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

Field of Study: Earth Sciences Student's Signature .......ccccoeevieennnn.
Academic Year: 2020 Advisor's Signature .........coccevevrcenn.

Co-advisor's Signature ........ccceveeveeee.



ACKNOWLEDGEMENTS

After two and a half years of hard work, this thesis has finally been complete
with support and encouragement from my companions. Firstly, my advisor, who never
gives up on me, no matter what kind of obstruction there is, guidance from him has led
me to the right path. Secondly, all staffs and lecturers of the department, without
whom my laboratory would never happen to finish, their technical support is worthier
than any other one, especially in the middle of pandemic like this. Next, my family and
my friends, who are always there for me when | needed their encouragement or even
when | wanted to escape from stressful situations. Also, the university, for financial
support, Ratchadapisek Sompoch Endowment Fund (2020) under Microplastic Cluster,
Vidhayabundit Scholarship and Research Assistantship Scholarship, and Suntor Co. Ltd,,
for microplastic which | could not find somewhere else, without abovementioned
supports, this thesis would not have even started. Lastly, | would appreciate myself,
my best companion, for breaking through all difficulties, no matter how hard it is. You,

|, we are cool, as we were, and shall be cooler hereafter.

Siravit Chanprasit



TABLE OF CONTENTS

.......................................................................................................................................................... iii
ABSTRACT (THAI 1ottt ii
.......................................................................................................................................................... iv
ABSTRACT (ENGLISH) ..t iv
ACKNOWLEDGEMENTS ..ottt Vv
TABLE OF CONTENTS L.ttt vi
CHAPTER 1 INTRODUCTION ...ttt sttt 10
1.1 RAEONALE .ttt 10
1.2 OJECHIVES ..ttt ettt ettt ettt 11
1.3 HYPOTNESIS ..ttt 11
1.8 METNOAOLOGY ...ttt 12
1.5 Research assUMPLIONS ..ottt 12
1.6 Expected resultQ WIANNIIBHNMIANEINAQEL.... ... 12
1.7 Organization of thesis: = e s 13
CHAPTER 2 LITERATURE REVIEW ...t 14
2.1 MICTOPLASTIC 1ottt 14
2.2 Microplastic contamination in sandy beach........ccooveiiiiiccie e, 14
2.3 Microplastic contamination on sandy beaches on Gulf of Thailand ................... 14
2.4 Vertical migration of microplastic in sand SOil.........cccevviierniicnniicrccnes 14
2.5 Density SEPAratioN ... 15

2.6 Influence of polyethylene MICroplastiC ... 15



Vii

2.7 Pore volume and POTOSITY ...c.c.euiueiririririeieieieeeee e 15
2.8 S€EPAZE VELOTITY ..t 16
2.9 Hydraulic CONAUCEIVILY ...oveieicieieicieee e 16
2.10 Vertical hydraulic conductivity of stratified SOil......cccoooeiiiinniece. 17
2.11 Tracer transPOrt iN SOIL ... 18
212 Hydrodynamic diSPEISION ......ccceeeeeirieieieeieeee e 18
213 Peclet NUMDET ... 19
2.14 SOTPTION ottt ettt ettt ettt 19
2.15 Advection-Dispersion-Reaction equation...........cccceveiniicnniccnnccn. 20
2.16 Electrical CONAUCTIVITY ..o 20
2.16.1 EC and concentration.........c.cccceeeinnnnnneesee e 20
217 BreaktnroUgh CUMNVE ..o 21
2.17.1 BreakpOINT ... S m——t ...ttt st stetesasasasasasncnsasnsusuenenssssnsasasases 22
2.17.2 AdSOrption CAPACITY ....ciuiuiiiiieiiiiiieei e 22
2.18 Breakthrough curve fittiNg.......coooore e 23
2.19 HYDURS-LID .t 23
CHAPTER 3 METHODOLOGY ..ottt 24
3.1 FLOW CRAIT o 24
3.2 Material Preparation ... 24
3.2.1 Column @XPerMENT.....c.oiiuiieiiiieieiieeie e 24

3.2.2 Sand 25
3.2.3 MICTOPLASTIC 1. etuiieieieieieieeee et 26
3.2.4 Bulk density MeasuremMeNnt.... ..o 26

B2 D B N O e e 27



viii

3.2.6 TraCer SOLUTION.c...cuiiiiiieieee et 27
3.2.7 Sand and MP MIXTUIES ....oveieiriririeieieieieee et 27
3.2.8 ColUMN PACKING ...ttt 28

3.3 Column experiment ProCeAUIE ..ot 29
3.3.1 EC M@ASUIEMIENT ...ttt 29
3.3.2 Column @XPEIIMENT .....cuiiiiiiiriticieii e 29
3.3.3 Column section and SamMPUNG ... 31
3.3.4 DENSItY SEPATAtION vttt ettt 31

3.0 DAt @NALYSIS ..eeeeeeieieicicie ettt 32
3.4.1 Hydraulic conductivity calculation ..o 32
3.4.2 Breakthrough curve adjustment ... 33
3.4.3 Breakthrough curve fitting.......cccooiiiicieiiice e 33
3.4.4 Curve fitting with HYDRUS=1D .couiiiiieiiiiiceceeeee e 34
CHAPTER 4 RESULTS AND DISCUSSION .....ouciiiiiiiiiiiiiiieieeceeieee e 35
4.1 Basic NydrauliC ProPEITIES ...ovieeeeeeceeee e 35
A.1.1 BULK DENSITY 1ottt 35
4.1.2 Pore volume and POTOSITY .....cceuiiriririeieiieieeieee e e 35
4.1.3 Porosity and DUlk deNSITY ....c.ceeiiriieeeee s 36
4.1.4 ConStant fLOW I .uiuiieecceee e 37
4.1.5 Constant flow rate and bulk density.......ccooeoiiiiiiiiceeecce e, 38
4.1.6 Constant flow rate and pore VOIUME ........cccviiieniiiierceeee e 39
4.1.7 Hydraulic conductivity of the column ........ccoooiiiiiiiieeeeece, 39
4.1.8 Hydraulic conductivity of the middle layer ..., 40

4.1.9 Hydraulic conductivity and grain Size.......cooiviiieeicceeeeeseeee e, 41



4.2 Breakthrough CUINVE @analysis ..o 43
4.2.1 Breakthrough curve fitting using spreadsheet software(Excel)..........c......... a3

(i) The parameters of breakthrough curve fitting ........coccovvviriininne. a4

(i) Usable capacity, total capacity, and usable fraction....................... 46

4.2.2 Breakthrough curve fitting (HYDRUS-1D) ....c.cvoveiureeieiieieieieeiee e 48

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

1D) 54
4.3 MIiCroplastiC MIGIatioN ...ttt 56
4,0 ADAITIONAL TESULES ...t 58
CHAPTER 5 CONCLUSIONS AND RECOMMENDATION ....coovvviiiiririiiiicecccicceieieieieiees 59
5.1 CONCLUSIONS ittt bttt 59
5.2 RECOMMIENAATIONS. ...t 60
APPENDIX A ettt ettt ettt 61
APPENDIX B oo st sessesssasnsnsnanssssssssssasasastiiaer] o oeererereresenesenensararassasasseneseseness 71
APPENDIX C..oereeeeererereeee e JIlcosrveremesesrsrsrmrme e Ml e 73
APPENDIX Do LWL NOINML I DR M VI L A VIE NONE) e 97
APPENDIX E .t 118
REFERENCES ...ttt 126



10

CHAPTER 1 INTRODUCTION

1.1 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.

(Huffer 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 (¢),
hydraulic conductivity (K), dispersion coefficient (D), and distribution coefficient

(Kz) 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.

1.2 Objectives

To investigate hydrogeological effects of microplastic contamination in water-
saturated sand by measuring porosity (¢), hydraulic conductivity (K), dispersion
coefficient (D), and distribution coefficient (K,;) of columns with different

amount of microplastic contaminant.

To examine migration of microplastic in water-saturated sand columns under

different amounts of microplastic contamination

1.3 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 (¢p), hydraulic conductivity (K), dispersion coefficient (D), and distribution
coefficient (K )) 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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1.4 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 (K4) 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.

1.5 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.

1.6 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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1.7 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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CHAPTER 2 LITERATURE REVIEW

2.1 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).

2.2 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).

2.3 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.

2.4 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.

2.5 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 (ZnCl,) due to the cost and wide range of solution density provided (up
to 2.1 g/cm?). However, sodium chloride (NaCl) and sodium iodide (Nal) could

also be used.

2.6 Influence of polyethylene microplastic
(Huffer 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.

2.7 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 (¢) is the ratio of pore volume, or void space to the total volume of

the material. Porosity could be calculated from Equation 2.1.

Where PV stands for pore volume, and

Vi stands for the total volume of the material.

2.8 Seepage velocity
Seepage velocity, denoted by v, 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.

v
Vs = a
Where v stands for discharge velocity.

¢ stands for porosity.

2.9 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.



z = elevation head
= pressure head

sample tube h = hydraulichead =z +
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Figure 2.1 The vertical sand column with free gravity drainage (Gefell, Larue, and

Russell 2019)
_Q

Ky = o

dl

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

Z—ill stands for hydraulic gradient.

2.10 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.

————————
e emseeess]

F

g

z

.
.
l-v,,T_, ki,

1

Figure 2.2 The hydraulic conductivity of stratified soil

il
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H
K=m & H 24
1 2 n
_+_+ ...+_
Ky, ~ Ky, Ky,

1
Where K stands for the vertical hydraulic conductivity of the column

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

H; stands for the depth of the i layer, i = 1, 2, 3, ..., n.

2.11 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.

2.12 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



19

(Dy). Dy could be represented as the sum of mechanical dispersion and

molecular diffusion as shown in Equation 2.5.

D, = ayvs + D* [2.5]
Where D, stands for hydrodynamic dispersion in longitudinal direction
a;, stands for longitudinal dispersivity
v, stands for seepage velocity, and
D* stands for molecular diffusion.
The value of D* usually lies in the magnitude of 10° - 10° cm?/s (Cussler and
Cussler 2009), so, if the term a, v is greater than D*, the term D* could be

omitted.

2.13 Peclet number
Peclet number (Pe;) is a dimensionless ratio of advection rate over dispersion
rate, showing the predominance of either of two, see Equation 2.6.

vL
Py, =\ [2.6]
er D

L
Where Pe; stands for Peclet number

v stands for advective velocity

L stands for characteristic length

D, stands for longitudinal dispersion coefficient

2.14 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 (Ky).
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Cuw
Figure 2.3 Sorption isotherm

2,15 Advection-Dispersion-Reaction equation

The equation (see Equation 2.7) describes the dispersing manner of a solution in

a saturated homogeneous porous media.

oc &4 a%c dC B,oC* (0C> [2.7]
ot~ toxz Yax 6 ot \ot).,
Where C stands for the concentration

t stands for time
92%C . r
D, 5z represents the dispersion process
ac .
e represents the advection process
Bg aC"
6 at
ac ,
- represents the reaction process.
0t/ rxn

represents the sorption process, and

2,16 Electrical conductivity

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

The unit of conductivity is JLS/cm.

2.16.1 EC and concentration
It is sugeested 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.

2000

1500

1000

K (uS/cm)

500 [

P L L L L
1] 2 4 6 8 10 12 14 16

[NaBr] (mM)

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

c, _EG—BG 2.8]
/c,

"~ TR —BG
Where C/CO stands for relative concentration of sodium bromide solution
EC; stands for the EC value of the the jth 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.

2.17 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).

ustion

Break point

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.
tp
xg=| (1- C/Co)dx
0

Xp = f (1- C/Co)dx [2.10]
0

The usable fraction, i—B could represent the fraction of column used
T

for adsorption of the solution.
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2.18 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/Co _ 1 ekt" [2.11]

e, =" [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 (Kg), longitudinal dispersivity (a;) and, consequently,
dispersion coefficient (D;) 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

2.19 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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CHAPTER 3 METHODOLOGY

3.1 Flow chart

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

‘ Literature review ‘

% ‘
’ Hypothesis ‘
v :
’ Experiment design ‘
¥ . Cplumn
A K \ Pumping system
’ Material preparation 1 Sand
v Microplastic
‘ Experiment ‘ Tracer solution
v
’ Mixture mixing 4-’ Sample weighing ‘ — System design ‘
v ' 4
‘ Column setting ’ Sample drying ‘ — Sand sieving ‘
v _ 4
’ Pure water flow ‘ ’ Density separation ‘ — Sand cleaning ‘
¥ ’ § ,
‘ Constant flow rate ‘ ’ Sample collection ‘ Microplastic sieving ‘
‘ v | s L
{ Tracer solution flow | ’ Sand column section ‘ — 1 Tracer preparation ‘
v ' L3
‘ Effluent collection ’ Volume measurement ‘
v 4
‘ Pure water flow ’ EC measurement ‘
v 4
1 Effluent collection *’ Flow stop ‘
v
’ Result discussion ‘
v

’ Thesis completion ‘

Figure 3.1 The workflow of the research

3.2 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

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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RO, ; ) U5 ‘
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 cm? and then weighed. The bulk density of each sample was

calculated by Equation 3.1.

<I 3
(s
=

P =



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 IS/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.

$00IUM BROMIDE

PaTucesteal grase
e b sl
e
-t
-

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 V4 V4 V4 J V4

0.5-1.0 0.5-1.0 v V4 v v v
1.0-2.0 N4 v - v -
2.0-4.0 V4 4 - v -
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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

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

3.3 Column experiment procedure

3.3.1

3.3.2

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

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 WUS/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



sample was recorded.

30

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
a4 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

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

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

3.4 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.

H
K= 3.2]
o H o
KV1 KVz KV3

By taking H = 20 cm, H; = 4 cm, H, = 10 cm, H3 = 6 cm, K = the
hydraulic conductivity of the column, Ky, = Ky, = the vertical hydraulic
conductivity of the pure sand 0.5-1.0 mm, ky, could be represented in

Equation 3.3.

o (2_ 1\ [3.3]
2 T\K Ky,
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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.

(Blgx) + 2% 3.4
PV
Where vy, stands for the middle point of the k™ interval on the horizontal

VUV =

axis in the unit of pore volume, k = 1, 2, 3, ...
x; stands for volume of the 2 sample, i =0, 1, 2, 3, ... and x¢ = 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.

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 (R?) 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 R?
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.



34

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 (6,),
saturated water content (6), saturated hydraulic conductivity (Kj),
longitudinal dispersivity (a;), distribution coefficient (Ky), and van Genuchten
parameters (¢ and n). The parameters 6,, @, and nwas 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, 85 could be regarded as
the porosity (¢), while a; and K; would be varied until the simulated

breakthrough curve fit the experimental breakthrough curve (R*> 0.95).
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CHAPTER 4 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.

4.1 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/cm?)
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/cm?) could compress the debris

tighter, resulting greater decrease in pore volume than smaller sand (0.5-1.0).

The porosity of each column

0.44
0.42 :
o Y §
F= 04 ® ] ® MP 0.25-0.5 & sand 0.5-1.0
%]
E 0.38 [ | ® ' B MP 0.5-1.0 & sand 0.5-1.0
MP 0.5-1.0 & sand 1.0-2.0
0.36
A A MP 0.5-1.0 & sand 2.0-4.0
0.34 A
0% 5% 10% 15% 20%

MP percentage of the middle layer (W/W)

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.

Scatterplot of bulk density and porosity

E 44 2 ..-"...

3 R*=0.988 ©

3 42 L

2 L UmA

£ 40 @ @®MP 0.25-0.5 & sand 0.5-1.0
o . R2 = 0.9994

%S 38 - o = — BMP 0.5-1.0 & sand 0.5-1.0
> S

g~ 36 A MP 0.5-1.0 & sand 2.0-4.0
2 34 A AMP0.5-1.0 & sand 2.0-4.0
>

8 32

< 1.3 1.5 1.7

Bulk density of the column (g/cm3)
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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Constant flow rate of each column
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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.

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

column



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.

Scatterplot of pore volume and constant flow rate
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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.

Hydraulic conductivity of each column
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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

Hydraulic conductivity of the middle layer
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Figure 4.7 Hydraulic conductivity of the middle layer
over the volume percentage of MP in the middle layer
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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(dy0)? [4.1]
Where K stands for the hydraulic conductivity (cm/s).
A is a constant (1/cm:s), and

d, 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(d,,)? exp(—1.310y) [4.2]

Where d,, stands for geometric mean diameter by weight (mm), and
gy, stands for standard deviation of the 3 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.

= (pwg) ¢°  (dm)® [4.3]
~\p /(A-¢)* 180
Where p,, stands for the density of the fluid (g/cm?)

u stands for the viscosity of the fluid (N-s/m?)
¢ stands for the porosity (-), and
d,, 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.

4.2 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

R? are shown underneath.

10% MP 0.25-0.5 in sand 0.5-1.0: ascending
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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, R* = 0.988)
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10% MP 0.25-0.5 in sand 0.5-1.0: descending
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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, R = 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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The parameter k of ascending log
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The parameter k of descending log
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Figure 4.11 The scatterplot of 