -0.0010119 22 2.78625954 0.99614528 

3 0.36641221 -0.0025827 23 2.9389313 1 

4 0.51145038 -0.0027947 24 3.08778626 0.99229057 
5 0.63740458 -0.0027947 25 3.21755725 0.93061512 

6 0.75 0.02358122 26 3.33206107 0.66598888 

7 0.86259542 0.16988696 27 3.44847328 0.29468338 
8 0.96755725 0.52452081 28 3.55916031 0.12642504 

9 1.07251908 0.83183802 29 3.66221374 0.06156945 
10 1.17748092 0.94892502 30 3.76717557 0.02798524 

11 1.28244275 0.96916227 31 3.8740458 0.01278802 

12 1.38931298 0.98458114 32 3.97900763 0.00747815 
13 1.4980916 0.9816901 33 4.08396947 0.00301632 

14 1.60687023 0.97687171 34 4.19083969 0.00211046 

15 1.75381679 0.98843585 35 4.32061069 0.00212009 
16 1.91793893 0.97879906 36 4.47328244 0.00087695 

17 2.05916031 0.97879906 37 4.6221374 0.0005493 
18 2.20229008 1.00289104 38 4.77099237 -0.0001735 

19 2.35114504 0.99710896    

20 2.49618321 0.99036321    
Table C-7 Data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm (15%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 37 41.33 24 36 1107 

2 36 40.6 25 37 1111 

3 37 42.7 26 39 1117 

4 40 43.68 27 40 1102 
5 30 46.04 28 37 1116 
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6 30 116 29 40 1117 

7 30 382.8 30 40 1104 
8 28 711.6 31 28 947.8 

9 28 940.4 32 28 665.2 

10 28 1045 33 27 394.6 
11 28 1073 34 28 226.9 

12 27 1094 35 30 134.1 

13 28 1111 36 29 87.56 
14 28 1109 37 27 69.18 

15 37 1109 38 28 60.75 
16 40 1104 39 28 57.15 

17 37 1108 40 27 53.77 

18 39 1112 41 40 53.62 
19 37 1111 42 40 51.06 

20 36 1109 43 38 50.07 

21 39 1111 44 40 50.08 
22 36 1115  Background 41.31 

23 37 1108  Tracer 1116 

Table C-8 Adjusted data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm 
(15%) 

No. PV C/C0 No. PV C/C0 
1 0.07459677 -9.30527E-06 24 3.18951613 0.991625258 

2 0.22177419 -0.00068859 25 3.33669355 0.995347366 

3 0.36895161 0.001265517 26 3.48991935 1.000930527 

4 0.52419355 0.002177433 27 3.64919355 0.986972624 

5 0.66532258 0.004373476 28 3.80443548 1 
6 0.78629032 0.069473136 29 3.95967742 1.000930527 

7 0.90725806 0.317737703 30 4.12096774 0.988833678 

8 1.02419355 0.623694936 31 4.25806452 0.843485381 
9 1.13709677 0.836599483 32 4.37096774 0.58051849 
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10 1.25 0.933932593 33 4.48185484 0.32871792 

11 1.36290323 0.959987345 34 4.59274194 0.172668565 
12 1.47379032 0.979528409 35 4.70967742 0.086315672 

13 1.58467742 0.995347366 36 4.82862903 0.043008952 

14 1.69758065 0.993486312 37 4.94153226 0.025905868 
15 1.82862903 0.993486312 38 5.05241935 0.018061526 

16 1.98387097 0.988833678 39 5.16532258 0.01471163 

17 2.1391129 0.992555785 40 5.27620968 0.011566449 
18 2.29233871 0.996277893 41 5.41129032 0.01142687 

19 2.44556452 0.995347366 42 5.57258065 0.009044721 
20 2.59274194 0.993486312 43 5.72983871 0.0081235 

21 2.74395161 0.995347366 44 5.88709677 0.008132805 

22 2.89516129 0.999069473    
23 3.04233871 0.992555785    

Table C-9 Data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm (20%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 36 51.45 21 37 1109 
2 37 52.3 22 38 1102 

3 38 51.37 23 40 1108 

4 36 50.75 24 42 1102 
5 28 62.81 25 28 1041 

6 25 86.71 26 31 741.3 

7 32 224.7 27 28 335.9 
8 31 586.3 28 32 166.2 

9 31 974.4 29 31 106.8 
10 29 1052 30 28 77.3 

11 28 1071 31 28 63.79 

12 28 1089 32 28 56.36 
13 28 1088 33 27 53.28 

14 29 1095 34 27 51.81 
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15 41 1105 35 38 49.67 

16 37 1095 36 37 48.93 
17 40 1109 37 38 48.56 

18 38 1099 38 41 48.38 

19 38 1104  Background 51.48 

20 36 1109  Tracer 1111 

Table C-10 Adjusted data from the column of MP 0.25-0.5 mm and sand 0.5-1.0 mm 
(20%) 

No. PV C/C0 No. PV C/C0 

1 0.07317073 -2.831E-05 21 2.78252033 0.99811235 
2 0.22154472 0.00077394 22 2.93495935 0.99150559 

3 0.37398374 -0.0001038 23 3.09349593 0.99716853 
4 0.52439024 -0.000689 24 3.2601626 0.99150559 

5 0.65447154 0.01069352 25 3.40243902 0.93393235 

6 0.76219512 0.03325091 26 3.52235772 0.65106841 
7 0.87804878 0.16348913 27 3.64227642 0.26844231 

8 1.00609756 0.50477575 28 3.76422764 0.10827545 

9 1.13211382 0.87107369 29 3.89227642 0.05221232 
10 1.25406504 0.94431441 30 4.01219512 0.02436953 

11 1.3699187 0.96224706 31 4.12601626 0.01161847 
12 1.48373984 0.97923588 32 4.2398374 0.00460586 

13 1.59756098 0.97829206 33 4.35162602 0.00169888 

14 1.71341463 0.98489882 34 4.46138211 0.00031146 
15 1.85569106 0.99433706 35 4.59349593 -0.0017083 

16 2.01422764 0.98489882 36 4.74593496 -0.0024068 

17 2.17073171 0.99811235 37 4.89837398 -0.002756 
18 2.32926829 0.98867412 38 5.05894309 -0.0029259 

19 2.48373984 0.99339323    

20 2.63414634 0.99811235    
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Data from columns of 0.5-1.0 mm MP in 0.5-1.0 mm sand 
Table C-11 Data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm (5%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 41 52.49 21 38 1047 

2 41 52.23 22 40 1052 
3 41 51.69 23 38 1040 

4 38 50.52 24 37 1041 

5 30 53.26 25 31 1021 
6 28 83.48 26 28 883.7 

7 27 213 27 28 359.1 

8 30 569.5 28 28 255 
9 28 894.4 29 28 139.9 

10 28 1004 30 28 89.92 
11 29 1042 31 29 69.66 

12 28 1044 32 31 59.99 

13 31 1041 33 29 55 
14 29 1038 34 29 52.45 

15 38 1045 35 40 50.97 

16 38 1041 36 38 49.48 
17 39 1044 37 37 48.4 

18 40 1049 38 38 48.12 

19 38 1050  Background 52.08 

20 41 1049  Tracer 1063 

Table C-12 Adjusted data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm 
(5%) 

No. PV C/C0 No. PV C/C0 
1 0.07677903 0.00040557 21 2.62921348 0.98417283 

2 0.23033708 0.00014838 22 2.7752809 0.98911882 

3 0.38389513 -0.0003858 23 2.92134831 0.97724845 
4 0.53183521 -0.0015431 24 3.06179775 0.97823764 
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5 0.65917603 0.00116725 25 3.18913858 0.95845369 

6 0.76779026 0.03106082 26 3.29962547 0.82263681 
7 0.87078652 0.15918174 27 3.40449438 0.30370356 

8 0.97752809 0.51183081 28 3.5093633 0.20072805 

9 1.08614232 0.83322122 29 3.61423221 0.08687136 
10 1.19101124 0.94163732 30 3.71910112 0.03743125 

11 1.29775281 0.97922684 31 3.8258427 0.0173901 

12 1.40449438 0.98120524 32 3.93820225 0.00782456 
13 1.51498127 0.97823764 33 4.0505618 0.00288846 

14 1.62734082 0.97527005 34 4.15917603 0.000366 
15 1.75280899 0.98219444 35 4.28838951 -0.001098 

16 1.89513109 0.97823764 36 4.43445693 -0.0025719 

17 2.03932584 0.98120524 37 4.57490637 -0.0036402 
18 2.18726592 0.98615123 38 4.71535581 -0.0039172 

19 2.33333333 0.98714043    

20 2.48127341 0.98615123    

Table C-13 Data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm (10%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 38 51.03 21 37 1113 
2 38 51.03 22 38 1115 

3 41 51.13 23 41 1119 

4 39 51.1 24 41 1119 
5 31 52.36 25 29 1038 

6 28 78.89 26 28 807.7 

7 27 249.6 27 29 409.8 
8 31 699.7 28 28 182.6 

9 28 1008 29 28 106 
10 29 1065 30 28 75.98 

11 30 1105 31 30 66.7 

12 27 1103 32 29 61.3 
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13 27 1105 33 29 58.21 

14 29 1107 34 28 56.65 
15 40 1116 35 39 55.27 

16 40 1110 36 41 54.06 

17 37 1112 37 38 53.78 
18 38 1115 38 38 53.08 

19 41 1120  Background 51.34 

20 39 1110  Tracer 1133 

Table C-14 Adjusted data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm 
(10%) 

No. PV C/C0 No. PV C/C0 

1 0.076 -0.0002866 21 2.786 0.9815099 
2 0.228 -0.0002866 22 2.936 0.98335891 

3 0.386 -0.0001941 23 3.094 0.98705693 

4 0.546 -0.0002219 24 3.258 0.98705693 
5 0.686 0.000943 25 3.398 0.91217203 

6 0.804 0.02547011 26 3.512 0.69925855 

7 0.914 0.18329235 27 3.626 0.33139804 
8 1.03 0.59941201 28 3.74 0.12135052 

9 1.148 0.88443688 29 3.852 0.05053344 
10 1.262 0.93713366 30 3.964 0.0227798 

11 1.38 0.97411386 31 4.08 0.0142004 

12 1.494 0.97226485 32 4.198 0.00920807 
13 1.602 0.97411386 33 4.314 0.00635135 

14 1.714 0.97596287 34 4.428 0.00490912 

15 1.852 0.98428342 35 4.562 0.0036333 
16 2.012 0.97873639 36 4.722 0.00251465 

17 2.166 0.9805854 37 4.88 0.00225579 

18 2.316 0.98335891 38 5.032 0.00160864 
19 2.474 0.98798144    
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20 2.634 0.97873639    

Table C-15 Data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm (15%) 
No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 40 44.48 21 40 1093 

2 38 44.58 22 40 1097 

3 38 44.26 23 38 1092 
4 38 43.77 24 40 1081 

5 31 44.73 25 28 1048 
6 29 61.46 26 28 967.6 

7 28 141.4 27 29 705.9 

8 28 365.2 28 28 372.4 
9 28 719.9 29 28 203.1 

10 28 962.2 30 29 112.9 

11 29 1059 31 30 72.8 
12 28 1071 32 28 59.58 

13 31 1084 33 28 53.52 

14 29 1090 34 30 50.35 
15 38 1090 35 40 48.19 

16 37 1091 36 37 46.96 
17 41 1097 37 38 45.24 

18 38 1098 38 40 44.91 

19 40 1094  Background 43.51 

20 38 1091  Tracer 1098 

Table C-16 Adjusted data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm 
(15%) 

No. PV C/C0 No. PV C/C0 

1 0.07782101 0.00091988 21 2.70428016 0.99525837 
2 0.22957198 0.00101471 22 2.85992218 0.99905167 

3 0.37743191 0.00071124 23 3.01167315 0.99431005 
4 0.52529183 0.00024656 24 3.16342412 0.98387846 
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5 0.65953307 0.00115696 25 3.29571984 0.95258371 

6 0.77626459 0.01702245 26 3.40466926 0.87633832 
7 0.88715953 0.09283161 27 3.5155642 0.62816148 

8 0.99610895 0.3050669 28 3.62645914 0.31189485 

9 1.10505837 0.64143804 29 3.73540856 0.1513433 
10 1.21400778 0.87121737 30 3.8463035 0.06580432 

11 1.32490272 0.9630153 31 3.96108949 0.02777646 

12 1.43579767 0.97439521 32 4.07392996 0.01523959 
13 1.55058366 0.98672344 33 4.18287938 0.00949274 

14 1.66731518 0.99241339 34 4.29571984 0.00648655 
15 1.79766537 0.99241339 35 4.43190661 0.00443816 

16 1.94357977 0.99336172 36 4.58171206 0.00327172 

17 2.09533074 0.99905167 37 4.72762646 0.0016406 
18 2.24902724 1 38 4.87937743 0.00132766 

19 2.40077821 0.9962067    

20 2.55252918 0.99336172    

Table C-17 Data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm (20%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 38 51.18 21 37 1098 
2 39 51.24 22 40 1096 

3 41 50.37 23 38 1094 

4 42 49.89 24 40 1097 
5 29 49.67 25 31 1070 

6 31 78.3 26 29 1017 

7 31 231.4 27 28 778.8 
8 28 580 28 28 437 

9 27 933.8 29 29 203.6 
10 28 1067 30 27 113 

11 27 1082 31 28 76.08 

12 28 1085 32 31 62.12 
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13 28 1088 33 28 56.68 

14 27 1090 34 28 53.97 
15 37 1091 35 37 52.17 

16 38 1093 36 38 51.18 

17 41 1097 37 39 50.72 
18 40 1098 38 40 50.44 

19 41 1095  Background 50.96 

20 39 1094  Tracer 1106 

Table C-18 Adjusted data from the column of MP 0.5.-10 mm and sand 0.5-1.0 mm 
(20%) 

No. PV C/C0 No. PV C/C0 

1 0.0781893 0.00020852 21 2.8744856 0.99241735 
2 0.23662551 0.00026539 22 3.03292181 0.99052169 

3 0.40123457 -0.0005592 23 3.19341564 0.98862602 

4 0.57201646 -0.0010142 24 3.35390947 0.99146952 
5 0.718107 -0.0012227 25 3.5 0.96587807 

6 0.84156379 0.02591371 26 3.62345679 0.91564301 

7 0.9691358 0.17102669 27 3.74074074 0.68986958 
8 1.09053498 0.5014407 28 3.85596708 0.36590082 

9 1.2037037 0.83678344 29 3.97325103 0.14467698 
10 1.31687243 0.96303458 30 4.08847737 0.05880346 

11 1.43004115 0.97725205 31 4.20164609 0.02380952 

12 1.54320988 0.98009554 32 4.32304527 0.0105778 
13 1.65843621 0.98293904 33 4.44444444 0.0054216 

14 1.77160494 0.9848347 34 4.55967078 0.00285297 

15 1.90329218 0.98578253 35 4.69341564 0.00114688 
16 2.05761317 0.98767819 36 4.84773663 0.00020852 

17 2.22016461 0.99146952 37 5.00617284 -0.0002275 

18 2.38683128 0.99241735 38 5.16872428 -0.0004929 
19 2.55349794 0.98957386    
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20 2.718107 0.98862602    

Data from column of 1.0-2.0 mm sand 
Table C-19 Data from the column of sand 1.0-2.0 mm 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 39 46.21 21 41 1101 
2 42 46.97 22 41 1103 

3 40 47.02 23 38 1101 

4 41 47.25 24 40 1096 
5 29 49.74 25 32 1000 

6 31 117.1 26 29 681.3 

7 28 369.4 27 29 357.4 
8 28 712.3 28 29 184.7 

9 29 939.4 29 32 119.5 
10 30 1039 30 32 90.16 

11 29 1078 31 29 78.44 

12 32 1091 32 28 70.75 
13 28 1096 33 29 66.67 

14 29 1092 34 29 62.59 

15 38 1096 35 41 59.82 
16 38 1093 36 39 56.58 

17 37 1096 37 38 54.3 

18 41 1101 38 40 52.87 
19 42 1099  Background 46.69 

20 39 1096  Tracer 1106 
Table C-20 Adjusted data from the column of sand 1.0-2.0 mm 

No. PV C/C0 No. PV C/C0 

1 0.07249071 -0.0004531 21 2.64126394 0.99527995 
2 0.22304833 0.00026432 22 2.7936803 0.99716797 

3 0.37546468 0.00031152 23 2.94052045 0.99527995 
4 0.5260223 0.00052865 24 3.08550186 0.99055989 
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5 0.65613383 0.00287923 25 3.21933086 0.89993486 

6 0.76765799 0.0664678 26 3.33271375 0.59907865 
7 0.87732342 0.3046417 27 3.44052045 0.29331357 

8 0.98141264 0.62834298 28 3.54832714 0.13028292 

9 1.08736059 0.84272781 29 3.66171004 0.06873342 
10 1.19702602 0.93675128 30 3.78066914 0.04103615 

11 1.30669145 0.9735677 31 3.89405204 0.02997234 

12 1.42007435 0.98583984 32 4 0.0227129 
13 1.53159851 0.99055989 33 4.10594796 0.01886133 

14 1.63754647 0.98678385 34 4.21375465 0.01500977 
15 1.76208178 0.99055989 35 4.34386617 0.01239486 

16 1.90334572 0.98772786 36 4.49256506 0.00933627 

17 2.04275093 0.99055989 37 4.63568773 0.00718392 
18 2.18773234 0.99527995 38 4.78066914 0.00583399 

19 2.34200743 0.99339192    

20 2.49256506 0.99055989    

Data from columns of 0.5-1.0 mm MP in 1.0-2.0 mm sand 
Table C-21 Data from the column of MP 0.5.-10 mm and sand 1.0-2.0 mm (5%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 39 52.07 21 38 1101 

2 40 52.31 22 38 1099 

3 41 52.92 23 38 1098 
4 38 54.06 24 39 1095 

5 31 58.85 25 29 1031 
6 29 225.3 26 29 647 

7 29 636.2 27 34 366.6 

8 29 922.3 28 30 182.1 
9 29 1022 29 29 120.4 

10 29 1055 30 30 94.88 

11 30 1086 31 28 78.69 
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12 31 1096 32 28 69.79 

13 29 1095 33 28 63.62 
14 31 1092 34 28 60.23 

15 38 1094 35 41 57.48 

16 39 1094 36 37 55.87 
17 41 1097 37 41 53.52 

18 40 1099 38 41 52.82 

19 40 1103  Background 53.93 

20 40 1099  Tracer 1105 

Table C-22 Adjusted data from the column of MP 0.5.-10 mm and sand 1.0-2.0 mm 
(5%) 

No. PV C/C0 No. PV C/C0 
1 0.078 -0.0017696 21 2.848 0.99619435 

2 0.236 -0.0015413 22 3 0.99429153 

3 0.398 -0.0009609 23 3.152 0.99334012 
4 0.556 0.00012368 24 3.306 0.99048589 

5 0.694 0.00468094 25 3.442 0.92959556 

6 0.814 0.16304337 26 3.558 0.56425357 
7 0.93 0.55397833 27 3.684 0.29747781 

8 1.046 0.82617713 28 3.812 0.1219424 
9 1.162 0.92103285 29 3.93 0.06324032 

10 1.278 0.95242943 30 4.048 0.0389603 

11 1.396 0.98192318 31 4.164 0.02355695 
12 1.518 0.9914373 32 4.276 0.01508939 

13 1.638 0.99048589 33 4.388 0.00921918 

14 1.758 0.98763165 34 4.5 0.00599389 
15 1.896 0.98953447 35 4.638 0.00337751 

16 2.05 0.98953447 36 4.794 0.00184574 

17 2.21 0.99238871 37 4.95 -0.0003901 
18 2.372 0.99429153 38 5.114 -0.0010561 
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19 2.532 0.99809718    

20 2.692 0.99429153    
Table C-23 Data from the column of MP 0.5.-10 mm and sand 1.0-2.0 mm (15%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 44 52.74 21 41 1077 

2 39 52.21 22 39 1079 
3 39 52.2 23 40 1057 

4 38 52.32 24 39 1034 
5 29 74.12 25 33 810.7 

6 29 301.4 26 39 397.3 

7 29 744.5 27 27 205.2 
8 31 966.2 28 29 132.3 

9 28 1015 29 29 98.86 

10 28 1057 30 28 79.61 
11 28 1062 31 29 69.12 

12 31 1071 32 29 62.57 

13 31 1072 33 28 58.43 
14 31 1073 34 32 56.04 

15 37 1073 35 37 54.22 
16 40 1076 36 38 52.8 

17 40 1076 37 40 52.02 

18 38 1078 38 40 51.13 
19 41 1077  Background 53.03 

20 38 1074  Tracer 1088 

Table C-24 Adjusted data from the column of MP 0.5.-10 mm and sand 1.0-2.0 mm 
(15%) 

No. PV C/C0 No. PV C/C0 
1 0.09482759 -0.0002802 21 3.05818966 0.98937167 

2 0.2737069 -0.0007923 22 3.23060345 0.9913041 

3 0.44181034 -0.000802 23 3.40086207 0.97004744 
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4 0.60775862 -0.000686 24 3.57112069 0.94782457 

5 0.75215517 0.0203774 25 3.7262931 0.73206953 
6 0.87715517 0.23997797 26 3.88146552 0.33263766 

7 1.00215517 0.66810632 27 4.0237069 0.14702842 

8 1.13146552 0.88231543 28 4.14439655 0.07659159 
9 1.25862069 0.92946655 29 4.26939655 0.04428148 

10 1.37931034 0.97004744 30 4.39224138 0.0256819 

11 1.5 0.9748785 31 4.51508621 0.01554634 
12 1.62715517 0.9835744 32 4.64008621 0.00921766 

13 1.76077586 0.98454061 33 4.76293103 0.00521754 
14 1.89439655 0.98550683 34 4.89224138 0.0029083 

15 2.04094828 0.98550683 35 5.04094828 0.00114979 

16 2.20689655 0.98840546 36 5.20258621 -0.0002222 
17 2.37931034 0.98840546 37 5.37068966 -0.0009759 

18 2.54741379 0.99033788 38 5.54310345 -0.0018358 

19 2.71767241 0.98937167    

20 2.88793103 0.98647304    

Data from column of 2.0-4.0 mm sand 
Table C-25 Data from the column of sand 2.0-4.0 mm 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 42 54.66 21 38 1102 

2 42 54.09 22 38 1104 
3 39 54.08 23 39 1106 

4 40 54.26 24 41 1089 
5 30 62.99 25 32 1030 

6 30 167.8 26 29 747.9 

7 31 476.5 27 32 446.4 
8 30 793.1 28 30 239.8 

9 29 964 29 32 141.2 

10 29 1063 30 30 98.1 
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11 29 1084 31 29 78.25 

12 30 1096 32 29 68.98 
13 29 1098 33 28 63.96 

14 29 1097 34 31 61.2 

15 38 1101 35 41 58.99 
16 38 1100 36 38 57.2 

17 42 1106 37 39 56.85 

18 39 1105 38 40 56.14 
19 39 1108  Background 54.60 

20 42 1104  Tracer 1101 
Table C-26 Adjusted data from the column of sand 2.0-4.0 mm 

No. PV C/C0 No. PV C/C0 

1 0.07865169 5.7339E-05 21 2.68164794 1.00095566 
2 0.23595506 -0.0004874 22 2.82397004 1.00286697 

3 0.38764045 -0.0004969 23 2.96816479 1.00477829 
4 0.53558052 -0.0003249 24 3.11797753 0.98853211 

5 0.66666667 0.00801797 25 3.25468165 0.93214832 

6 0.77902622 0.10818043 26 3.36891386 0.66255734 
7 0.89325843 0.4031919 27 3.48314607 0.37442661 

8 1.00749064 0.70575306 28 3.59925094 0.17698777 

9 1.11797753 0.86907492 29 3.71535581 0.08275994 
10 1.22659176 0.96368502 30 3.83146067 0.0415711 

11 1.33520599 0.98375382 31 3.94194757 0.0226013 

12 1.44569288 0.99522171 32 4.0505618 0.01374235 
13 1.55617978 0.99713303 33 4.15730337 0.00894495 

14 1.66479401 0.99617737 34 4.26779026 0.00630734 
15 1.79026217 1 35 4.40262172 0.00419534 

16 1.93258427 0.99904434 36 4.5505618 0.00248471 

17 2.082397 1.00477829 37 4.69475655 0.00215023 
18 2.2340824 1.00382263 38 4.84269663 0.00147171 
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19 2.38014981 1.0066896    

20 2.53183521 1.00286697    
Data from columns of 0.5-1.0 mm MP in 2.0-4.0 mm sand 
Table C-27 Data from the column of MP 0.5.-10 mm and sand 2.0-4.0 mm (5%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 43 52.29 21 42 1090 

2 39 52.04 22 39 1088 

3 39 51.46 23 46 1091 
4 39 51.31 24 37 1023 

5 32 66.84 25 29 659.4 

6 30 271.6 26 29 334.4 
7 30 682.3 27 28 168.1 

8 31 974.4 28 29 106.1 
9 31 1051 29 29 78.21 

10 31 1061 30 29 67.01 

11 29 1071 31 32 60.39 
12 32 1083 32 29 56.44 

13 30 1083 33 29 54.12 

14 39 1081 34 29 52.69 
15 38 1084 35 38 51.16 

16 43 1086 36 41 50.46 

17 41 1083 37 38 49.11 
18 41 1089 38 40 48.39 

19 42 1083  Background 52.85 

20 43 1088  Tracer 1095 

Table C-28 Adjusted data from the column of MP 0.5.-10 mm and sand 2.0-4.0 mm 
(5%) 

No. PV C/C0 No. PV C/C0 

1 0.09307359 -0.0005374 21 3.22077922 0.99520223 
2 0.27056277 -0.0007772 22 3.3961039 0.99328312 
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3 0.43939394 -0.0013338 23 3.58008658 0.99616178 

4 0.60822511 -0.0014777 24 3.75974026 0.93091206 
5 0.76190476 0.01342417 25 3.9025974 0.58201794 

6 0.8961039 0.20990261 26 4.02813853 0.27016264 

7 1.02597403 0.60399175 27 4.15151515 0.11058869 
8 1.15800866 0.8842777 28 4.27489177 0.05109629 

9 1.29220779 0.95777959 29 4.4004329 0.02433431 

10 1.42640693 0.96737514 30 4.52597403 0.0135873 
11 1.55627706 0.97697069 31 4.65800866 0.00723504 

12 1.68831169 0.98848534 32 4.79004329 0.0034448 
13 1.82251082 0.98848534 33 4.91558442 0.00121863 

14 1.97186147 0.98656623 34 5.04112554 -0.0001535 

15 2.13852814 0.9894449 35 5.18614719 -0.0016216 
16 2.31385281 0.99136401 36 5.35714286 -0.0022933 

17 2.495671 0.98848534 37 5.52813853 -0.0035887 

18 2.67316017 0.99424267 38 5.6969697 -0.0042796 
19 2.85281385 0.98848534    

20 3.03679654 0.99328312    
Table C-29 Data from the column of MP 0.5.-10 mm and sand 2.0-4.0 mm (15%) 

No. Volume (cm3) EC (μS/cm) No. Volume (cm3) EC (μS/cm) 
1 39 54.01 21 42 1090 

2 39 54.38 22 41 1090 
3 39 54.21 23 38 1080 

4 39 54.59 24 39 1024 

5 20 66.57 25 32 737.7 
6 31 245.1 26 29 371.3 

7 28 612.3 27 29 186.9 
8 34 892.7 28 29 112.6 

9 29 1031 29 29 81.49 

10 31 1069 30 32 67.91 
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11 29 1074 31 29 61.45 

12 28 1078 32 29 58.08 
13 28 1081 33 29 56.52 

14 29 1080 34 29 55.1 

15 29 1078 35 41 54.47 
16 38 1083 36 42 53.88 

17 40 1088 37 41 53.52 

18 38 1089 38 41 53.19 
19 40 1089  Background 54.25 

20 39 1090  Tracer 1092 
Table C-30 Adjusted data from the column of MP 0.5.-10 mm and sand 2.0-4.0 mm 
(15%) 

No. PV C/C0 No. PV C/C0 

1 0.08628319 -0.0002313 21 3.04424779 0.99807275 

2 0.25884956 0.00012527 22 3.22787611 0.99807275 
3 0.43141593 -3.854E-05 23 3.40265487 0.98843652 

4 0.6039823 0.00032763 24 3.57300885 0.93447362 

5 0.73451327 0.01187184 25 3.7300885 0.65858829 
6 0.84734513 0.18390749 26 3.86504425 0.30551674 

7 0.97787611 0.53774994 27 3.99336283 0.12782462 
8 1.11504425 0.80794989 28 4.12168142 0.05622742 

9 1.25442478 0.94121898 29 4.25 0.0262491 

10 1.38716814 0.97783667 30 4.38495575 0.01316309 
11 1.5199115 0.98265478 31 4.5199115 0.00693809 

12 1.6460177 0.98650927 32 4.64823009 0.00369068 

13 1.7699115 0.98940014 33 4.77654867 0.00218742 
14 1.8960177 0.98843652 34 4.90486726 0.00081908 

15 2.02433628 0.98650927 35 5.05973451 0.000212 

16 2.17256637 0.99132739 36 5.24336283 -0.0003565 
17 2.34513274 0.99614551 37 5.42699115 -0.0007034 
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18 2.51769912 0.99710913 38 5.60840708 -0.0010214 

19 2.69026549 0.99710913    

20 2.86504425 0.99807275    
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APPENDIX D 

Breakthrough curve fitting (Excel) 
The curve 

 
Figure D-1 The ascending log of breakthrough curve derived from the column of  

sand 0.5-1.0 mm 

 
Figure D-2 The descending log of breakthrough curve derived from the column of  

sand 0.5-1.0 mm 
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Figure D-3 The ascending log of breakthrough curve derived from the column of  

5% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-4 The descending log of breakthrough curve derived from the column of  

5% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-5 The ascending log of breakthrough curve derived from the column of  

10% MP 0.25-0.5 mm in sand 0.5-1.0 mm 
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Figure D-6 The descending log of breakthrough curve derived from the column of  

10% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-7 The ascending log of breakthrough curve derived from the column of  

15% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-8 The descending log of breakthrough curve derived from the column of  

15% MP 0.25-0.5 mm in sand 0.5-1.0 mm 
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Figure D-9 The ascending log of breakthrough curve derived from the column of  

20% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-10 The descending log of breakthrough curve derived from the column of  

20% MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 
Figure D-11 The ascending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 0.5-1.0 mm  
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Figure D-12 The descending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 0.5-1.0 mm  

 
Figure D-13 The ascending log of breakthrough curve derived from the column of  

10% MP 0.5-1.0 mm in sand 0.5-1.0 mm  

 
Figure D-14 The descending log of breakthrough curve derived from the column of  

10% MP 0.5-1.0 mm in sand 0.5-1.0 mm  
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Figure D-15 The ascending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 0.5-1.0 mm  

 
Figure D-16 The descending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 0.5-1.0 mm  

 
Figure D-17 The ascending log of breakthrough curve derived from the column of  

20% MP 0.5-1.0 mm in sand 0.5-1.0 mm  
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Figure D-18 The descending log of breakthrough curve derived from the column of  

20% MP 0.5-1.0 mm in sand 0.5-1.0 mm  

 
Figure D-19 The ascending log of breakthrough curve derived from the column of  

sand 1.0-2.0 mm  

 
Figure D-20 The descending log of breakthrough curve derived from the column of  

sand 1.0-2.0 mm  
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Figure D-21 The ascending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 1.0-2.0 mm  

 
Figure D-22 The descending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 1.0-2.0 mm  

 
Figure D-23 The ascending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 1.0-2.0 mm  
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Figure D-24 The descending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 1.0-2.0 mm  

 
Figure D-25 The ascending log of breakthrough curve derived from the column of  

sand 2.0-4.0 mm 

 
Figure D-26 The descending log of breakthrough curve derived from the column of  

sand 2.0-4.0 mm 
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Figure D-27 The ascending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 2.0-4.0 mm  

 
Figure D-28 The descending log of breakthrough curve derived from the column of  

5% MP 0.5-1.0 mm in sand 2.0-4.0 mm  

 
Figure D-29 The ascending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 2.0-4.0 mm  
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Figure D-30 The descending log of breakthrough curve derived from the column of  

15% MP 0.5-1.0 mm in sand 2.0-4.0 mm  
The parameters from ascending logs 
Table D-1 The parameters of ascending section of the breakthrough curves 

MP size (mm) Sand size (mm) %MP k n R2 

0.25-0.5 0.5-1.0 0 8.35665361 9.9078761 0.99678583 

5 1.915402 6.65740707 0.98994571 
10 0.93722777 10.0281246 0.99776032 

15 0.74693127 7.47576425 0.99777321 

20 0.39626591 10.3916744 0.99695423 
0.5-1.0 0.5-1.0 5 0.817152223 10.0839276 0.99756649 

10 0.599001018 10.6669671 0.99630661 

15 0.375509439 9.3123297 0.99876544 
20 0.272203429 10.3354219 0.9989933 

1.0-2.0 0 1.03733142 8.23061033 0.99714245 
5 1.29964652 8.67566143 0.99541658 

15 0.96082139 9.16458755 0.99490935 

2.0-4.0 0 1.07859159 7.53986285 0.9973234 
5 0.67109776 9.0724602 0.99743991 

15 0.78747731 7.63669236 0.99659738 

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3 3.5

C
/C

0

PV

15% MP 0.5-1.0 in sand 2.0-4.0: descending

fit

exp



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 108 

 
Figure D-31 The scatterplot of k (ascending) over the mass percentage of MP in the 

middle layer 

 
Figure D-32 The scatterplot of n (ascending) over the mass percentage of MP in the 

middle layer 

 
Figure D-33 The scatterplot of k (ascending) over the volume percentage of MP in 

the middle layer 
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Figure D-34 The scatterplot of n (ascending) over the volume percentage of MP in 

the middle layer 

 
Figure D-35 The scatterplot of k (ascending) over the mass percentage of MP in the 

column 

 
Figure D-36 The scatterplot of n (ascending) over the mass percentage of MP in the 

column 
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Figure D-37 The scatterplot of k (ascending) over the volume percentage of MP in 

the column 

 
Figure D-38 The scatterplot of n (ascending) over the volume percentage of MP in 

the column 
The parameters from fitting descending logs 
Table D-2 The parameters of descending section of the breakthrough curves 

MP size (mm) Sand size (mm) %MP k n R2 

0.25-0.5 0.5-1.0 0 0.81693148 10.1637592 0.99494078 
5 0.80455038 7.88283302 0.99699797 

10 0.46704255 9.15186079 0.99671102 
15 0.38447164 7.07161787 0.9945238 

20 0.20579804 10.0636294 0.99709943 

0.5-1.0 0.5-1.0 5 0.42109186 10.236378 0.98901078 
10 0.25765482 9.5772297 0.99785241 
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15 0.17394953 8.74042524 0.99746342 

20 0.06866143 9.78939429 0.99817732 
1.0-2.0 0 0.5041046 8.53885626 0.99549634 

5 0.36997016 8.09134947 0.993536 

15 0.31779865 7.17943764 0.99602026 
2.0-4.0 0 0.4096873 7.70511913 0.99595532 

5 0.32093308 8.36506026 0.99640886 

15 0.30302601 7.84884671 0.99761573 

 
Figure D-39 The scatterplot of k (descending) over the mass percentage of MP in the 

middle layer 

  
Figure D-40 The scatterplot of n (descending) over the mass percentage of MP in the 

middle layer 
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Figure D-41 The scatterplot of k (descending) over the volume percentage of MP in 

the middle layer 

 
Figure D-42 The scatterplot of n (descending) over the mass percentage of MP in the 

middle layer 

 
Figure D-43 The scatterplot of k (descending) over the mass percentage of MP in the 

column 
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Figure D-44 The scatterplot of n (descending) over the mass percentage of MP in the 

column 

 
Figure D-45 The scatterplot of k (descending) over the volume percentage of MP in 

the column 

 
Figure D-46 The scatterplot of n (descending) and the volume percentage of MP in 

the column 
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Breakpoints of the breakthrough curve 
Table D-3 The breakpoint of the breakthrough curves 

MP size (mm) Sand size (mm) %MP Ascending 
breakpoint 

Descending 
breakpoint 

0.25-0.5 0.5-1.0 0 0.59806184 0.76159655 

5 0.58055323 0.70524917 
10 0.74847173 0.78556285 

15 0.6988777 0.7521307 

20 0.82139882 0.87105158 

0.5-1.0 0.5-1.0 5 0.75993486 0.81410416 

10 0.79421331 0.84490479 
15 0.80753174 0.86960302 

20 0.85088147 0.97065051 

1.0-2.0 0 0.69397121 0.76519349 
5 0.68896174 0.78333662 

15 0.72634242 0.77566274 
2.0-4.0 0 0.66766652 0.76363363 

5 0.75320024 0.80315592 

15 0.69931673 0.79747377 
Ascending breakpoint 

 
Figure D-47 The breakpoint of the ascending log over the mass percentage of MP in 

the middle layer 
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Figure D-48 The breakpoint of the ascending log over the volume percentage of MP 

in the middle layer 

 
Figure D-49 The breakpoint of the ascending log over the mass percentage of MP in 

the column 

 
Figure D-50 The breakpoint of the ascending log over the volume percentage of MP 

in the column 
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Descending breakpoint 

 
Figure D-51 The breakpoint of the descending log over the mass percentage of MP in 

the middle layer 

 
Figure D-52 The breakpoint of the descending log over the volume percentage of MP 

in the middle layer 
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Figure D-53 The breakpoint of the descending log over the mass percentage of MP in 
the column 

 
Figure D-54 The breakpoint of the descending log over the weight percentage of MP 

in the column 

  

0.5

0.6

0.7

0.8

0.9

0% 10% 20% 30%

v/
P

V

MP percentage of the column (V/V)

The breakpoint of the descending log

MP 0.25-0.5 & sand 0.5-1.0

MP 0.5-1.0 & sand 0.5-1.0

MP 0.5-1.0 & sand 1.0-2.0

MP 0.5-1.0 & sand 2.0-4.0



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 118 

APPENDIX E 

Breakthrough curve fitting (HYDRUS 1D) 
The parameters 
Table E-1 The parameters in the fitting of breakthrough curve derived from the 
column of MP 0.25-0.5 mm in sand 0.5-1.0 mm 

 MP percentage of the middle layer (W/W) 
parameter 0% 5% 10% 15% 20% 

𝜃𝑠 (-) 0.427 0.416 0.401 0.379 0.376 
𝐾𝑠 (cm/PV) 8.143 7.980 7.647 7.246 7.301 

𝐾𝑑 (L/kg) 0.080 0.085 0.090 0.090 0.100 

𝜌𝐵 (g/cm3) 1.628 1.518 1.590 1.448 1.452 
𝛼 (-) 0.0305 0.0301 0.0302 0.0307 0.0307 

𝑛 (-) 4.4417 4.6961 4.5575 4.6608 4.6679 

𝜃𝑟 (-) 0.23 0.27 0.18 0.30 0.36 
𝛼𝐿 (cm) 0.20 0.19 0.18 0.20 0.11 

𝑣𝑠 (cm/s) 0.086 0.080 0.062 0.053 0.081 
𝐷𝐿 (cm2/s) 0.0173 0.0152 0.0111 0.0105 0.0089 

𝑅2 0.9834 0.9949 0.9917 0.9892 0.9872 

Table E-2 The parameters in the fitting of breakthrough curve derived from the 
column of MP 0.5-1.0 mm in sand 0.5-1.0 mm 

 MP percentage of the middle layer (W/W) 
parameter 0% 5% 10% 15% 20% 

𝜃𝑠 (-) 0.427 0.409 0.383 0.393 0.372 

𝐾𝑠 (cm/PV) 8.143 7.784 7.283 7.497 7.085 
𝐾𝑑 (L/kg) 0.080 0.080 0.090 0.110 0.120 

𝜌𝐵 (g/cm3) 1.628 1.613 1.513 1.438 1.399 

𝛼 (-) 0.0305 0.0304 0.0302 0.0304 0.0317 
𝑛 (-) 4.4417 4.4892 4.6997 4.4892 4.5243 

𝜃𝑟 (-) 0.23 0.30 0.32 0.38 0.37 
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𝛼𝐿 (cm) 0.20 0.19 0.17 0.14 0.12 

𝑣𝑠 (cm/s) 0.086 0.088 0.085 0.098 0.107 
𝐷𝐿 (cm2/s) 0.0173 0.0166 0.0145 0.0138 0.0128 

𝑅2 0.9834 0.9855 0.9908 0.9833 0.9856 

Table E-3 The parameters in the fitting of breakthrough curve derived from the 
column of MP 0.5-1.0 mm in sand 1.0-2.0 mm 

 MP percentage of the middle layer (W/W) 
parameter 0% 5% 10% 15% 20% 

𝜃𝑠 (-) 0.412 0.383 - 0.355 - 

𝐾𝑠 (cm/PV) 7.835 7.291 - 6.756 - 
𝐾𝑑 (L/kg) 0.085 0.090 - 0.090 - 

𝜌𝐵 (g/cm3) 1.732 1.578 - 1.419 - 

𝛼 (-) 0.0309 0.0302 - 0.0313 - 
𝑛 (-) 4.1363 4.5897 - 4.5905 - 

𝜃𝑟 (-) 0.32 0.27 - 0.27 - 
𝛼𝐿 (cm) 0.17 0.16 - 0.16 - 

𝑣𝑠 (cm/s) 0.123 0.108 - 0.121 - 

𝐷𝐿 (cm2/s) 0.021 0.017 - 0.019 - 

𝑅2 0.9930 0.9922 - 0.9910 - 

Table E-4 The parameters in the fitting of breakthrough curve derived from the 
column of MP 0.5-1.0 mm in sand 2.0-4.0 mm 

 MP percentage of the middle layer (W/W) 

parameter 0% 5% 10% 15% 20% 
𝜃𝑠 (-) 0.409 0.353 - 0.346 - 

𝐾𝑠 (cm/PV) 7.782 6.736 - 6.580 - 

𝐾𝑑 (L/kg) 0.085 0.085 - 0.085 - 
𝜌𝐵 (g/cm3) 1.640 1.604 - 1.468 - 

𝛼 (-) 0.0305 0.0303 - 0.0305 - 

𝑛 (-) 4.403 4.5167 - 4.6904 - 
𝜃𝑟 (-) 0.29 0.28 - 0.28 - 
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𝛼𝐿 (cm) 0.24 0.2 - 0.17 - 

𝑣𝑠 (cm/s) 0.142 0.144 - 0.142 - 
𝐷𝐿 (cm2/s) 0.034 0.029 - 0.024 - 

𝑅2 0.9930 0.9885 - 0.9955 - 

Table E-5 The Peclet number of the coulumn 
MP size (mm) Sand size (mm) %MP (W/W) Peclet number (-) 

0.25-0.5 0.5-1.0 0 47.3197432 

5 38.2212331 
10 34.8722401 

15 31.5205435 
20 30.7570718 

0.5-1.0 0.5-1.0 5 43.1417187 

10 38.3100198 
15 37.4058777 

20 33.8606398 

1.0-2.0 0 45.8379719 
5 38.2631287 

15 35.4358161 

2.0-4.0 0 40.8785082 
5 33.6450218 

15 32.8566679 
The curve 

 
Figure E-1 Breakthrough curve fitting by HYDRUS 1D of column of sand 0.5-1.0 mm 
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Figure E-2 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.25-0.5 mm sand 0.5-1.0 mm (5%) 

 

Figure E-3 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.25-0.5 mm sand 0.5-1.0 mm (10%) 

 
Figure E-4 Breakthrough curve fitting by HYDRUS 1D of column of  

MP 0.25-0.5 mm sand 0.5-1.0 mm (15%) 
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Figure E-5 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.25-0.5 mm sand 0.5-1.0 mm (20%) 

 
Figure E-6 Breakthrough curve fitting by HYDRUS 1D of column of  

MP 0.5-1.0 mm sand 0.5-1.0 mm (5%) 

 

Figure E-7 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 0.5-1.0 mm (10%) 
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Figure E-8 Breakthrough curve fitting by HYDRUS 1D of column of  

MP 0.5-1.0 mm sand 0.5-1.0 mm (15%) 

 

Figure E-9 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 0.5-1.0 mm (15%) 

 
Figure E-10 Breakthrough curve fitting by HYDRUS 1D of column of  

MP 0.5-1.0 mm sand 0.5-1.0 mm (20%) 
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Figure E-11 Breakthrough curve fitting by HYDRUS 1D of column of sand 1.0-2.0 mm 

 

Figure E-12 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 1.0-2.0 mm (5%) 

 

Figure E-13 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 1.0-2.0 mm (15%) 
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Figure E-14 Breakthrough curve fitting by HYDRUS 1D of column of sand 2.0-4.0 mm 

 

Figure E-15 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 2.0-4.0 mm (5%) 

 

Figure E-16 Breakthrough curve fitting by HYDRUS 1D of column of  
MP 0.5-1.0 mm sand 2.0-4.0 mm (15%) 
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