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Abstract

My doctoral research conducts an in-depth exploration of pollutant removal in soil aquifer
treatment (SAT) systems, with a particular focus on understanding the intricate interactions
between infiltrated pollutants, soil media, and operational environmental conditions. The
study aims to unravel the mechanisms governing pollutant behavior within SAT systems,

shedding light on their diverse capabilities for pollutant removal.

Examining the performance of sand and sandy loam soils within SAT systems, reveals
significant variations in efficiency and pollutants removal capabilities. Utilizing a multifaceted
approach, the analysis incorporates static adsorption behavior through Freundlich and
Langmuir isothermal models. Freundlich models indicate that sandy loam has a higher
adsorption capacity for specific pollutants, while sand excels in others. The supportive
Langmuir models underscore sandy loam's overall superior efficiency in pollutant removal.
Dynamic breakthrough curve analysis further emphasizes sand's proficiency in handling
certain pollutants, as evidenced by higher area under the curve values, while sandy loam
exhibits higher efficiency for different pollutants. Concentration levels in sandy loam
generally lower values for NHs*, PO4*, Cu?*, Mn?*, MoO4?, Zn?*, Co?*, and BO3s*> whereas
sand exhibits lower concentrations for NOs, NO2, SOs*, and Fe?". These disparities
underscore the diverse capabilities of the two soil types in adsorbing and retaining

pollutants.

Simultaneously, the infiltration rates meticulously examine at 0.5 mL/min and 10 mL/min,
drawing on experimental, modeling, and statistical analyses. Breakthrough curves under
these infiltration rates reveal distinct trends for various pollutants. The slower infiltration rate
of 0.5 mL/min demonstrates heightened removal efficiency for specific pollutants, attributed
to extended contact times fostering enhanced adsorption and biogeochemical reactions.
Conversely, the 10 mL/min high infiltration rate excels in removing different pollutants,
indicating greater pollutant release and reduced interaction with the sand matrix. Modeling
results reinforce these experimental findings, capturing pollutant behavior over time and
depth profiles. Statistical analyses, specifically t-tests, robustly compare the two infiltration
rate scenarios, underscoring the significance of differences in pollutant removal.
Furthermore, the interplay of wetting and drying conditions in a SAT system emerges as a
critical determinant of pollutant removal and performance within the sand column. These
cycles operate through physical filtration, adsorption, and biological degradation during wet
periods and facilitate retention and immobilization during drying periods, significantly
influencing pollutant transport, solubility, and sorption capacity. The treatment performance

of the sand column displays inherent variability due to these cycles, impacting factors such

v



as pH, dissolved oxygen levels, and redox conditions. Continuous exposure induces long-
term changes in the sand's physical structure, affecting porosity, permeability, and
adsorption capacity, all crucial to sustained system performance. Moreover, infiltrated
synthetic wastewater with varying concentrations through SAT systems can have profound
impacts on pollutant interactions and treatment efficiency. The interplay between pollutants
involves competitive sorption, complex formation, redox reactions, microbial activity, and
pH fluctuations. Concentration levels influence the competitive nature of pollutant removal

mechanisms.

In conclusion, my doctoral research provides a comprehensive understanding of the diverse
capabilities of pollutant removal within SAT systems. The nuanced insights into pollutant
interactions, infiltration rates, wetting and drying conditions, and pollutant concentration

levels emphasize the complexity of designing effective soil aquifer treatment systems.
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1. Introduction

1.1. Background

Global water scarcity seriously challenges human societies (Bdour, 2007). A limited
freshwater supply cannot concur with the rapid demand mounting (Wild et al., 2010). Due
to extreme weather patterns and water scarcity, various factors play a role, such as
groundwater and surface water contamination, unequal distribution of water resources, and
frequent droughts (Asano and Cotruvo, 2004). A growing population and urbanization put
more pressure on water resources due to the need to produce food (Corcoran, 2010). In
addition to urbanization, industrial growth can cause a significant negative impact on
surface water by contaminating it with organic compounds (Schmidt and Brauch, 2008).
Further, excessive groundwater pumping beyond its natural replenishment rate causes
groundwater levels to decline and resources depleted (Abel et al., 2013). As urban water
supply coverage expands, the proportion of wastewater requiring collection and treatment
will increase, making up 75%-85% of the water supply (Scott et al., 2004). To address these
issues, an urgent need exists for artificial water storage solutions with appropriate facilities
(Diaz-Cruz and Barcelo, 2008). Wastewater can serve as a water resource, significantly
reducing the utilization of the natural valuable resources, especially for non-potable reuse
(Drewes and Khan, 2011).

Numerous communities worldwide in arid and semi-arid areas have turned to
reclaimed wastewater as a critical source for their water alternatives supply (Guizani et al.,
2011). In water-scarce regions of southern Africa and the Middle East, wastewater has
evolved into a precious resource employed for agriculture, groundwater replenishment, and
urban uses after undergoing a refining treatment process (Bdour, 2007). Asano et al. (2007)
state that water reuse is a supplementary water source available year-round in urban areas
for diverse purposes. Water reuse is commonly used to manage water resources (Guizani
et al.,, 2011). It offers numerous advantages, including safeguarding water resources,
preventing coastal pollution, recovering nutrients for agriculture, enhancing river water flow,
reducing wastewater treatment costs, and promoting groundwater recharge (Huertas et al.,
2008). Water reuse applications cover various uses, such as agricultural irrigation,
landscape irrigation, groundwater recharge, industrial reuse, environmental and
recreational purposes, non-potable urban services, and indirect or direct potable reuse
(Huertas et al., 2008). Quanrud et al. (2003) noted that several countries have recognized
indirect potable reuse systems that infiltrate reclaimed water and delay its reuse through

aquifer storage.



The utilization of land for treating and disposing of wastewater has been
documented since as early as 2600 BC during the Minoan Civilization (Angelakis and
Spyridakis, 1996). Wastewater land application provides environmental, economic, and
social advantages in addressing municipal wastewater treatment and disposal, including
ensuring reliable wastewater treatment to meet water quality standards for intended reuse,
protecting public health, and gaining community acceptance (Duan et al., 2010). It serves
three primary purposes: 1) ensuring reliable wastewater treatment, 2) protecting public
health, and 3) gaining community acceptance. However, it is crucial to thoroughly examine
chemical, geological, geochemical, public health parameters, and land-use ecology before
reusing treated wastewater to ensure safe water reuse (Kalavrouziotis and Apostolopoulos,
2007). The quality of wastewater effluent infiltrated during land-based water treatment
improves through filtration, adsorption, chemical and biodegradation in the aerated
unsaturated zone, and dispersion and dilution in the underlying aquifer (Nema et al., 2001).
Soil aquifer treatment (SAT) is a land treatment method that involves soil and aquifer in
wastewater renovation and is part of managed aquifer recharge (MAR) processes, along
with riverbank filtration (RBF) and artificial recharge and recovery (ARR), used in drinking
water augmentation projects that can produce potable water from water sources influenced
by wastewater (Rauch-Williams et al., 2010). These wastewater land application systems
can help alleviate pressure on freshwater resources in arid and semi-arid areas (Heidarpour
et al., 2007). MAR involves intentionally recharging water into aquifers for future recovery
or environmental benefits (Dillon et al., 2010). Utilizing Soil Aquifer Treatment (SAT)
methodologies in conjunction with Managed Aquifer Recharge (MAR) principles, which
advocate for using recycled or reclaimed water, can ultimately lead to favorable outcomes
by tackling water shortages and environmental challenges. Treated wastewater can be
channeled into the aquifer as a steady water source instead of being released directly into
surface water bodies, facilitating a cohesive management approach with other water supply

methods and mitigating the overall strain on resources.

1.2. Theneed for research

The majority of municipal wastewater, constituting 99.9%, is water, offering an
opportunity for collection, treatment, and reuse, supporting integrated urban water
management (Pescod, 1992). However, developing nations encounter challenges in
wastewater treatment due to inadequate facilities, power instability, and a lack of skilled
personnel (Horan, 1989). Traditional methods are financially impractical for these countries,
leading to untreated wastewater discharge and water quality degradation (Hussain et al.,
2007). This poses significant public health risks, necessitating cost-effective and eco-

friendly technologies for efficient effluent polishing. Soil Aquifer Treatment (SAT) emerges



as a promising solution, providing reliable treatment and producing acceptable quality

treated wastewater (Casanova et al., 2016).

In developing countries, wastewater treatment faces hurdles like inadequate
facilities, power instability, and a lack of skilled personnel (Abel, 2014). Traditional methods
are financially prohibitive, resulting in untreated or poorly treated wastewater discharge,
posing water quality and public health risks. To address these challenges, eco-friendly, low-
energy, and cost-effective technologies like SAT are crucial for effluent treatment (Sharma
and Kennedy, 2017). SAT, treating primary effluent (PE) from wastewater treatment plants
(WWTPSs), offers economic benefits with lower investment and reduced energy and
chemical usage (Drewes and Khan, 2011). The effectiveness of SAT for pollutant removal
is established, but knowledge gaps exist regarding water quality parameters and climatic
conditions' impact (Guillemoto et al., 2022). Additionally, experiences from developed
countries may not be directly applicable to developing nations, and information on the fate
of organic micro-pollutants in SAT with various wastewater types is lacking (Fox, 2020).
This study aims to address these gaps, simulating WWTP effluents with synthetic
wastewater in lab-scale SAT experiments. The objective is to investigate specific soil types
of impact on water quality improvement through SAT methodologies. The research findings
will aid real-scale SAT-MAR structure management, enhancing this water purification
technique's effectiveness. The study evaluates SAT efficiency in removing contaminants
and assesses its potential for use in developing countries, considering factors like hydraulic
loading rate, infiltration conditions, soil type, redox conditions, and physical and biological

mechanisms.

1.3. Research aim and objectives

The aim of this research is to enhance the conditions of wastewater discharge areas
by utilizing Soil Aquifer Treatment (SAT) and Managed Aquifer Recharge (MAR) systems.
These technigues are complementary water treatment processes that can mitigate water
scarcity and environmental issues. To apply SAT effectively, it is crucial to understand the
decontamination capacities of the soil and aquifer media, which act as filters. In this regard,
various soil characterization and soil-column experiments were carried out in a laboratory
setting to gain insight into these capacities. The outcomes of the study contribute to a better
understanding of SAT-MAR systems and their potential to improve water quality and

environmental conditions.

The primary goal of this research encompasses several specific objectives aimed at
understanding and optimizing the soil aquifer treatment (SAT) system for synthetic

wastewater pollutant attenuation. These objectives include:



1. Examining the influence of soil type, hydraulic loading rate and infiltration conditions on
the attenuation of pollutants such as nitrogen species, phosphate, sulfate, major
cations, and metals during soil filtration.

2. Analyzing the impact of operational conditions (continuous drying and rewetting cycles)
on pollutant attenuation in an SAT system.

3. Assessing the effects of pH, dissolved oxygen, oxidation-reduction potential conditions,

and conductivity variations on pollutant removal in an SAT system.

Through these objectives, the research aims to enhance the understanding of SAT

systems and improve their overall efficiency in treating synthetic wastewater pollutants.

1.4. Thesis structure
This thesis comprises 5 chapters, each targeting specific research objectives. Itincludes
an introduction, summary and 3 additional sections addressing various aspects of the soil

aguifer treatment system.

Chapter 2 investigates the influence of soil types on the efficiency of SAT system in
removing pollutants from synthetic wastewater. This chapter provides guidelines for
designing soil filtrate media and presents a thorough examination of the outcomes from soil
characterization, soil-column, and batch experiments using natural soil. The key focus is on
removing various pollutants, including nitrogen compounds, phosphate, sulfate, major

cations, and heavy metals.

Chapter 3 analyzes how hydraulic loading rate and infiltration conditions affect the
effectiveness of SAT in removing various synthetic wastewater pollutants. The pollutants

include nitrogen species, phosphate, sulfate, major cations, and heavy metals.

Chapter 4 aims to investigate the influence of operating conditions, specifically wetting
and drying cycles, on the reduction of synthetic wastewater pollutants, including nitrogen

species, phosphate, sulfate, major cations, and heavy metals, in the SAT system process.



2 Comparative Investigation and Performance Evaluation of Different Soil Types
in Enhancing Pollutants Removal from Synthetic Wastewater in Soil Aquifer

Treatment System

2.1. Introduction

Soil assessments are necessary to select suitable soil types, optimizing SAT
performance and pollutant removal. By considering these soil-related factors and optimizing
the system design, SAT can effectively remove pollutants from wastewater and protect
groundwater quality (Dillon et al., 2020). Therefore, A comprehensive understanding of soil
characteristics, and structures is essential for designing effective SAT systems that can
effectively remove pollutants from infiltrated wastewater. This chapter aims to compare and
evaluate the performance of two different soil types in enhancing pollutants removal and
characterizing the pollutants behavior from synthetic wastewater in the SAT system. The
investigation will involve a systematic assessment of various soil properties, such as grain
size distribution, soil texture determination, porosity, organic matter content, and adsorption
capacity, to understand their influence on the infiltrated pollutants treatment efficiency
through SAT system.

2.2. Materials and methods

The methodology employed to investigate how two distinct soil types enhance pollutant
removal and reveal their behavior within SAT systems is facilitated by Figure 2-1, which
presents a visual representation of the study methods in a detailed flowchart. This flowchart
guides through the complexities of the experimental design and the specific steps
undertaken to unlock the potential of different soil types in improving pollutant removal.

A synthetic wastewater effluent was carefully prepared in the laboratory to simulate
the characteristics of real-world wastewater sources. It contained a well-balanced mix of
organic and inorganic compounds such as organic matter, nitrogen compounds,
phosphorus, heavy metals, and various nutrients, replicating the complexity of actual
wastewater (van Loosdrecht et al., 2016). This synthetic effluent allowed for controlled
experiments, with adjustable pollutant levels, to accurately assess pollutant removal
efficiencies. The specific chemical composition of this laboratory-made synthetic

wastewater is detailed in Table 2-1.



Figure 2-1: Study methodology flowchart

Table 2-1: Synthetic wastewater effluent chemical composition

Chemicals Mass (mg/1L) Chemicals Mass (mg/1L)
CH3;COONa.3H.0 130 H:BO3 150
NH.CI 100 CuS0,.5H,0 150
KH2PO4 175 Kl 150
MgS0O4-7H.0 100 MnS0O4.4H.0 150
CacCl,-2H,0 15 (NH4)6Mo0,0,,4.4H,0 50
NaHCOs 200 ZnS0,.7H,0 150
KCI 35 CoCl,.6 H,0O 150
EDTA 500 Yeast extract 200
FeCls;.6H,O 150 Peptone 200

In the laboratory investigations of the SAT system, two soil filtrate medias were
selected, each with distinct characteristics. Sand, known for its coarse texture and high
permeability, facilitates efficient water infiltration and drainage, enhancing the SAT system's
hydraulic performance (Trussell et al., 2018). Sandy loam, on the other hand, is chosen for
its intermediate texture, striking a balance between water retention and permeability
(Sharma and Kennedy, 2017). Both sand and sandy loam's porosity is crucial for water and
contaminant retention, promoting improved treatment efficiency within the SAT system
(Fox, 2020). Additionally, the organic matter content in soil filtrate media influences
biological activity and pollutant degradation potential (Essandoh et al., 2013). Sandy loam,
with slightly higher organic matter content than sand, may support increased microbial
activity and organic degradable pollutants removal. Through meticulous soil
characterization, including grain size distribution, texture analysis, and organic matter
assessment, gain insights into the physical and chemical properties of these soil types
which can impact the overall performance of the SAT system regarding pollutants removal

efficiency. The grain size distribution curves depicted in figures 2-2 demonstrate notable



differences between the sand and sandy loam soils. In the case of the sand saill, it displays
a predominantly coarse texture, with a significant proportion of large-sized particles.
Conversely, the sandy loam soil exhibits a more even distribution of sand, silt, and clay
particles, suggesting a finer texture composition.

The selection of sand and sandy loam soils was based on their common use in SAT
systems and their contrasting physical and chemical properties. The soil samples were
standardized, lab-prepared soil samples to ensure consistency in fundamental processes.
Sand represents a coarser, more permeable soil type, while sandy loam offers higher
organic matter content and finer texture, potentially affecting adsorption capacities
differently. Also, sand and sandy loam soils, are the common geological structure reflecting
the top and shallow soils found in my home land. Preliminary tests included detailed
characterization of their physical and chemical properties, such as particle size distribution,
organic matter content, porosity, bulk density, and pH, to confirm their suitability for the
study.

Sand soil Sandy loam soil

Figure 2-2: Sand and sandy loam soils patrticle size distribution pattern
In Figure 2-3, the soil texture triangle categorizes the sand soil as predominantly
sandy, with a higher concentration of sand particles. In contrast, the sandy loam soil is

classified as loam, signifying a well-balanced combination of sand, silt, and clay patrticles.



Figure 2-3: Soil texture triangle classification for sand and sandy loam soils

Additionally, Table 2-2 provides a comprehensive summary of essential soil
parameters, such as organic matter content, porosity, bulk density, and pH. These
parameters are instrumental in defining the physical and chemical attributes of both sand
and sandy loam soils, thereby impacting their suitability and performance within the SAT

system.

Table 2-2 Sand and sandy loam parameters and characterizations

Parameter Sand soil Sandy Loam soil
Organic matter content (%) 0.7 1.20
Dry bulk density (g/cm?) 1.48 1.54
Porosity 0.43 0.33
pH 6.8 7.6

The comparison between the sand and sandy loam soils reveals distinct differences.
The sand soil has lower organic matter content, resulting in reduced microbial activity and
adsorption capacity, while the sandy loam soil has higher organic matter content, fostering
increased microbial activity, adsorption, and nutrient cycling. In terms of porosity, the sand
soil has more macroscopic pores, promoting efficient water infiltration and drainage,
whereas the sandy loam soil maintains a balanced porosity, allowing for both water
retention and movement. Furthermore, the sand soil has lower bulk density, indicating a
looser structure, while the sandy loam soil exhibits slightly higher bulk density, suggesting
a more compacted structure. In terms of pH, the sand and sandy loam soils tend to be

slightly neutral pH level.

The measurement of soil parameters was preprocessed in the lab by collecting soil
samples as lab ready prepared soil samples by drying them in the oven to remove the
moisture, then grinding the dried samples to a consistent particle size for sand and sandy
loam. Organic matter content is measured using the Loss on Ignition (LOI) Method, which
involves heating a sample to a high temperature to burn off organic matter. The weight loss

before and after heating estimates organic matter content. The pH was measured by
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creating a slurry by mixing sand with distilled water in a 1:2 ratio. The pH electrode was
immersed into the slurry and allowed to stabilize. Dry bulk density and porosity are
measured by using the core method, which involves taking cylindrical core samples of
known volume and weight and then calculating the dry bulk density using the formula
(Chaudhari et al., 2013):

. __ Dryweight
Bulk density = B me— Q)
POTOSity —1— Bulk density (2)

Particle density

The experimental investigations involved assessing the static and dynamic
behaviors of sand and sandy loam soils through batch tests and dynamic column setups.
In the static batch behavior tests, soil samples mixed with synthetic wastewater were used
to rapidly assess pollutant removal potential. These tests aided in identifying the most
suitable soil type for cost-effective pollutant removal and provided data for calibrating and
validating mathematical models in SAT system design. In this test, a batch polypropylene
tube with 50 mL used with controlled amount of synthetic wastewater is mixed with a
predetermined amount of soil sample with dose ratio 1:10 (3g soil : 30ml solution). The soil-
wastewater mixture is allowed to incubate and mix for a specified period (4 hours), during
which physical, chemical, and biological processes occur to reach the equilibrium and
saturation phase between soil solid particles and wastewater pollutants concentrations
under isotherm investigations. Batch tests allow for a controlled and systematic evaluation
of the soil's ability to retain, transform, and degrade contaminants, thus serving as an
important tool for assessing the overall performance of soils in the SAT system. In contrast,
dynamic column behavior tests were conducted to evaluate the performance of sand and
sandy loam soils in a lab-scale SAT system. These experiments involved using 40 cm glass
columns with a 3 cm inner diameter filled with soil samples up to a depth of 30 cm. Synthetic
wastewater was continuously applied at an infiltration rate of 0.50 mL/min over 5
experimental days, mirroring real-world conditions with a total infiltrated wastewater volume
of 250 mL/day. Effluent samples (15ml/40min) were collected and analyzed for various
pollutant concentrations, providing valuable insights into pollutant removal efficiency. The
tests monitored how pollutants progressed over time in the soil columns, offering an
assessment of treatment effectiveness. Furthermore, the experiments evaluated the ability
of sand and sandy loam soils to remove different contaminants, helping determine their
suitability for SAT systems. Additionally, it's worth noting that all experimental investigations
for both static and dynamic conditions, involving both batch and column tests, were

repeated 3 times to ensure a high level of accuracy in the experimental results.



To assess pollutant concentrations in the laboratory SAT system experiments,
various sample measurement instruments were utilized to track changes in these
concentrations. The HACH DR3900 spectrophotometer was employed to measure the
concentrations of NH4*, NOs, NO2, POs*, and SO.%. Additionally, the MP-AES (microwave
plasma atomic emission spectroscopy) was used to measure the concentrations of Fe?*,
Cu?*, MoO4%, Mn*?, Zn?*, Co?*, and BOs*. These measurements provided insights into the
concentration dynamics within the system, enabling a comprehensive assessment of the
performance and efficiency of both the sand and sandy loam soils in the lab-scale SAT

experiments.

The isothermal adsorption models are employed to study the adsorption process
and the various stages of a batch reaction. The isothermal adsorption was investigated by
altering the initial concentration of the adsorbate in a series of experiments until equilibrium
achieved. The resulting data was then modeled using the Freundlich and Langmuir
isothermal models to determine the adsorption capacity and parameters with fits the
adsorption process, offering a deeper understanding of this phenomenon (Gharbia et al.,
2022). The adsorption amount S (mg/g) which express the amount of the pollutants
adsorbed by soils can be calculated as:

S — (Cinit_ Ceq)*V (3)
M=1000

Where: Cint and Ceq expressed to the initial concentration and equilibrium

concentration of pollutants (mg/L), V is the solution volume (mL), and M (g) is the soil mass.

The Freundlich model is applied to characterize the adsorption isotherm

mechanisms, which can be modeled as:

S = Ky C/V (4)
While the Langmuir adsorption isotherm can be modeled as:
_ Kp*Smax*C
T 1+ KpsC (5)

Where: S is the adsorption amount (mg/g), C is the solution concentration (mg/L),
Kr, and K. are partitioning coefficients according to the Freundlich and Langmuir model
(L/kg), which are used to measure the affinity of the pollutants in soil, and N is a

dimensionless reaction.

In the context of column configurations, the effectiveness of the setup is commonly
assessed using a breakthrough curve. Breakthrough curves provide insights into the total
mass adsorbed by the adsorbent, denoted as gtotal, under specific conditions over time (t)

(Fernandez et al., 2023). This is calculated using Equation (6):

QA Q trotal
Qtotal = 1000 _ 1000 fo ot Cqq dt (6)
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Where: Q represent the flow rate (mL/min), A the area under the curve, t the total

duration of running (min), Caq the concentration (mg/L).

The experimental procedures were iteratively conducted three times to enhance the
reliability and confidence in the obtained results. Subsequently, confidence intervals were
calculated for each of the three experimental replications using t-test analysis, illustrating
the mean and 95% confidence intervals. A comparative analysis was performed to identify
the experimental replication characterized by a high mean and lower confidence interval
values, signifying greater accuracy and confidence in the experimental outcomes. The

graphical representation of these confidence intervals is provided in Annex 2.

2.1. Results and discussions

2.1.1. Static batch behavior

The adsorption capacity examining for sand and sandy loam soils, aiming to
understand their ability to capture and immobilize contaminants in wastewater (Ambaye et
al., 2021). This investigation was conducted through batch tests to evaluate isothermal
adsorption efficiency, under equilibrium between solid soil particles and pollutant ions (Xu
et al., 2022). Various factors, including soil texture, surface area, and composition,
influenced the soils' capacity to adsorb and retain specific pollutants (Huang et al., 2020).
The Freundlich and Langmuir models employed to analyze the isothermal adsorption
behavior of these soils, shedding light on the adsorption mechanisms, and predicting their
adsorption capacities and parameters (Yang et al., 2023). These models were used to fit
the experimental data and derive parameters describing the adsorption characteristics of
both sand and sandy loam soils. The Freundlich model, which assumes a heterogeneous
adsorption surface, which suggests the presence of multiple adsorption sites with varying
affinities for the pollutants (Koopal et al., 2020). The Freundlich model was applied to both
soil types to compare their adsorption capacities and pollutant affinities (as shown in figure
2-4). Additionally, the Langmuir model, based on monolayer adsorption on a homogeneous
surface, was used to assess the maximum adsorption capacity and the equilibrium binding
affinity of the pollutants. The Langmuir model provided information about the maximum
adsorption capacity and the strength of adsorption bonds, indicating the formation of a
monolayer coverage on the adsorbent surfaces (Al-Ghouti and Da'ana, 2020). This model
was also applied to both sand and sandy loam soils to compare their adsorption capacities
and pollutant affinities (as shown in table 2-3). Furthermore, both the Freundlich and
Langmuir models provided various model parameters for the sand and sandy loam soils.
These parameters include the Freundlich constant (Kg), the Freundlich exponent (n), the
Langmuir constant (K.), and the maximum adsorption capacity (Qmax). These values serve

to indicate the adsorption capacity and the intensity of the adsorption process for each soll
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type. They are presented in table 2-3, along with the correlation factor (R2) to assess the

accuracy and level of fit between the experimental data and the modeled results.

Figure 2-4: Freundlich and Langmuir isothermal models for synthetic wastewater
pollutants in sand and sandy loam soils

NH4* PO43'
S04 Fe2*
Cu? Zn?
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BOs* Co?*

MoO4* Mn2*

Table 2-3: The Freundlich and Langmuir adsorption parameters for sand and sandy loam
soils

Sand Sandy Loam

Ke N R2 KL Qmax R? Ke N R2 Kl Qmax R?
NH.* 0.009 044 097 0.132 0.05 0.99 0.017 0.53 0.93 0.085 0.15 0.98
PO.* 0.02 0.64 097 0.08 0.171 0.99 0.014 055 0.97 0.13 0.094 0.99
SO~ 0.019 050 095 0.11 0.131 0.99 0.017 057 094 0.08 0.16 0.98
Zn**  0.003 041 095 0.16 0.021 0.99 0.007 050 0.94 0.09 0.04 0.98
Fe** 0.015 0.70 0.98 0.036 0.27 099 0.02 068 098 0.04 031 0.99
Cu? 0.01 059 097 0.05 0.052 0.99 0.004 0.59 0.95 0.05 0.123 0.99
BOs>* 0.003 0.45 093 0.18 0.013 0.99 0.004 0.57 096 0.09 0.032 0.99
Co? 0.002 0.56 0.95 0.07 0.014 0.98 0.004 045 095 0.13 0.03 0.99
MoO,* 0.004 059 094 005 0.05 097 0.02 060 096 0.05 026 0.99
Mn2*  0.014 0.46 098 0.07 011 099 0.02 060 095 0.04 033 0.98

The Freundlich and Langmuir models were used to analyze the adsorption behavior

of sand and sandy loam soils for various pollutants. The Freundlich model's parameters, K

and n, offer insights into adsorption behavior. All Freundlich models had correlation factors

(r?) exceeding 0.90, indicating good fit between experimental and model data. A higher K¢
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value implies greater adsorption capacity. Sand exhibited higher K values for SO, and
Cu?* pollutants, while sandy loam exhibited higher Kg values for others, suggesting that
sandy loam is more efficient in removing certain pollutants compared to sand. The
parameter n represents adsorption intensity, with differences noted between the soils for
various pollutants with higher intensity for sandy loam comparing with sand. Overall, based
on the Freundlich model, sandy loam appears to have a greater capacity for removing
pollutants compared to sand. The Langmuir model parameters, K. and Qmax, Were used to
assess adsorption affinity and maximum adsorption capacity. All Langmuir models had r?
values over 0.90, indicating a strong fit. A higher Qmax value indicates greater adsorption
capacity. Sand had higher Qmax values for PO,*, while sandy loam had higher values for
others that indicates for sandy loam is more efficient in removal pollutants comparing with
sand. K. values revealed the affinity of pollutants for each soil type with higher affinity for
sandy loam comparing with sand. In general, based on the Langmuir model, sandy loam
appears to possess a greater capacity for removing pollutants compared to sand. When
comparing the Freundlich and Langmuir models based on R? values for synthetic
wastewater pollutants, the Langmuir models displayed higher values and better alignment
with the experimental results. Overall, these models effectively characterized adsorption
behavior, offering insights into surface energies, adsorption capacities, and the formation

of monolayer coverage.

2.1.2. Dynamic column behavior

The dynamic column experiments offer significant insights into the performance of
sand and sandy loam soils in removing pollutants in the SAT systems. These results reveal
how contaminants break through and emphasize differences in removal efficiencies
between the two soil types. By examining the breakthrough curves, we can evaluate the
retention capacities and adsorption behaviors of various pollutants in each soil medium by
measuring the area under the curves to determine the total amount of pollutant removed
(Zhang et al., 2022). This information is essential for assessing the effectiveness of soil
filtration in eliminating specific contaminants and for optimizing the design and operation of
the SAT systems. The column experiments enable the observation of breakthrough points,
assessment of breakthrough times, and quantification of pollutant removal for different
contaminants (Biel-Maeso et al., 2021).

Figure 2-5 displays the breakthrough curves for infiltrated NH4*, NO2', and NOzover
5-days experimental period for both sand and sandy loam.

Upon analysis of the breakthrough curves, the area under the curves (AUC) was

calculated to quantify the total removal of NH,* for each soil type. Remarkably, the results

reveal that sandy loam exhibited a more efficient removal of NH4" compared to sand. The
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total amount removed in sand 19 mg with removal rate 27%, while Sandy Loam

demonstrated a higher removal level with total removal amount 43.17 mg and rate 61.68%.

Figure 2-5: Breakthrough curves for infiltrated NH4* in sand and sandy loam soils (Initial
concentration NH4"35 mg/L)
In Figures 2-5, the breakthrough curves illustrate the removal of NO> in both sand

and sandy loam. The concentration of NO, was generated through the infiltration process
from nitrification oxidation for NH4". It's noteworthy that the initial concentration for NO2" in
the infiltrated wastewater is 0 mg/L. Upon calculating the area under the BTCs, the results
indicate that Sandy Loam removed more NO; compared to Sand. Specifically, the AUC for
Sand is 146.63 mg-min/L, while Sandy Loam demonstrated a higher AUC of 216.96 mg-
min/L.

In Figures 2-5, the breakthrough curves depict the removal of NO3 in both sand and
sandy loam. The concentration of NO3s” was generated through the infiltration process from
nitrification oxidation for NH4*. It's worth noting that the initial concentration for NO3™ in the
infiltrated wastewater is 0 mg/L. After calculating the area under the breakthrough curves
(AUC), the results indicate that Sand can retained more NO3z compared to Sandy loam.
Specifically, the AUC for Sand is 22707.93 mg-min/L, while Sandy Loam exhibited a higher
AUC of 33625.52 mg-min/L.

In Figures 2-6, the breakthrough curves illustrate the removal of PO,* in both sand

and sandy loam. The initial concentration for PO.* in the infiltrated wastewater is 20 mg/L.
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After calculating the area under the breakthrough curves (AUC), the results indicate that
Sandy loam removed more PO4* compared to Sand. Specifically, the removal % for Sand

is 7%, while Sandy Loam showed a higher removal 11.5%.

Figure 2-6 Breakthrough curves for infiltrated PO,* in sand and sandy loam soils (Initial
concentration 20 mg/L)
In Figures 2-7, the breakthrough curves illustrate the removal of SO4? in both sand

and sandy loam. The initial concentration for SO4? in the infiltrated wastewater is 20 mg/L.
After calculating the area under the breakthrough curves (AUC), the results indicate that
Sand removed more SO4%> compared to Sandy loam. Specifically, the removal % for Sand
is 56.5%, while Sandy Loam demonstrated a substantially lower 25%.

Figure 2-7 Breakthrough curves for infiltrated SO.? in sand and sandy loam soils (Initial
concentration 40 mg/L)
In Figure 2-8, the breakthrough curves illustrate the removal of Fe?* in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
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reveal that Sand removed more Fe?* compared to Sandy loam. Specifically, the removal %

for Sand is 99%, while Sandy Loam demonstrated a lower removal 98%.

Figure 2-8 Breakthrough curves for infiltrated Fe?* in sand and sandy loam soils (Initial
concentration 30 mg/L)
In Figure 2-9, the breakthrough curves illustrate the removal of Cu?* in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
indicate that Sandy loam removed more Cu?* compared to Sand. Specifically, the removal
% for Sand is 30.5%, while Sandy Loam demonstrated a comparatively higher 66.7%.

Figure 2-9 Breakthrough curves for infiltrated Cu?* in sand and sandy loam soils (Initial
concentration 30 mg/L)
In Figure 2-10, the breakthrough curves illustrate the removal of Mn?* in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
reveal that Sandy loam removed more Mn?* compared to Sand. Specifically, the removal %

for Sand is 31.2%, while Sandy Loam demonstrated a significantly higher of 82.9%.
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Figure 2-10: Breakthrough curves for infiltrated Mn?* in sand and sandy loam soils (Initial
concentration 60 mg/L)
In Figure 2-11, the breakthrough curves illustrate the removal of MoO4? in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
indicate that Sandy loam removed more MoO.*> compared to Sand. Specifically, the

removal % for Sand is 18.5%, while Sandy Loam demonstrated a higher removal of 37.6%.

Figure 2-11: Breakthrough curves for infiltrated MoO4* in sand and sandy loam soils
(Initial concentration 25 mg/L)
In Figure 2-12, the breakthrough curves illustrate the removal of Zn?* in both sand

and sandy loam. The area under the breakthrough curves (AUC), indicate that Sandy loam
removed more Zn?* compared to Sand. Specifically, the removal % for Sand is 13.6%, while

Sandy Loam demonstrated a comparatively higher removal of 48.5%.
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Figure 2-12: Breakthrough curves for infiltrated Zn?* in sand and sandy loam soils (Initial
concentration 20 mg/L)
In Figure 2-13, the breakthrough curves illustrate the removal of Co?* in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
reveal that Sandy loam removed more Co?* compared to Sand. Specifically, the removal %

for Sand is 28.3%, while Sandy Loam demonstrated a significantly higher removal of 85.2%.

Figure 2-13: Breakthrough curves for infiltrated Co*" in sand and sandy loam soils (Initial
concentration 40 mg/L)
In Figure 2-14, the breakthrough curves illustrate the removal of BOs* in both sand

and sandy loam. After calculating the area under the breakthrough curves (AUC), the results
indicate that Sandy loam removed more BOs* compared to Sand. Specifically, the removal

% for Sand is 17%, while Sandy Loam demonstrated a slightly higher removal of 22.8%.
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Figure 2-14: Breakthrough curves for infiltrated BOs* in sand and sandy loam soils (Initial
concentration 25 mg/L)
The breakthrough curve analysis reveals significant variations in the removal

efficiency of various pollutants by sand and sandy loam soils within the SAT systems. Sand
exhibited higher efficiency in removing NO2, NO3", SO4%, and Fe?*,compared to sandy loam.
Sandy loam showed higher efficiency in removing NH4*, POs*, Cu?*, Mn?*, M0oO.%, Zn?*,
Co?*, and BOs* compared to sand. The calculated area under the breakthrough curves
(AUC) for each pollutant provides a comprehensive measure of the total removal amounts,
encompassing adsorption, ion exchange, and biogeochemical reactions occurring in the
soil interactions with pollutants. Across various pollutants, Sand consistently exhibited
higher AUC values, underscoring its effectiveness in the removal of contaminants through
these intricate soil processes.

The discrepancy between the results of batch and dynamic column tests regarding the
pollutant removal efficiency of sandy loam and sand soils are typical in environmental
research (Bibiano-Cruz et al., 2016). These variations arise from the complexities inherent
in natural systems and the distinct conditions created by each testing method (Qiu et al.,
2019). Sandy loam soil demonstrates superior pollutant removal in a controlled, static
setting (batch test), potentially due to its composition, which fosters effective adsorption or
chemical reactions facilitating pollutant elimination. Conversely, sand soil exhibits greater
pollutant retention in dynamic column tests, suggesting its proficiency in filtering or retaining
pollutants over time, particularly in scenarios simulating real-world substance movement
through the soil.

2.2. Conclusion

The comparative investigation between sand and sandy loam soils in the soil aquifer

treatment (SAT) systems revealed significant variations in their performance and pollutant

removal efficiencies. The findings demonstrated that both soil types exhibited distinct
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advantages and limitations in treating different pollutants. The analysis of static adsorption
behavior using Freundlich, and Langmuir isothermal models revealed distinct
characteristics of sand and sandy loam soils in pollutant removal. Freundlich models
indicated that sandy loam exhibited higher adsorption capacity for certain pollutants, while
sand excelled in others. Langmuir models reinforced these findings, with sandy loam
demonstrating greater efficiency in removing pollutants overall. The comparison of
Freundlich and Langmuir models favored the latter, emphasizing their effectiveness in
characterizing adsorption behavior. The dynamic breakthrough curve analysis further
highlighted the variations in removal efficiency, with sand being more efficient for specific
pollutants, as evidenced by higher AUC values. In contrast, sandy loam showed higher
efficiency for other pollutants. Concentration levels in sandy loam were generally lower for
NH.*, PO4*, Cu?", Mn?*, MoO.?%, Zn?*, Co?*, and BO3*, while sand had lower concentrations
for NO2,, NOg', SO4%, and Fe?*. These differences underscore the diverse capabilities of the
two soil types in adsorbing and retaining pollutants, as supported by visual analyses. These
findings emphasize the importance of selecting the appropriate soil media based on the
specific pollutants of concern in SAT system design and operation. Overall, a
comprehensive understanding of the soil characteristics and their influence on pollutants
removal is crucial for optimizing SAT performance and ensuring effective wastewater

treatment.
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3 Understanding the Role of Infiltration Rate on Contaminants Fate and Transport
in Soil Aquifer Treatment System: Experimental, Modeling, and Statistical

Analysis Approaches

3.1 Introduction

The infiltration rate significantly affects the overall efficiency of pollutants removal
processes in SAT systems. Therefore, the primary objective of this study is to elucidate the
role of infiltration rate in contaminant fate and transport in soil aquifer treatment systems.
The study will adopt a multidisciplinary approach, incorporating experimental investigations,
modeling techniques, and statistical analysis. By combining these complementary
approaches, | aim to provide a comprehensive and detailed understanding of how varying
infiltration rates impact contaminants removal and transport processes from synthetic

wastewater effluents through soil aquifer treatment system.

3.2 Materials and methods

The comprehensive investigation for the influence of infiltration rate on contaminant
behavior in SAT systems. Synthetic wastewater and sand media were used to simulate real-
world conditions and maintain controlled experiments. The methodology included selecting
parameters such as infiltration rates (0.50 and 10 mL/min) and contaminant compaosition,
preparing synthetic wastewater with precise chemical compositions as displayed in table 3-
1, and characterizing suitable sand media as shown in table 3-2 to set up the experimental

conditions.

Table 3-1 The chemical composition for the synthetic wastewater effluents

Chemicals Mass (mg/1L) Chemicals Mass (mg/1L)
CH3COONa.3H-0 130 H;BO3 2.65
NH.CI 100 CuS0,.5H,0 15
KH2PO4 175 Kl 15
MgS0O4:7H.0 100 MnS0O4.4H-.0 15

CaCly-2H,0O 15 (NH,)6M0,0,,.4H,0 5

NaHCO3; 200 ZnS0,.7H,0 15
KCI 35 CoCl,.6 H,0 15
EDTA 500 Yeast extract 200
FeCls;.6H,0O 15 Peptone 200

Table 3-2 Sand media properties and characterization

Parameter Sand soil
Particle size (mm) 0.075 - 0.500
Organic matter content (%) 0.7
Dry bulk density (g/cm?) 1.48
Porosity 0.43
Permeability (m/d) 1.445
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A lab-scale of 40 cm glass columns depth with 3 cm inner diameter were used and
packed with the sand media up to 30 cm to create a controlled environment for the
experiments. The infiltration rate experiments were conducted by applying different
infiltration rates (0.50, and 10) mL/min, ranging from low to high. The infiltration rate was
monitored and controlled throughout the experiments to ensure consistency and accuracy
by using peristaltic pump to save a constant infiltration rate. The hydraulic loading rate was
adjusted as 250mL/d for each infiltration rates with 2 days of experimental duration time.
Sampling and analysis were performed at regular intervals to collect effluent samples from
the system. These samples were analyzed for contaminant concentrations and
physicochemical parameters such as pH, DO, and ORP. The experimental procedures were
iteratively conducted three times to enhance the reliability and confidence in the obtained
results. Subsequently, confidence intervals were calculated for each of the three
experimental replications using t-test analysis, illustrating the mean and 95% confidence
intervals. A comparative analysis was performed to identify the experimental replication
characterized by a high mean and lower confidence interval values, signifying greater
accuracy and confidence in the experimental outcomes. The graphical representation of

these confidence intervals is provided in Annex 2.

Numerical modeling and 2-D simulation profiles were employed using FEFLOW v7
to simulate the fate and transport of contaminants in the SAT system under various
infiltration rates. This software allowed for the creation of a numerical model representing
the system's physical characteristics and behavior, generating modeling for pollutants
breakthrough curves and concentration profiles. The simulation results were validated
against experimental data, contributing to the calibration and refinement of the numerical
model for accuracy check. The 2-D simulation and numerical modeling of pollutant transport
were conducted using the random walk modeling technique, a mesh-free approach for
tracking contaminants in porous media (Liang and Xuefei, 2014). This method, inspired by
statistical physics, involves tracking the movement of individual particles through porous
media using sequences of elementary displacements of similar time step durations. These
displacements occur independently and without correlation. The cumulative migration of a
solute particle is considered to result from numerous statistically independent elementary
displacements. The overall displacement of solute particles follows a probability distribution
resembling a normal distribution, which serves as an indicator of contaminant cloud
movement (Bear, 2018). In addition, the normal distribution tendency of solute particle
locations is a representation of how particle concentration spreads within a cloud plume of
contaminant particles originating from a specific location and transported under consistent

average flow conditions. Yang et al. (2020) have demonstrated that the random walk
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modeling approach exhibits high reliability, especially in scenarios with high pollution
gradients. This technique holds several advantages: it is inherently conservative, capable
of accurately resolving concentration gradients, and efficient when contaminant clouds
occupy a limited spatial domain within the computational framework (Bear, 2018). The
simulation for tracking contaminants employs the random walk method and is based on the
2-D advection-dispersion/diffusion equation (ADE). It models the movement of synthetic
wastewater pollutants in unsaturated sand, integrating water flow using Richard’s equation
and addressing pollutant transport requirements (Shu et al., 2023). The transport of
pollutant solutes in unsaturated soil is influenced by mass transfer and degradative
reactions, driven by advection under gravitational potential and capillary diffusivity. In
unsaturated soil, capillary diffusivity is the dominant factor, surpassing dispersion and
molecular diffusion forces (Winiarski et al., 2013). Equations 1 and 2 represent the
integration of Richard's equation with the ADE to model pollutants transport through

unsaturated soil.

00C 20C 00C 20 ac oc oc

a0 = %o VyEJfa[Dxanf xyay]+ [Dyanwaa]qus (1)
ViV

D;j = [ar [V + Dpléij + [a, — ar] |V|] 2)

Where: 0 is a volumetric water content related to unsaturated flow flux (cm3®cm?); C
is the mass concentration (mg/L); t is time; V is the advection velocity; Dj is the dispersion
— diffusion term characterizes the spreading and mixing rate in a cartesian domain; gs is the
source factor due to the contaminated releasing or bio-chemical reacting per unit area by
describing it with positive or negative signs however, the positive sign is indicating to the
pollutants released whilst the negative mark is meaning to contaminants drag; Dm is the
diffusion coefficient; a., ar are the longitudinal and transverse dispersivities, to equilibrium
the solute mass with water content, the model framework is split into regular cells of steady
depth, &« = &y while the quantity of the particles presents the 8 water volumetric content
(Bear, 2018).

The random walk method balances the water flux in the unsaturated soil by
randomly movable particles based on the volumetric water content. This balanced
movement provides a reperformance to the transported solute by realizing the mass load
for every particle, mpc (k is the solute term). However, the total displacement location for
random particle (p) can be calculated under the advective and dispersive conditions
(Bucker-Gittel et al., 2003):

Ax = 22 At + ZV2DAt 3)
Ay = [a—D— @] At + Zv2DAt (4)
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Z: normally distribution term function with zero average and unit variation, and K (0)
is the hydraulic conductivity. The dissolved solute mass concentration Cqx (i) is specified by

summation of the mass loadings for each solute:

N
p k
szlmp

C4* = o (5)

Where: N, is the particle quantities per cell, dv is the cell volume (cm?3), i indicate the
cell function, and k is the solute term.

While a particle transports in the fluid mobile phase and carries the concentration of
solute mass from one cell location to another. Due to particle mobility, it interchanges the
concentration mass with a solid immobile. This exchange happens between individual
particles and a particular cell. Under the assumption of linear adsorption behavior with
equilibrium statuses, two packs can reach a cell with the dissolved mg (mg) and the

adsorbed masses msk (Mg):

; N.
mgk (@) = X7, myk (6)
mg* () = f* @O my* @) (7)
The mass exchange coefficient f ¥ (i), also called a retardation adsorption coefficient
given by:
fe@) = Kqps == (8)

Where ps (g/cmd) is the soil bulk density, n is the porosity of the framework, Kq (L/kg)
is the adsorption distribution term coefficient, and f«(i) is the exchange coefficient as
adsorbed or desorbed mass in every location in time and depth for the dissolved mass. The
particle mass should be upgraded at every step related to that mass exchange. At the same
time, the interaction between particles and cell permanently changes the particle mass or

the cell concentration (Cata and Mohrlok, 2006).

FEFLOW version 7 software utilizes in an analytical approach to model the transport
of synthetic wastewater pollutants through unsaturated sand using the random walk
method. Model accuracy is assessed through the root mean square (RMS) of the transport
model. A two-dimensional numerical domain is created to simulate pollutant transport,
considering advection and dispersion processes and accounting for various factors. This
simulation approach offers valuable insights into pollutant behavior in unsaturated sand
environments, contributing to a better understanding of transport mechanisms and the
development of effective remediation strategies. The simulation process employs a
rectangular cross-section domain with specific boundary conditions for simulating pollutant
transport through unsaturated sand. The lateral boundaries are set as no-flow boundaries,
while the upper and bottom boundaries represent inflow and outflow conditions, considering

advection-dispersion motion, linear adsorption, and first-order decay reactions. Various
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parameters related to sand characteristics are considered, including saturated hydraulic
conductivity, volumetric water content (8sa), and residual water content (6,), with B4 set at
0.43 and 6, at 0.038. Vertical unsaturated infiltration flow is modeled using the Van-
Genuchten factors, with ayc at 0.145 1/cm (air entry value) and ny at 2.70 (saturation
exponent). These parameters play a crucial role in accurately representing unsaturated flow
behavior. By integrating these factors and solute mass transport parameters, the simulation

provides insights into pollutant movement in unsaturated sand media.

Finally, statistical analysis including the t-test, was performed, and visualized using R
programming to assess differences in removal efficiencies and breakthrough curves across
different infiltration rates, providing comprehensive insights into the impact of infiltration
rates on contaminant removal in the SAT system. Therefore, a systematic approach
methodology employed in this study involved carefully selecting infiltration rates, designing
synthetic wastewater, conducting experiments, collecting data, and performing statistical
and modeling analysis to investigate the role effect of infiltration rates on the behavior of

contaminants through SAT systems.

3.3 Results and discussion

The study's results offer valuable insights into how infiltration rates affect the behavior
of contaminants in the SAT systems. By combining experimental investigations, numerical
modeling, and statistical analysis, the study achieved a comprehensive understanding of
system performance under different infiltration rate conditions. These finding results provide
a deeper understanding of contaminant dynamics, including removal efficiencies,
breakthrough curves, and concentration profiles, shedding light on the influence of
infiltration rates. Ultimately, the obtained results contribute to enhancing the design and

operation of SAT systems for more efficient contaminants removal.

3.3.1 Experimental approach results

Lab-scale column experiments for simulating a SAT system provided significant insights
into its performance under varying infiltration rates. The investigation of the breakthrough
behavior for various synthetic wastewater pollutants in the SAT system under two different
infiltration rates (0.50 mL/min and 10 mL/min) provide a comprehensive understanding of
the transport and fate of infiltrated synthetic wastewater pollutants in the SAT system. These
breakthrough curves offer valuable insights into the temporal variations in pollutant
concentrations and their removal efficiencies throughout the experimental duration.

The breakthrough curve of NHs*, NO2, NOs with time scale under two different

infiltration rates of 0.50 mL/min and 10 mL/min is shown in figure 3-1. The breakthrough
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curves can gain a better understanding of how the infiltration rate influences the removal
and behavior of NHs*, NO2, NO3'.

Figure 3-1: Breakthrough curves with time scale for NH,s*, NO2,, NO3™ (Initial concentration
of NH4" 35mg/L)

NH4* breakthrough curves in SAT systems reveal insights into pollutant fate and
transport. Comparing the curves at two different infiltration rates (0.50 mL/min and 10
mL/min) provides an understanding of flow rate's impact on NH4* behavior and removal
capacity. At 10 mL/min, the NH4" breakthrough curve showed a rapid concentration
increase, suggesting faster releasing and lower pollutant removal efficiency. In contrast, the
0.50 mL/min curve displayed gradual concentration increase with no significant
breakthrough, indicating slower transport and stronger adsorption and retention processes.
The total un-uptake amount of NH4* by calculate the area under the BTCs in the sand
column over 0.50 mL/min was 8.78 mg with removal rate 49.8%, while under 10 mL/min, it
was 13.53 mg with removal rate 22.7%, demonstrating the efficiency of 0.50 mL/min in NH4*
removal due to enhanced adsorption and biodegradation processes, leading to a more
effective removal of NH4*.

The longer contact time provided by the 0.50 mL/min infiltration rate allows for a
more prolonged interaction between NH4* and the soil matrix. This extended exposure
facilitates greater opportunities for NH4" molecules to interact with the adsorption sites on

the soil particles, increasing the likelihood of adsorption and reducing the concentration of
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NH4* in the effluent. Additionally, the slower flow rate can promote enhanced microbial
activity and biodegradation processes leading to increased NH4" removal through biological
transformation processes. These findings align with Levintal et al. (2023) and Ak and
Gunduz (2014).

Both NOs" and NO> are formed as a result of the biodegradation of NHs" under
nitrification process during the experiments. It's important to note that there are no initial
concentrations for NO3z and NO> since they are generated during the course of the
nitrification byproducts. The breakthrough curves for NOsz and NO;" in the SAT system show
distinct behaviors at two different infiltration flow rates. At 0.50 mL/min, NO3s and NOy»
concentrations increase over time with fluctuations, indicating their production and
accumulation in the system. In contrast, at 10 mL/min, the concentrations are lower,
suggesting less production capacity from NH4* biodegradation based on reduced retention
in the system.

The total amount of NO3z™ un-uptake in the sand column under 0.50 mL/min infiltration
rate was 5.7 mg, indicating a substantial removal of NOs  through adsorption and other
processes. In contrast, the total amount of NO3s™ un-uptake under 10 mL/min infiltration rate
was significantly lower at 0.89 mg, suggesting effective removal at the higher infiltration
rate. Similarly, the total amount of NO, un-uptake in the sand column under 0.50 mL/min
infiltration rate was 0.017 mg, reflecting efficient removal. However, the total un-uptake
amount of NO," adsorbed under 10 mL/min infiltration rate was much lower at 0.0086 mg,
indicating that the higher flow rate led to increased removal efficiency. Generally, The BTCs
results indicate that the 0.50 mL/min infiltration rate is more effective in removing NOs™ and
NO, from the infiltrated wastewater, with longer contact times and more efficient removal
mechanisms, including adsorption and potential biological processes which aligns with Ak
and Gunduz (2014).

The breakthrough curves of PO.* with time scale under two different infiltration rates

0.50 mL/min and 10 mL/min are shown in figure 3-2.
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Figure 3-2: Breakthrough curves with time scale for PO,* (Initial concentration 20 mg/L)

The breakthrough curves for PO,* in the SAT system reveal distinct behavior at two
different infiltration rates. At 0.5 mL/min, the PO.,* breakthrough curve exhibits a decreasing
trend, indicating high removal and retention processes within the system. The concentration
initially increases, peaks at 8 mg/L, decreases to 0 mg/L, and slightly increases to 1 mg/L.
This suggests effective removal of PO.,* through adsorption, precipitation, and
biogeochemical reactions. Conversely, at a flow rate of 10 mL/min, the PO4* breakthrough
curve shows an increasing trend with significant fluctuations, suggesting lower removal
performance. The concentration rises to 19 mg/L, drops to 11 mg/L, and returns to the initial
concentration of 20 mg/L, indicating less efficient removal compared to the lower flow rate.

The total amounts of PO4% adsorbed in the sand column confirm these trends, with
significantly higher removal at 0.5 mL/min compared to 10 mL/min. Due to the total amount
of PO4* un-uptake in the sand column under 0.50 mL/min infiltration rate was 0.57 mg with
removal rate 94.3%, indicating a substantial removal of PO.* through adsorption and other
biogeochemical reactions. In contrast, the total un-uptake amount of PO4* under 10 mL/min
infiltration rate was significantly higher at 8.04 mg with removal rate 19.6%, suggesting less
effective removal at the higher flow rate. This is due to the longer contact time, enhanced
microbial activity, and favorable biogeochemical reactions at the lower flow rate, which
collectively contribute to the higher removal efficiency of PO,* which aligns with Ak and
Gunduz (2014) and Abel et al. (2012).

The breakthrough curves of SO with time scale under two different infiltration flow

rates: 0.50 mL/min and 10 mL/min are shown in figure 3-3.
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Figure 3-3: Breakthrough curves with time scale for SO,* (Initial concentration 20 mg/L)

At 0.5 mL/min infiltration rate, the SO4* breakthrough curve initially increases to a
peak of 8 mg/L, followed by a sharp decline to 2 mg/L. The curve then stabilizes at 0 mg/L,
indicating effective removal of SO4%. In contrast, at a flow rate of 10 mL/min, the initial
concentration is higher (18 mg/L) and gradually decreases, but there's an unexpected jump
to 20 mg/L, stabilizing at this level. This suggests lower removal efficiency for SO4* at the
higher flow rate. The total un-uptake amounts of SO4% in the sand column support these
trends, with significantly higher removal at 0.5 mL/min (0.81 mg with removal rate 92%)
compared to 10 mL/min (8.54 mg with removal rate 14.6%). The longer contact time,
favorable conditions for biogeochemical processes, and reducing conditions based on lower
ORP and low DO levels to be anaerobic condition (Bao et al., 2021) at 0.5 mL/min contribute
to higher removal efficiency through adsorption and microbial sulfate reduction which align
with Ghorbel et al. (2016).

The breakthrough curves of Fe?* with time scale under two different infiltration flow
rates: 0.50 mL/min and 10 mL/min are shown in figure 3-4.

At 0.5 mL/min infiltration rate, the Fe?* breakthrough curve initially decreased
gradually, indicating removal. However, there were subsequent increases in concentration,
suggesting release or desorption of Fe?*. This may be due to the convert the condition in
the system to reduction based on lower ORP and lower DO level as aerobic conditions that
help in presence the Fe?* concentration. The differences in the curve are attributed to
factors like contact time, infiltration rate, reducing conditions, oxygen availability, pH, and

ion composition in the system.
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Figure 3-4: Breakthrough curves with time scale for Fe®* (Initial concentration 3 mg/L)
The total amount of Fe?* adsorbed in the sand column was significantly higher at the
0.5 mL/min infiltration rate (0.173 mg with removal rate 88.5%) compared to the 10 mL/min
infiltration rate (1.22 mg with removal rate 18.7%). This indicates that the slower infiltration
rate allows for more effective Fe?* removal through processes like adsorption, precipitation,

and redox reactions (Gorski et al., 2016).

The breakthrough curves of Cu?* with time scale under two different infiltration flow

rates: 0.50 mL/min and 10 mL/min are shown in figure 3-5.

Figure 3-5: Breakthrough curves with time scale for Cu®* (Initial concentration 3.8 mg/L)
At 0.5 mL/min, the Cu?' breakthrough curve shows a gradual increase in
concentration, reaching a stable level of 0.7 mg/L. This indicates efficient Cu?* removal with
a high adsorption capacity for Cu?* ions. The curve has an s-shaped pattern, reflecting a

slow initial breakthrough followed by a more rapid increase. This efficient removal at 0.5
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mL/min is due to favorable adsorption conditions and removal of Cu?*. In contrast, the Cu?*
breakthrough curve at 10 mL/min displays unstable and fluctuating behavior. It starts at 0.5
mg/L, decreases to 0.1 mg/L, experiences sudden concentration jumps to 0.8 mg/L and 0.5
mg/L, and finally returns to the initial concentration of 1 mg/L. This erratic behavior suggests
less efficient and predictable Cu?* removal at 10 mL/min. The higher infiltration rate reduces
contact time, leading to decreased adsorption and removal of Cu?* ions. The total amount
of Cu?* adsorbed in the sand column was significantly higher at the 0.5 mL/min infiltration
rate (1.58 mg, removal rate 84%) compared to the 10 mL/min infiltration rate (1.36 mg,
removal rate 72%), as represented by the area under the breakthrough curves. This
underlines the importance of infiltration rate in Cu?* removal efficiency. The slower flow rate
of 0.5 mL/min allows for longer contact time and, consequently, more effective adsorption

and removal of Cu?* ions, resulting in higher removal efficiency (Bourliva et al., 2018).

The breakthrough curves of Mn?* with time scale under two different infiltration rates

0.50 mL/min and 10 mL/min are shown in figure 3-6.

Figure 3-6: Breakthrough curves with time scale for Mn**(Initial concentration 3.7 mg/L)

The Mn?* breakthrough curves in the SAT system exhibit distinct patterns at
infiltration rates of 0.5 mL/min and 10 mL/min. At 0.5 mL/min, the Mn?* breakthrough curve
shows a steady increase, reaching a stable concentration of 2 mg/L. The s-shaped pattern
indicates a gradual increase followed by a constant plateau, indicating efficient Mn?*
removal. The system demonstrates a high capacity for Mn?* adsorption and retention at this
infiltration rate. Conversely, the Mn?* breakthrough curve at 10 mL/min displays erratic and
fluctuating behavior. Starting at 1 mg/L, it increases to 3 mg/L, decreases to 2 mg/L, briefly
stabilizes, drops to 0.5 mg/L, rapidly increases back to 3 mg/L, and drops to 0.5 mg/L again.
This behavior suggests less efficient and consistent Mn?* removal at 10 mL/min due to the

higher infiltration rate, reducing contact time for effective adsorption and retention. The total
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amount of Mn?* adsorbed in the sand column was significantly higher at the 0.5 mL/min
infiltration rate (0.79 mg, removal rate 47.3%) compared to the 10 mL/min infiltration rate
(0.92 mg, removal rate 38.7%), as represented by the area under the breakthrough curves.
This underscores the substantial impact of infiltration rate on Mn?* removal efficiency. The
slower infiltration rate of 0.5 mL/min allows for longer contact time, promoting better
adsorption and geochemical reactions of Mn?* ions. In contrast, the higher infiltration rate
of 10 mL/min limits interaction between Mn?* and the soil media, resulting in less efficient

removal and more fluctuating breakthrough behavior (An et al., 2020).

The breakthrough curves of MoO.? with time scale under two different infiltration

rates 0.50 mL/min and 10 mL/min are shown in figure 3-7.

Figure 3-7: Breakthrough curves with time scale for MoO.? (Initial concentration 2.5 mg/L)

The MoO.* breakthrough curves in the SAT system display different behaviors
based on the infiltration rate, with distinctions noted between 0.5 mL/min and 10 mL/min. At
0.5 mL/min, the MoO.* breakthrough curve follows a complex pattern. Starting at 1.7 mg/L,
the curve gradually decreases to 1.5 mg/L, increases to 1.6 mg/L, drops to 1.4 mg/L, and
then exhibits an s-shaped pattern, stabilizing at 1.8 mg/L. This indicates a moderate
capacity for MoO4? adsorption and retention by the soil media, with fluctuations suggesting
dynamic interactions between MoO.* and the soil media. In contrast, the 10 mL/min
infiltration rate results in a different trend. Starting at 2.1 mg/L, the curve increases to a peak
of 2.7 mg/L, higher than the initial concentration. This suggests that the higher infiltration
rate limits interaction between MoO.? and the soil matrix, leading to less efficient removal.
Subsequently, the curve stabilizes around 2.6 mg/L, drops to 2.4 mg/L, and exhibits minor
variations but remains relatively stable around 2.3 mg/L. The breakthrough curves imply
that the efficiency of MoO4* removal is infiltration rate-dependent. The total amount of

MoO,> adsorbed in the sand column was significantly higher at 0.5 mL/min (0.77 mg,
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removal rate 38.4%) than at 10 mL/min (1.15 mg, removal rate 8%), as represented by the
area under the breakthrough curves. The higher concentration levels of MoO.* at 10
mL/min can be attributed to shorter contact time and disruption of the equilibrium between
MoO.* and the soil media. When the infiltration rate is high, less time is available for
equilibrium between adsorbed and dissolved MoO.*, leading to desorption from soil
particles. Conversely, the lower infiltration rate provides favorable conditions for MoQ4*
adsorption. Initially, there may be desorption, but as the experiment progresses, a new
equilibrium establishes between MoO.? in the infiltrated wastewater and the adsorbed
MoO.% on the soil particles. This contributes to the observed s-shaped pattern in the
breakthrough curve. Generally, the slower infiltration rate of 0.5 mL/min allows for longer
contact time, facilitating adsorption and retention of MoO4?, resulting in a stabilized pattern
with high removal capacity. In contrast, the higher infiltration rate of 10 mL/min restricts
interaction time, leading to less efficient removal and higher concentrations in the

breakthrough curve.

The breakthrough curves of Zn?* with time scale under two different infiltration rates

0.50 mL/min and 10 mL/min are shown in figure 3-8.

Figure 3-8: Breakthrough curves with time scale for Zn?* (Initial concentration 3.5 mg/L)

The Zn?* breakthrough curves at different infiltration rates exhibit distinct behaviors.
At a infiltration rate of 0.5 mL/min, the curve follows an s-shaped pattern, starting from an
initial concentration of 0 mg/L and gradually increasing to 4 mg/L. It then remains relatively
stable, indicating effective Zn?* adsorption and retention with high removal efficiency at this
infiltration rate. Conversely, at 10 mL/min, the breakthrough curve shows more variability.
It starts from a higher concentration of 4.20 mg/L and undergoes fluctuations throughout
the experiment. The curve initially drops to 3.10 mg/L, increases slightly to 3.3 mg/L, further

increases gradually to 3.6 mg/L, experiences a sudden jump to 4.4 mg/L, and then rapidly
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drops to 3.1 mg/L, followed by another increase to 3.4 mg/L. This fluctuating behavior
suggests that the soil media is less effective in adsorbing and retaining Zn?* at this higher
infiltration rate, resulting in lower removal efficiency compared to the 0.5 mL/min infiltration
rate. The results indicate that the lower infiltration rate of 0.5 mL/min is more efficient in
removing Zn?* from the synthetic wastewater. The longer contact time allows for better
adsorption and retention of Zn?*, resulting in a more consistent and stable breakthrough
curve with a higher removal efficiency (Chauhan et al., 2022). The total amount of Zn?
adsorbed in the sand column was significantly higher at 0.5 mL/min (1.23 mg, removal rate
38.5%) than at 10 mL/min (1.6 mg, removal rate 20%), as represented by the area under

the breakthrough curves.

The breakthrough curves of Co?* with time scale under two different infiltration rates

0.50 mL/min and 10 mL/min are shown in figure 3-9.

Figure 3-9: Breakthrough curves with time scale for Co®* (Initial concentration 3.7 mg/L)

At 0.5 mL/min infiltration rate, the curve follows an s-shaped pattern, starting from
concentration of 0.5 mg/L and gradually increasing until it reaches the target concentration
of 3.5 mg/L. Once it reaches the target, the curve remains stable, indicating effective
adsorption and retention of Co?* with high removal efficiency at this infiltration rate. In
contrast, at infiltration rate of 10 mL/min, the breakthrough curve begins with a higher
concentration of 3.3 mg/L. It gradually increases to 3.7 mg/L and remains stable for a period.
However, there are subsequent fluctuations, with the concentration reaching 3.8 mgiL,
slightly decreasing to 3.7 mg/L, and further dropping to 3.4 mg/L before gradually
decreasing to 3.3 mg/L. Interestingly, there is a sudden jump to 3.5 mg/L at the end of the
experiment. The higher Co?* concentration levels observed during the 10 mL/min infiltration
rate can be attributed to factors such as reduced contact time between infiltrated

wastewater and soil matrix, potential limited adsorption sites on soil particles, and the
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presence of competing ions in the wastewater. Additionally, the rapid percolation of
infiltrated wastewater under higher infiltration rates may cause desorption or release of
previously adsorbed Co?" from the soil media, contributing to the higher effluent
concentrations. The total amount of Co?* adsorbed in the sand column was significantly
higher at 0.5 mL/min (1.47 mg, removal rate 16%) than at 10 mL/min (1.62 mg, removal
rate 7.5%), as represented by the area under the breakthrough curves. These findings
suggest that the lower infiltration rate of 0.5 mL/min is more efficient in removing Co?* from
the synthetic wastewater. This is evident in the stable and consistent breakthrough curve,
indicating effective adsorption and retention of Co?*. In contrast, the higher infiltration rate
of 10 mL/min results in more fluctuations, suggesting reduced adsorption and retention
capacity and lower overall removal efficiency.

The breakthrough curves of BO3* with time scale under two different infiltration rates

0.50 mL/min and 10 mL/min are shown in figure 3-10.

Figure 3-10: Breakthrough curves with time scale for BO3z* (Initial concentration 2.5 mg/L)

At 0.5 mL/min, the breakthrough curve exhibits fluctuations, suggesting dynamic
interactions between the infiltrated wastewater and the soil media. The concentration
increase followed by a drop and subsequent increase could be due to processes like
adsorption, desorption, and biogeochemical complexation occurring between BOs* and the
soil particles. However, the concentration eventually stabilizes at the desired level,
indicating some removal efficiency. In contrast, at 10 mL/min, the breakthrough curve
displays more pronounced concentration fluctuations, indicating a less efficient removal
process for BOs* compared to the 0.5 mL/min infiltration rate. The fluctuations might result
from limited adsorption capacity, increased transport through the soil media, or competition
from other ions in the infiltrated wastewater. The final jump in concentration at the

experiment's end may indicate breakthrough, where the soil media's removal capacity
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becomes saturated, resulting in higher effluent concentrations. The total amount of BOz*
adsorbed in the sand column was significantly lower at 0.5 mL/min (1.15 mg, removal rate
8%) compared to 10 mL/min (1.05 mg, removal rate 16%), as represented by the area under
the breakthrough curves. Overall, the results suggest that the 0.5 mL/min infiltration rate
provides a more stable and performance of BOs*> but the higher infiltration rate of 10 mL/min
demonstrates greater variability and potential in achieving effective BOs> removal from

synthetic wastewater.

3.3.2 Modeling and simulation approach results

The modeling process generates breakthrough curves, representing pollutant
concentrations over time as they move through sand media in the SAT system under
different infiltration rates. To verify model accuracy, these modeled curves are calibrated
and compared to experimental results. The alignment between model predictions and actual
measurements, assessed using the root mean square (RMS) value, determines model
performance. A lower RMS value signifies a closer match, indicating greater accuracy in
representing pollutant behavior. Calibration of breakthrough curves with experimental data
and RMS calculations allows to evaluate the model's reliability in capturing pollutant
transport dynamics and optimizing the pollutant transport parameters with the concentration

dynamics through the depth profile.

The modeling of the infiltrated synthetic wastewater pollutants transported through the
SAT system at an infiltration rate of 0.50 mL/min. figure 3-11 displays the breakthrough
curves for pollutants during their infiltration into the sand media. These curves aim to
evaluate the impact of the 0.50 mL/min infiltration rate on pollutant transport within the SAT
system.

Figure 3-11: Breakthrough curves modeling for infiltrated pollutants at 0.50 mL/min rate

- _ PO4* - Initial concentration 20 mg/L
NH4* - Initial concentration 35 mg/L
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S0.? - Initial concentration 20 mg/L

Fe?* - Initial concentration 3 mg/L

Cu?* - Initial concentration 3.8 mg/L

Mn?2* - Initial concentration 3.7 mg/L

MoO,? - Initial concentration 2.5 mg/L

Co?* - Initial concentration 3.7 mg/L
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BO:* - Initial concentration 2.5 mg/L Zn?* - Initial concentration 3.5 mg/L

The calibration process is vital for ensuring the accuracy and reliability of the model.
It involves comparing the modeled breakthrough curves with experimental data for synthetic

wastewater pollutants as shown in Annex 3.
In the context of simulating process initiates with an infiltration rate of 10 mL/min.

Figure 3-12 displays the breakthrough curves for synthetic wastewater pollutants as they
infiltrate the sand media, assessing the impact of the 10 mL/min infiltration rate on pollutant

transport within the SAT system.

Figure 3-12: Breakthrough curves modeling for infiltrated pollutants at 10 mL/min rate

PO.* - Initial concentration 20 mg/L

NH,4* - Initial concentration 35 mg/L
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S0.? - Initial concentration 20 mg/L

Fe?* - Initial concentration 3 mg/L

Cu?* - Initial concentration 3.8 mg/L

Mn?2* - Initial concentration 3.7 mg/L

MoO,? - Initial concentration 2.5 mg/L

Co?* - Initial concentration 3.7 mg/L
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BO:* - Initial concentration 2.5 mg/L Zn?* - Initial concentration 3.5 mg/L

Calibration of the modeling breakthrough curves with the experimental data is a
crucial step to ensure the accuracy and reliability of the model as shown in Annex 3. Under
the 10 mL/min infiltration rate, the calibration curve for synthetic wastewater pollutants
shows a high degree of alignment between modeling and experimental data. The RMS
values, measuring the overall deviation between model predictions and experimental data,
are all below 0.10 for every pollutant. This signifies that the model effectively represents the
behavior and transport of pollutants within the SAT system at the 10 mL/min infiltration rate.
The calibration process ensures that model parameters and assumptions are appropriately
adjusted to match model predictions with experimental measurements.

Comparing the two infiltration rates, 10 mL/min and 0.5 mL/min, in terms of
breakthrough curves modeling and concentration distribution simulation over the column
depth reveals significant differences in pollutant transport. At the higher infiltration rate of
10 mL/min, pollutants move more rapidly due to increased water velocity, leading to faster
advection and transport through the soil media. This results in shorter breakthrough times,
meaning pollutants reach the outflow point more quickly compared to the 0.5 mL/min
infiltration rate. Additionally, simulations show that at the higher infiltration rate, pollutants
tend to penetrate deeper into the sand column, potentially reaching greater depths. In
contrast, at the lower infiltration rate of 0.5 mL/min, pollutant movement is slower, with
longer breakthrough times and more gradual transport. The concentration distribution over
the column depth may exhibit a slower decrease in pollutant concentration as they diffuse

more slowly within the sand as shown in Annex 3.

The transport parameters, such as adsorption, reaction rate, and molecular diffusion
coefficient, provide insights into pollutant behavior. Table 3-3 presents these parameters
for infiltration rates of 0.5 mL/min and 10 mL/min, highlighting differences in pollutant

transport behavior between the two infiltration rates.
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Table 3-3 Pollutants transport parameters in sand media for infiltration flow rates of 0.50
mL/min and 10 mL/min.

Rate Reaction 2
Pollutant (mL/min) Kq rate (1/S) Dm (m*4/s) o, (cm) ar (cm)

NH.* 0.50 2.30 2.57*10* 0.16*10° 2.8 1.34
10 0.21 0.12*10* 3.3*10-9 3.1 1.55

PO 0.50 3.20 3.17*10* 0.8*10-9 2.75 1.30
10 0.29 0.11*10* 12*10-9 2.95 1.52

SO 0.50 3.36 3.28*10* 0.6*10° 2.75 1.31
10 0.31 0.21*10* 9*10-9 3.2 1.42

Fa2t 0.50 2.78 2.5%10* 2.3*10° 2.95 14
10 0.22 0.18*10* 26*10-9 2.99 1.55

cu* 0.50 1.40 0.58*10* 1.3*10° 2.95 1.42
10 0.1 0.04*10* 19*10-9 3.1 1.66

MoO.2 0.50 1.28 0.39*10* 7.2*10° 2.90 14
10 0.1 0.04*10* 44*10-9 3.5 1.62

MnZ* 0.50 1.60 0.72*10* 1.9*10° 2.95 15
10 0.11 0.055*10* 38*10-9 2.99 1.6

72+ 0.50 1.09 0.21*10* 7.6*10° 2.85 15
10 0.10 0.04*10* 39*10-9 2.96 1.62

Co?* 0.50 0.80 0.02*10* 1.8*10° 2.73 15
10 0.2 0.005*10* 31*10-9 2.86 1.61

BOS* 0.50 0.80 0.02*10* 0.7*10° 2.74 15
10 0.2 0.005*10* 8*10-9 2.91 1.67

These parameters are essential for pollutant transport models, contributing to a
better understanding of transport mechanisms and the evaluation of the SAT system
effectiveness for pollutant removal. When comparing pollutant transport parameters
between infiltration rates of 0.50 mL/min and 10 mL/min, several trends are observed for
synthetic wastewater pollutants (NHs*, POs*, SO4*, Fe?*, Cu?, MoO4*, Mn?*, Zn?*, Co?*,
and BO3z*). At 0.50 mL/min, these pollutants show higher adsorption factors (Kg), indicating
a stronger tendency to attach to the sand media, leading to lower concentrations in the
liquid phase. Moreover, reaction rates are generally higher at 0.50 mL/min, suggesting
increased the reaction kinetics due to extended contact time, facilitating more rapid
transformations or degradation. The higher adsorbed species mass at 0.50 mL/min
indicates efficient pollutant removal through adsorption. In contrast, at 10 mL/min, the
dissolved species mass is generally higher, indicating a reduced efficiency of adsorption

and a higher effluent pollutant concentration in the liquid phase.

These finding results underscore how infiltration rate impacts pollutant transport
mechanisms. A lower infiltration rate (0.50 mL/min) encourages stronger retention with
adsorption and reactions, which lead to lower pollutant concentrations in the liquid phase.
Conversely, a higher infiltration rate (10 mL/min) shortens the contact time between
pollutants and the sand matrix media, resulting in reduced adsorption and higher pollutant

concentrations in the liquid phase.
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3.3.3 Statistical approach results

The statistical analysis of pollutant concentrations for two infiltration rates (0.50 mL/min
and 10 mL/min). A t-test was employed to assess the variations in pollutant concentrations
between these two scenarios. The t-test is a common statistical method for comparing two
groups and determining if there are significant differences. By comparing mean pollutant
concentrations at these infiltration rates, the t-test helps identify statistically significant
differences in pollutant removal effectiveness. This approach provides quantitative insights

into how different infiltration rates impact pollutants removal and fate under infiltration rates.

For NHs":Two-Sample t-test revealed a highly significant difference in NH4"
concentrations between the 0.50 mL/min and 10 mL/min infiltration rates, with a very low p-
value (6.158e-09). The negative t-value (-7.163) and the 95 percent confidence interval (-
13.393 to -7.513) indicate that NH4* concentrations were significantly lower at the 0.50
mL/min infiltration rate (mean of approximately 18.79) compared to the 10 mL/min rate
(mean of approximately 29.24). This suggests that the higher infiltration rate of 10 mL/min
is associated with increased NH4* concentrations, emphasizing the impact of infiltration
rates on pollutant. Figure 3-13 presents the box plot comparisons of NH4* concentrations

under the infiltration rates (0.50 mL/min and 10 mL/min).

For NO3: Two-Sample t-test results indicate a statistically significant difference in NOz
concentrations between the two infiltration rates (0.50 mL/min and 10 mL/min), with a low
p-value of 7.855e-05. The positive t-value (4.775) and the 95 percent confidence interval
(5.88 to 14.87) suggest that NOs  concentrations were significantly higher at the 0.50
mL/min infiltration rate (mean of approximately 12.29) compared to the 10 mL/min rate
(mean of approximately 1.92). This highlights a substantial disparity in NOs concentration
levels between the two infiltration scenarios. Figure 3-13 presents the box plot comparisons

of NOs™ concentrations under the infiltration rates (0.50 mL/min and 10 mL/min).

For NO;: Two-Sample t-test results indicate a statistically significant difference in
NO:" concentrations between the two infiltration rates (0.50 mL/min and 10 mL/min), with a
p-value of 0.0074. The positive t-value (2.86) and the 95 percent confidence interval (0.0050
to 0.0298) suggest that NO2>" concentrations were significantly higher at the 0.50 mL/min
infiltration rate (mean of approximately 0.0359) compared to the 10 mL/min rate (mean of
approximately 0.0185). This finding demonstrates a notable difference in NO
concentration levels between the two infiltration scenarios, with higher levels observed at
the 0.50 mL/min rate. Figure 3-13 presents the box plot comparisons of NO," concentrations

under the infiltration rates (0.50 mL/min and 10 mL/min).
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For PO.*: Two-Sample t-test results reveal an extremely significant difference in
PO.* concentrations between the two infiltration rates (0.50 mL/min and 10 mL/min), with
a p-value of less than 2.2e-16. The very negative t-value (-22.024) and the 95 percent
confidence interval (-17.696 to -14.721) indicate that PO4* concentrations were significantly
lower at the 0.50 mL/min infiltration rate (mean of approximately 1.29) compared to the 10
mL/min rate (mean of approximately 17.50). This finding demonstrates a substantial
contrast in PO4* concentration levels between the two infiltration scenarios, with
considerably lower levels at the 0.50 mL/min rate. Figure 3-13 presents the box plot
comparisons of PO,* concentrations under the infiltration rates (0.50 mL/min and 10

mL/min).

For SO4%: Two-Sample t-test results show an extremely significant difference in
S0O4% concentrations between the two infiltration rates (0.50 mL/min and 10 mL/min), with
a p-value of less than 2.2e-16. The highly negative t-value (-27.64) and the 95 percent
confidence interval (-18.02 to -15.57) indicate that SO4> concentrations were substantially
lower at the 0.50 mL/min infiltration rate (mean of approximately 1.792) compared to the 10
mL/min rate (mean of approximately 18.583). This analysis highlights a substantial disparity
in SO4* concentration levels between the two infiltration scenarios, with markedly lower
levels at the 0.50 mL/min rate. Figure 3-13 presents the box plot comparisons of SO4*

concentrations under the infiltration rates (0.50 mL/min and 10 mL/min).

For Fe?*: Two-Sample t-test results indicate a highly significant difference in Fe?*
concentrations between the two infiltration rates (0.50 mL/min and 10 mL/min), with a p-
value of less than 2.2e-16. The strongly negative t-value (-20.10) and the 95 percent
confidence interval (-2.496 to -2.037) reveal that Fe?* concentrations were considerably
lower at the 0.50 mL/min infiltration rate (mean of approximately 0.38) compared to the 10
mL/min rate (mean of approximately 2.65). This analysis underscores a substantial disparity
in Fe?* concentration levels between the two infiltration scenarios, with notably lower levels
at the 0.50 mL/min rate. Figure 3-13 presents the box plot comparisons of Fe?*

concentrations under the infiltration rates (0.50 mL/min and 10 mL/min).

For Cu?*: Two-Sample t-test results for Cu** concentrations indicate no statistically
significant difference between the two infiltration rates (0.50 mL/min and 10 mL/min), with
a p-value of 0.153, suggesting that Cu?" concentrations are not significantly different
between the two scenarios. The t-value is 1.47, and the 95 percent confidence interval
ranges from -0.040 to 0.243, implying that there is no substantial variation in Cu?*
concentration levels between the two infiltration rates. The means of Cu?* concentrations at

the low (0.618) and high (0.517) infiltration rates are quite close, further supporting the lack
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of a significant difference between them. Figure 3-13 presents the box plot comparisons of

Cu?* concentrations under the infiltration rates (0.50 mL/min and 10 mL/min).

For Mn?": Two-Sample t-test results for Mn?* concentrations show no statistically
significant difference between the two infiltration rates (0.50 mL/min and 10 mL/min), as
indicated by a p-value of 0.214. This suggests that Mn?* concentrations do not significantly
differ between the two scenarios. The t-value is -1.262, and the 95 percent confidence
interval ranges from -0.699 to 0.162, indicating that there is no substantial variation in Mn?*
concentration levels between the two infiltration rates. The means of Mn?* concentrations
at the low (1.69) and high (1.95) infiltration rates are relatively close, further supporting the
lack of a significant difference between them. Figure 3-13 presents the box plot
comparisons of Mn?" concentrations under the infiltration rates (0.50 mL/min and 10

mL/min).

For MoO4%: Two-Sample t-test results for MoO4?> concentrations indicate a
statistically significant difference between the two infiltration rates (0.50 mL/min and 10
mL/min) with a very low p-value (< 2.2e-16). This suggests that MoO.* concentrations
significantly vary between the two scenarios. The t-value is -20.653, and the 95 percent
confidence interval ranges from -0.89 to -0.73, emphasizing the substantial difference in
MoO.* concentration levels. The mean MoO4> concentration at the low infiltration rate
(1.68) is notably lower than that at the high infiltration rate (2.49), confirming the significant
difference in MoO4? concentrations between the two infiltration rates. Figure 3-13 presents
the box plot comparisons of MoO4% concentrations under the infiltration rates (0.50 mL/min
and 10 mL/min).

For Zn?*: Two-Sample t-test results for Zn?* concentrations indicate a statistically
significant difference between the two infiltration rates (0.50 mL/min and 10 mL/min) with a
p-value of 0.012. This suggests that Zn?* concentrations significantly vary between the two
scenarios. The t-value is -2.69, and the 95 percent confidence interval ranges from -1.5 to
-0.19, indicating a notable difference in Zn?* concentration levels. The mean Zn?
concentration at the low infiltration rate (2.65) is lower than that at the high infiltration rate
(3.48), confirming the significant difference in Zn?* concentrations between the two
infiltration rates. Figure 3-13 presents the box plot comparisons of Zn?* concentrations

under the infiltration rates (0.50 mL/min and 10 mL/min).

For Co?: Two-Sample t-test results for Co?* concentrations reveal a p-value of
0.081, suggesting that there is no statistically significant difference in Co?" concentrations
between the two infiltration rates (0.50 mL/min and 10 mL/min). The t-value is -1.82, and

the 95 percent confidence interval spans from -0.80 to 0.05, indicating that the Co?*
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concentration means are quite similar. The mean Co?" concentration at the low infiltration
rate is 3.14, while it is slightly higher at 3.51 for the high infiltration rate. However, the p-
value suggests that this difference is not statistically significant. Figure 3-13 presents the
box plot comparisons of Co?* concentrations under the infiltration rates (0.50 mL/min and
10 mL/min).

For BOs*: Two-Sample t-test results for BO3s*> concentrations indicate a highly
significant difference with a very low p-value of 5.785e-08. The t-value is 7.53, and the 95
percent confidence interval ranges from 0.15 to 0.26. These results suggest that there is a
statistically significant difference in BOs* concentrations between the two infiltration rates
(0.50 mL/min and 10 mL/min). The mean BOs* concentration at the low infiltration rate is
2.49, while it is slightly lower at 2.29 for the high infiltration rate. This difference in means is
statistically significant, indicating that BOs* concentrations vary significantly between the
two infiltration rates. Figure 3-13 presents the box plot comparisons of BO3* concentrations

under the infiltration rates (0.50 mL/min and 10 mL/min).

Figure 3-13: Box plot comparison of pollutant concentrations between infiltration rates
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3.4 Conclusion

The comparison between the infiltration rates scenarios of 0.5 mL/min and 10 mL/min,
based on the experimental, modelling, and statistical results, provides valuable insights into
the behavior and removal efficiency of various pollutants. Experimental Results: The
experimental breakthrough curves revealed distinct trends for different pollutants under the
two infiltration rates. At 0.50 mL/min as slow infiltration rate demonstrated higher removal
efficiency for all synthetic wastewater pollutants (NH4*, NOs, NO2, PO4%, SO, Fe?*, Cu?*,
Mn?*, MoO.?, Zn?*, Co?*, and BO3*). This indicates that the lower infiltration rate allows for
longer contact time between the pollutants and the soil media, enhancing adsorption, and
biogeochemical reaction that enhance the removal capacity comparing with high infiltration
rate 10 mL/min. Modelling Results: The modelling of breakthrough curves and 2-D spatial
concentration distributions further supported the experimental findings. The simulations
captured the behavior of pollutants over time and their distribution within the soil media
depth. The modelling results confirmed the observed trends, highlighting the pollutants
transport through time and depth profiles at the higher infiltration rate of 10 mL/min
compared to the 0.5 mL/min infiltration rate. Statistical Analysis: The t-test analyses were
conducted to statistically compare the two infiltration rates scenarios. The obtained p-values
indicated the significance of the differences in pollutant removal between the infiltration
rates. Specifically, NOz", NO2,, Cu?*, and BOs* showed significantly higher removal at the
10 mL/min infiltration rate, while NHs*, PO.%, SO.%*, Fe?*, Mn?*, M0o0O4%*, Zn**, and Co?
exhibited better removal at 0.50 mL/min infiltration rate. These statistical analyses provided
robust evidence to support the experimental and modelling results. In summary, the
comparison between the infiltration rates scenarios revealed varying removal efficiencies
for different pollutants. The slower infiltration rate of 0.5 mL/min favored for almost of
infiltrated synthetic wastewater pollutants retired to longer contact and retention time which

increase the interactions between pollutants and sand matrix that increase the adsorption
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capacity, microbial activity, equilibrium conditions, and geochemical reactions causing to

increasing the removal capacity for these pollutants through the SAT systems.
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4. Quantifying the influence of dynamic pulsed of wetting and drying on the
transformation and fate of synthetic wastewater pollutants in soil aquifer

treatment system

4.1. Introduction

The dynamics of drying and wetting cycles have a significant influence on the behavior,
transformation, and removal efficiency of synthetic wastewater pollutants in soil aquifer
treatment systems. The redistribution of pollutants, changes in microbial activity, availability
of oxygen, alterations in soil structure and porosity, adsorption-desorption processes, and
leaching and transport dynamics all contribute to the overall performance of the system.
Understanding these effects is vital for designing and optimizing SAT systems to achieve
effective pollutant removal and protect water resources. Therefore, investigating the
influence of continuous short-term durations of wetting and drying on the behavior and fate
of synthetic wastewater pollutants in SAT systems will provide valuable insights for

improving system performance and ensuring sustainable water management.

4.2. Materials and methods

A lab-scale glass column with a 3 cm inner diameter and 40 cm depth was utilized to
simulate soil aquifer treatment system by incorporating sand soil as the filtration media up
to 30 cm of depth in a controlled laboratory setting. Synthetic wastewater with a range of
pollutants was introduced into the column through a peristaltic pump as shown in table 4-1,
following a controlled infiltration rate of 0.5 mL/min. The total daily amount of infiltrated
synthetic wastewater was 200 mL/day, and this amount was into a wetting period of 8 hours
and a drying period of 16 hours. This wetting and drying cycle was repeated continuously
of 4 days. Throughout the experiment, samples were collected at regular intervals to
measure the concentration of pollutants, including NHs*, NO2, NOs,, PO.,*, SO.*, Fe?,
Cu?*, Mn#", MoO4%, Zn?*, Co?*, and BOs*. Additionally, physiochemical parameters such as
soil water content, pH, dissolved oxygen (DO), and oxidation-reduction potential (ORP)
were measured for each collected sample. The experimental procedures were replicated
three times to enhance the precision and reliability of the experimental outcomes. In
conjunction with these measurements, a comprehensive series of statistical analyses were
conducted to explore the relationships and interactions between pollutant concentrations
and the varying wet and dry conditions. All plots, statistical analyses, and visualizations
were executed using the R programming language. The experimental procedures were
iteratively conducted three times to enhance the reliability and confidence in the obtained
results. Subsequently, confidence intervals were calculated for each of the three
experimental replications using t-test analysis, illustrating the mean and 95% confidence

intervals. A comparative analysis was performed to identify the experimental replication
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characterized by a high mean and lower confidence interval values, signifying greater
accuracy and confidence in the experimental outcomes. The graphical representation of
these confidence intervals is provided in Annex 2.

Table 4-1 The chemical composition for the synthetic wastewater effluent

Chemical Chemical
Composition Mass (mg/1L) Composition Mass (mg/1L)
CH3;COONa.3H.0 130 H:BO3 15
NH.CI 100 CuS0,.5H,0 15
KH2PO4 175 Kl 15
MgSO4:7H20 100 MnS0O,.4H.0 15
CaCl;-2H.0 15 (NH,)6Mo0,0,,.4H,0 5
NaHCOs 200 ZnS0O,.7H,0 15
KCI 35 CoCl,.6 H,0 15
EDTA 500 Yeast extract 200
FeCls;.6H.0O 15 Peptone 200

In addition to pollutant concentrations measurements, several physicochemical
parameters such as soil water content (WC%), pH, dissolved oxygen (DO), and oxidation-
reduction potential (ORP) were determined for each sample collected as shown in figure 4-
1, 4-2, 4-3, 4-4. These parameters were selected to investigate how drying and wetting

conditions influenced pollutant behavior and removal efficiency.

Figure 4-1 Water content during wet and dry periods in the sand column of the SAT
system
The water content (WC), representing the moisture content in the soil filtration
media, plays a pivotal role in the behavior of synthetic wastewater pollutants within the soil
aquifer treatment system. During the wetting phase, as synthetic wastewater infiltrates the
system, WC% increases, enhancing the transport and interaction between pollutants and
the soil matrix. Conversely, in the drying phase, WC% decreases, restricting pollutant

mobility. Figure 4-1 illustrates the dynamic shifts in WC during wet and dry periods. On the
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first day, the wetting phase elevated WC% to 23.75%, followed by a decline to 22.66%
during the subsequent drying phase. This pattern continued in a similar trend on the second,
third, and fourth days, reflecting the cyclic nature of wetting and drying. These fluctuations
have significant implications for pollutant behavior, affecting processes like diffusion,
adsorption, and microbial activity within the soil aquifer treatment system, thereby
influencing pollutant transformation and removal. The observed WC% changes emulate

natural hydrological cycles, mirroring the environment's dynamic processes.

During the wet and dry periods in the sand column of the soil aquifer treatment

system, the pH, DO, and ORP values exhibited varying patterns, as shown in Figure 4-2.

Figure 4-2 pH, DO, and ORP level during wet and dry periods in the sand column of the
SAT system

Figure 4-2 illustrates the pH variations in the sand column of the soil aquifer
treatment system during wet and dry periods. Initially, the pH of the sand infiltrate media
was 6.85, while the synthetic wastewater had a pH of 6.5. On the first day, the pH dropped
slightly to 6.75 during the wetting phase, potentially due to acidic components in the
synthetic wastewater and microbial activity. As the system transitioned to the drying period,
the pH increased to 6.85, possibly resulting from the evaporation of water, concentrating
alkaline compounds. A similar pattern of pH changes continued on the second, third, and

fourth days, reflecting the dynamic nature of the system. These fluctuations are influenced
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by factors like acidic components in the wastewater, microbial activity, dilution effects, and
mineral dissolution and precipitation. The observed pH shifts highlight the complex interplay
of chemical and physical processes within the system, influenced by the synthetic

wastewater composition, sand media characteristics, and environmental conditions.

Dissolved oxygen (DO) represents the amount of oxygen present in the wastewater.
It is an essential factor for the activity of aerobic microorganisms responsible for
biodegradation and removal of organic pollutants. The changes observed in the dissolved
oxygen (DO) concentrations during the wet and dry periods in figure 4-2 can be attributed
to several factors related to microbial activity and the physicochemical processes occurring
in the sand column. The dynamics of dissolved oxygen (DO) concentration in the synthetic
wastewater infiltrated sand column during wet and dry periods reveal a complex interplay
of factors. Initially, during the wetting period, the DO concentration was 2.91 mg/L on the
first day, gradually declining to 2.78 mg/L by the wet phase's end. This decrease can be
attributed to microbial respiration and the oxygen consumption by microorganisms within
the sand column. These microorganisms metabolize organic matter, leading to a reduction
in DO levels. In contrast, during the subsequent dry period, the DO concentration increased
to 2.81 mg/L at the beginning of the drying phase, gradually rising to 2.86 mg/L by the end.
This increase in DO during drying is due to limited water availability, allowing for enhanced
oxygen transfer and replenishment. As water content decreases, the improved surface area

for gas exchange promotes oxygen diffusion into the system.

On the second, third, and fourth days, a similar pattern was observed: DO
concentration dropped during the wetting period, reaching lows attributed to increased
microbial activity and organic matter degradation. During the subsequent dry period, DO
concentration exhibited a gradual increase due to enhanced oxygen transfer as water
content decreased and the system became less saturated. The fluctuations in DO levels
are a result of factors such as oxygen consumption during wetting, limited oxygen transfer

during wetting, oxygen replenishment during drying, and microbial activity.

Oxidation-reduction potential (ORP) measures the electron transfer potential of a
solution and provides an indication of the redox conditions. ORP influences the oxidation
and reduction reactions that occur during the degradation and transformation of pollutants.
During the wetting period, the ORP may change due to the presence of different oxidizing
or reducing agents in the synthetic wastewater. These variations in ORP can impact the
rates of pollutant degradation and transformation. The changes observed in the oxidation-
reduction potential (ORP) values during the wet and dry periods, as shown in Figure 4-2,

reflect the redox reactions and the shifting balance between oxidizing and reducing
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conditions in the sand column. The oxidation-reduction potential (ORP) within the sand
column exhibited dynamic changes during wet and dry periods, reflecting the interplay of
multiple factors. On the first and second days, during the wetting phase, indicating towards
more oxidizing conditions due to enhanced oxygen availability and oxidation reactions. In

the dry period, ORP decreased.

The third day presented complex ORP changes. During wetting, ORP initially
increased, then suddenly dropped to -13.6 mV, signifying a significant shift towards
reducing conditions. This sharp decrease resulted from oxygen depletion and the presence
of reduced species, likely stemming from microbial activity. Oxygen consumption by
microorganisms can exceed supply, prompting anaerobic respiration and the accumulation
of reduced compounds, leading to the highly reducing environment. During drying, ORP
gradually increased, suggesting a transition towards less reducing conditions. On the fourth
day, ORP remained stable during wetting, indicating persistent reducing conditions. In the
subsequent drying period, ORP gradually increased, marking a shift towards less reducing

conditions.

These ORP changes are influenced by factors such as oxygen availability, microbial
activity, and the presence of organic matter. Wetting brings in dissolved oxygen from the
infiltrated wastewater, increasing oxygen availability and leading to more oxidizing
conditions. Microbial activity and organic matter breakdown then contribute to decreasing
ORP during wetting. In the drying phase, limited oxygen leads to more reducing conditions
as aerobic microbial activity wanes. Microbial activity and the interplay between oxidation

and reduction reactions are key determinants of ORP dynamics during wet and dry periods.

The physiochemical parameters (pH, DO, and ORP) are used as wet/dry conditions
factors which are considered as the main changeable parameters for the whole system
under continuous changing of dry and wet periods. a logistic regression model used to
explore the significant of these parameters. The logistic regression model was constructed
to assess the sufficiency of physiochemical parameters, namely pH, ORP (oxidation-
reduction potential), and DO (dissolved oxygen), in describing the wet and dry conditions
and their impact on pollutant removal capacity. The coefficients for the model are as follows:
pH with p-value = 0.0134, ORP: with p-value = 0.0499, and DO with p-value = 0.0388, which
indicate to statistically significant effects on the wet and dry conditions and their influence
on pollutant removal capacity. pH, DO, and ORP seem to be important predictors to

significantly impact the condition represented by wet/dry periods.
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4.3. Results and discussions

The wet and dry cycles in soil aquifer treatment systems have a significant impact on
the removal and behavior of pollutants. By correlating and examining the relationship
between wetting and drying factors (pH, DO, and ORP) and the changing concentrations of
pollutants, we can gain a better understanding of the mechanisms driving pollutants removal

during wet and dry cycles.

4.3.1. Ammonium (NH4") interplay with wet and dry conditions
The breakthrough curve for NH4" through the sand column during the wet and dry time

over a 4-day column experiment with initial concentration 35 mg/L is shown in figure 4-3.

Figure 4-3 Breakthrough curve of NH4" concentration performance in the sand column of
the SAT system during wet and dry periods

Figure 4-3 outlines the NH4" concentration changes in a sand column wastewater
treatment system over a four-day period, involving alternating wet and dry cycles. Notable
patterns include NHs" concentration increases during wetting periods, attributed to
ammonium release from synthetic wastewater, followed by slightly decreases during drying
periods, likely due to increased adsorption onto sand particles, and potential microbial
processes. The overall findings indicate the effective removal of NH4* from the wastewater,
with the sand column successfully adsorbing and degrading a substantial portion of the
initial NH4* concentration, which commenced at 35 mg/L. The removal mechanisms
involved physical adsorption onto sand particles and potential microbial processes leading

to NH4* degradation or transformation.

To analyze the interaction between NH4" concentration and the wetting and drying
conditions, we examined the relationship, correlations and factorial interactions between
NH4" concentration and wet/dry key factors as pH, dissolved oxygen (DO), and oxidation-

reduction potential (ORP) during both wet and dry times. The regression model revealed
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significant relationships between NH.* concentration and these factors, with respective p-
values of 0.000053 for DO, 0.000031 for ORP, 0.01014 for pH, and 0.0575 for the wet/dry
status. Additionally, the overall model was highly significant with a p-value of 1.64e-11,
suggesting that the combined influence of these factors on NHs* concentration is
substantial. This analysis provides valuable insights into the complex relationships between
NH4* and the wet/dry variables during wet and dry periods, indicating their collective impact
on NH4* dynamics. The correlation analysis revealed strong negative relationships between
NH4* concentration and key wet/dry factors: -0.87 with DO, -0.47 with ORP, and -0.86 with
pH. These findings signify that as DO, ORP, and pH values fluctuate during wet and dry
conditions, NH.* concentration experiences corresponding changes in the opposite
direction. The high negative correlations emphasize the significant influence of these factors
on NH4" dynamics, underscoring their pivotal roles in shaping NHs" behavior within the
system and demonstrating the intricate interplay between environmental variables and

pollutant concentration.

To analyze the factorial interaction between NH4* concentration and the wetting and
drying conditions, the interaction relationships trend examined between NH4* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-4.

The factorial interaction analysis based on the regression model highlights the
intricate relationships between NH4" concentration and wet/dry parameters, specifically DO,
pH, and ORP during both wet and dry periods. The results indicate that as DO, pH, and
ORP increase during wet and dry times, there is a corresponding decrease in NH.*
concentration. This finding aligns with the correlation analysis, which demonstrated strong
negative correlations between NHs* and these parameters. The alignment between the
observed decrease in NHs" concentration with increasing DO, pH, and ORP also
corresponds to the requirements for nitrification degradation in which NH4* is converted into
nitrite (NO2) and then nitrate (NO3’), which ultimately results in the removal of ammonium
from the system (Gharbia et al., 2024). This process is highly dependent on the availability
of dissolved oxygen (DO), pH, and oxidation-reduction potential (ORP) (Zeng et al., 2018).
Adequate DO levels support the activity of nitrifying bacteria, while specific pH conditions
and ORP values are conducive to their growth and nitrification activity (Li et al., 2019).
Together, these results confirm that the increase in DO, pH, and ORP exerts a controlling
effect on reducing NH.* concentration, emphasizing the significant influence of these

environmental factors on NH.* dynamics within the system (Gharbia et al., 2024).
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Figure 4-4 Factorial interaction relationships between NH," and wet/dry parameters

To summarize the effect of wet and dry periods on the NH.* concentration the box
plot used to visualize the favorable period for NH4" removal conditions as shown in figure
4-5. The box plot analysis aimed to understand the impact of wet and dry periods on NH4*
concentration. The results show that there is a small difference in mean NH4" concentration
between wet and dry times, with the dry period exhibiting slightly lower values. This
suggests that NH4;* removal conditions are favorable during the dry period which is aligns
with Abel (2014), (Gharbia et al., 2024)and Ma et al. (2023) . In summary, the dry period is
associated with a slightly lower NH4* concentration, implying better NHs* removal during

this time compared to the wet period.

Figure 4-5 Box plot for NH4* concentration during wet and dry periods

4.3.2. Nitrite (NOy) interplay with wet and dry conditions
The breakthrough curve for NO; through the sand column during the wet and dry time

periods over a 4-day experiment with initial concentration 0 mg/L is shown in figure 4-6.
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Figure 4-6 Breakthrough curve of NO, concentration performance in the sand column of
the SAT system during wet and dry periods

The experimental results illustrate the formation and behavior of NO,™ as a byproduct
of NH4* oxidation through the nitrification process. Breakthrough curves (BTCs) for NO2
during the wet and dry periods of the 4-day column experiment reveal specific patterns. On
the first day, the NO; concentration increased from 0.006 mg/L to 0.012 mg/L during the
wet period, remaining constant at 0.012 mg/L in the dry period. The second day exhibited
fluctuations, with an initial increase to 0.018 mg/L, followed by a decrease to 0.012 mg/L
and a gradual decline to 0.006 mg/L. Similar fluctuations were observed on the third day,
with a stable NOz concentration of 0.08 mg/L. The fourth day saw consistent NOy
concentrations of 0.064 mg/L during both wet and dry periods. These results indicate that
nitrification in the sand column led to NO2 generation from NH4* oxidation, with varying
concentrations during wet and dry periods. The stable concentrations imply a relatively
consistent nitrification process, shedding light on NH4* behavior and NO, formation in the

soil aquifer treatment system.

In analysis of the interaction between NO2 concentration and wetting and drying
conditions, the explored of the relationships, correlations, and factorial interactions between
NO, concentration and key factors, including pH, dissolved oxygen (DO), and oxidation-
reduction potential (ORP), during both wet and dry periods. The regression model revealed
significant relationships, with a p-value of 0.00000012 for ORP, indicating a strong
influence. The p-values for DO, Wet/dry status, and the overall model were 0.0871, 0.0082,
and 9.711e-16, respectively. These findings suggest that ORP and Wet/dry status have
substantial impacts on NO> concentration, highlighting their importance in understanding
the behavior of NO;  under varying wet and dry conditions. In the correlation analysis
between NO, concentration and wet/dry factors, the results indicate the following

correlation coefficients: a strong negative correlation of -0.89 with dissolved oxygen (DO),
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a very strong negative correlation of -0.97 with oxidation-reduction potential (ORP), and a
moderate negative correlation of -0.72 with pH. These coefficients suggest that DO and
ORP have a significant inverse relationship with NO2  concentration, while the correlation
with pH is moderately negative, indicating its influence on NO2 behavior under wet and dry

conditions.

To analyze the factorial interaction between NO" concentration and the wetting and
drying conditions, the interaction relationships trend examined between NO;  concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential
(ORP) during both wet and dry times as shown in figure 4-7.

Figure 4-7 Factorial interaction relationships between NO, and wet/dry parameters

The factorial interaction relationships derived from the regression model between
NO, concentration and wet/dry parameters reveal the dynamic interactions between NOy
and key factors, including dissolved oxygen (DO), pH, and oxidation-reduction potential
(ORP), during wet and dry periods. The general trend observed is that as DO, pH, and ORP
increase during both wet and dry times, the NO" concentration decreases. This observation
aligns with the negative correlations established in the correlation analysis, indicating that
these factors exert control over NO2  concentration. Additionally, the findings are consistent
with the nitrification process, where NO,; serves as an intermediate product in the
conversion of NHs* to NO3™ (Li et al., 2019). As NO; is produced from the nitrification of
NH4", the decrease in NO;  concentration is indicative of ongoing nitrification, supporting

the notion that NO;™ is a transitional stage in the oxidation of NH4".

To summarize the effect of wet and dry periods on the NO2" concentration the box

plot used to visualize the favorable period for NO» removal conditions shown in figure 4-8.
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Figure 4-8 Box plot for NO, concentration during wet and dry periods

The box plot analysis aimed at assessing the impact of wet and dry periods on NOy
concentration reveals that, in general, the mean NO;" concentration during the wet periods
is lower than during the dry periods. This finding aligns with the observed behavior of NH,*
concentration, where wet periods are associated with higher NH4* levels, leading to limited
nitrification and consequently lower NO2" concentrations during those times. The lower NO>
concentrations in the wet periods suggest that nitrification, the process responsible for the
conversion of NH4* to NOy, is more active during the dry periods when NH4* concentrations
are lower which is aligns with Selvakumar and Ganesan (2015). This highlights the
favorable conditions for NOz removal during dry periods, which is consistent with the

understanding that NO;" is an intermediate product in the nitrification process.

4.3.3. Nitrate (NO3) interplay with wet and dry conditions
The breakthrough curve for NOs™ through the sand column during the wet and dry time

periods over a 4-day experiment with initial concentration 0 mg/L is shown in figure 4-9.

During the experimental period, the concentration of NO3™ displayed varying trends.
On the first day, it gradually increased to 4 mg/L during both wet and dry periods, indicating
active nitrification and the accumulation of NO3. However, on the second day during the
wet period, the concentration decreased to 1 mg/L, suggesting a slower nitrification rate
compared to the first day. This trend continued during the dry period, indicating ongoing
nitrification. The third day saw a similar pattern, with NO3™ concentration increasing during
the wet period to 15 mg/L but then suddenly dropping to 1 mg/L toward the end of the wet
time. This fluctuation might be attributed to changes in microbial activity or environmental
conditions affecting the nitrification process. The fourth day showed stable NOgz
concentration at 1 mg/L throughout both wet and dry periods. Nitrification, the oxidation
process converting NO>" to NOs', relies on aerobic conditions with adequate oxygen supply.

Reduced oxygen levels, reflected by low ORP values and oxygen content below 0.5 mg/L,
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can hinder nitrification activity. Additionally, under reduced oxygen conditions, denitrifying
bacteria can facilitate the conversion of NO3 to N2 gas through denitrification that help in
decreasing the concentration of NO3 from the third day until to the end of the experimental
process. Hence, in the presence of limited oxygen and anaerobic conditions, both reduced
nitrification and denitrification processes can lead to a decrease in NO3 concentration,

explaining the observed fluctuations in the third-day data.

Figure 4-9 Breakthrough curve of NOs™ concentration performance in the sand column of
the SAT system during wet and dry periods

The regression analysis examining the relationship between NOs™ concentration and
wetting and drying conditions, along with associated factors (pH, DO, and ORP). The p-
values for the relationships between NOs concentration and the tested variables, along with
the correlation coefficients, indicate the statistical significance and the strength of these
associations. The relationship between NO3 concentration and DO showed a p-value of
0.1231, signifying no significant connection, with a weak positive correlation (r = 0.20). The
relationship with ORP yielded a p-value of 0.0786, also indicating no significant correlation,
with a moderate positive correlation (r = 0.63). The relationship with pH had a p-value of
0.2847, implying no significant association, and a weak positive correlation (r = 0.34). Lastly,
the relationship between NOs concentration and Wet/dry status had a p-value of 0.4872.
The overall model's p-value was 0.373, revealing that the variations in NOs™ concentration
during wet and dry periods were not strongly influenced by these factors, although some

weak to moderate positive correlations were observed.

To analyze the factorial interaction between NOs concentration and the wetting and
drying conditions, the interaction relationships trend examined between NO3™ concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-10.
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Figure 4-10 Factorial interaction relationships between NO3s™ and wet/dry parameters

The factorial interaction relationships between NOs concentration and wet/dry
parameters, as determined by the regression model, highlight the roles these factors play
during wet and dry periods. There's a general trend where increasing DO, pH, and ORP
during both wet and dry times correspond to an increase in NOz concentration. This
observation aligns with the positive correlation found in the correlation analysis, indicating
that these factors have a positive influence on NO3™ concentration. This behavior can be
attributed to nitrification processes converting NH4* to NO3', where NOj3™ represents the final
oxidization product (Gharbia et al., 2024). Conversely, the decrease in NOs concentration
is associated with denitrification, which is influenced by decreasing DO and ORP levels, as
both are indicative of reduced oxygen availability in the system (Li et al.,, 2019).
Denitrification leads to the reduction of NO3 to N2 gas, contributing to a decrease in NO3’

concentration (Gharbia et al., 2024).

To summarize the effect of wet and dry periods on the NO3™ concentration the box

plot used to visualize the favorable period for NO3 removal conditions shown in figure 4-11.

The box plot analysis used to assess the impact of wet and dry periods on NOg
concentration revealed that the mean NOj™ concentration during dry times was generally
lower than that during wet times which is aligns with Ma et al. (2023), and Sallwey et al.

(2020). This suggests that dry periods are more favorable for NOs™ removal conditions.
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Figure 4-11 Box plot for NOs™ concentration during wet and dry periods

4.3.4. Phosphate (PO.%*) interplay with wet and dry conditions

The breakthrough curve for PO4* through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 20 mg/L is shown in figure
4-12.

Figure 4-12 Breakthrough curve of PO4* concentration performance in the sand column of
the SAT system during wet and dry periods

The breakthrough curve (BTC) for PO4* demonstrates a consistently high removal
capacity of PO, from the synthetic wastewater in the sand column. Throughout the four
days of the experiment, the sand column effectively reduced PO.* concentrations. On the
first day, the concentration gradually increased during the wet period, remaining stable in
the dry period, showcasing the sand's strong adsorption capacity for POs*. On the second
day, a temporary concentration spike during the wet time, followed by a decrease to 0 mg/L
in the dry period, suggested efficient removal. On the third day, PO.* concentrations stayed

at 0 mg/L during both wet and dry periods, indicating continuous effective removal. Day four
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saw a slight increase to 1 mg/L during the wet time, which was maintained in the dry period,
likely due to some limitations in removal capacity at higher concentrations. Overall, these
results confirm the sand column's exceptional ability to remove PO, under various wet and
dry conditions, relying on adsorption and other removal mechanisms to achieve low or

negligible PO concentrations in the outflow.

In the analysis of the interaction between PO4* concentration and wetting and drying
conditions, including pH, DO, and ORP, the regression model revealed the relationships,
the analysis of the interaction between PO.* concentration and wetting and drying
conditions, including pH, DO, and ORP, revealed significant relationships. The relationship
between PO,* concentration and DO had a p-value of 0.00253, indicating a statistically
significant relationship. The relationship between PO.* concentration and ORP also
showed significance, with a p-value of 0.00208. The connection between PO*
concentration and pH had a p-value of 0.03276, suggesting a significant relationship but
with a slightly higher p-value. The relationship between PO.,* concentration and Wet/dry
status was also significant, with a p-value of 0.02919. The overall model had a very low p-
value of 1.796e-08, confirming that the interactions between PO.* concentration and these
factors significantly influenced the results, reflecting their combined impact on the removal
of PO4*. In the correlation analysis between PO.* concentration and wet/dry factors, the
correlations were strong, with a correlation coefficient (r) of 0.871 between PO.*
concentration and DO, 0.489 between PO.* concentration and ORP, and 0.840 between
PO.* concentration and pH, emphasizing their substantial influence on PO,* removal from

the system.

To analyze the factorial interaction between PO.* concentration and the wetting and
drying conditions, the interaction relationships trend examined between PO.4* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-13.
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Figure 4-13 Factorial interaction relationships between PO,* and wet/dry parameters

The factorial interaction relationships based on the regression model highlighted the
roles of PO.* in relation to DO, pH, and ORP during wet and dry times. It was observed that
an increase in DO, pH, and ORP during both wet and dry conditions led to an increase in
PO.* concentration. This trend aligned with the positive correlations revealed in the
correlation analysis, further emphasizing the influential roles of these factors in controlling
PO.* concentrations. Additionally, the likelihood of PO4* precipitating with cations such as
Fe?" or Ca?" contributed to the increased removal capacity for PO.* (Liu, 2017). This
interaction and the potential precipitation processes played a significant role in the removal
of PO4* from the system, further corroborating the positive influence of these factors on
PO.* removal (Gharbia et al., 2024).

To summarize the effect of wet and dry periods on the PO4* concentration the box

plot visualize the favorable period for PO4* removal conditions shown in figure 4-14.

The analysis of wet and dry periods' effects on PO.* concentrations, as visualized
by box plots, revealed that, in general, the mean PO,* concentration during dry times was
lower than during wet times which is align with Wang et al. (2016). This indicates that dry
periods were more favorable for the removal of PO,* from the system. The observations
align with the high removal capacity for PO4* and the influence of factors such as DO, pH,
ORP, and potential precipitation processes, emphasizing the effectiveness of the sand
column in reducing PO.* concentrations, particularly during dry conditions (Gharbia et al.,
2024).
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Figure 4-14 Box plot for PO,* concentration during wet and dry periods
4.3.5. Sulfate (SO4%) interplay with wet and dry conditions
The breakthrough curve for SO4? through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 30 mg/L is shown in figure
4-15.

Figure 4-15 Breakthrough curve of SO4* concentration performance in the sand column of
the SAT system during wet and dry periods

In the analysis of SO4? concentration in the outflow, it was observed that during the
wet time, the concentration initially started at 5 mg/L and gradually increased to 6 mg/L,
indicating the sand column's ability to retain and remove SO4%. This removal capacity was
sustained during the dry period, with a stable concentration of 6 mg/L. On the second day,
the concentration increased to 20 mg/L during the wet time, likely due to the sand column
reaching its retention limit. However, during the subsequent dry period, the concentration
gradually decreased to 17 mg/L, suggesting additional removal mechanisms. On the third

day, a significant removal of SO4%> occurred during the wet period, with the concentration
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dropping to 0 mg/L, possibly due to microbial sulfate reduction and chemical reactions
based on the reduction environment phase according to ORP. This low concentration was
maintained throughout the remaining days, indicating the effective and sustained removal

capacity of the sand column.

The analysis of the interaction between SO.* concentration and wetting and drying
conditions, as well as pH, DO, and ORP, revealed the following results: The relationship
between SO.*> concentration and DO showed a high p-value of 0.836, indicating no
statistically significant association. However, the relationship between SO4? concentration
and ORP had a very low p-value of 3.19e-09, indicating a highly significant correlation. The
connection between SO4% concentration and pH had a p-value of 0.0844, suggesting a
potential relationship but with a slightly higher p-value. The relationship between SO4*
concentration and Wet/dry status had a p-value of 0.7534, indicating no significant
relationship. The overall model demonstrated a very low p-value of 5.238e-11, confirming
that the interactions between SO4? concentration and these factors significantly influenced
the results, reflecting their combined impact on SO4% removal. In the correlation analysis
between SO, concentration and wet/dry factors, the correlations were as follows: The
correlation between SO4% concentration and DO was 0.66, indicating a moderate positive
correlation. The correlation between SO4% concentration and ORP was 0.96, signifying a
strong positive correlation. The correlation between SO4% concentration and pH was 0.43,
indicating a moderate positive correlation. These correlation values suggest positive
associations between SO4? concentration and these factors during the wet and dry periods,

with ORP showing a particularly strong positive correlation with SO concentration.

To analyze the factorial interaction between SO, concentration and the wetting and
drying conditions, the interaction relationships trend examined between SO4? concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-16.
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Figure 4-16 Factorial interaction relationships between SO,* and wet/dry parameters

The factorial interaction relationships between SO.% concentration and wet/dry
parameters, as determined by the regression model, revealed that increasing DO, pH, and
ORP during both wet and dry times had the effect of increasing the SO4* concentration.
This finding aligns with the positive correlation observed in the correlation analysis,
indicating that these factors have a positive influence on SO4? concentration. Additionally,
the probability of SO reduction, facilitated by lower ORP values (below zero mV), may
contribute to the increased removal capacity for SO4* (Dong et al., 2023). This reduction
process involves the conversion of SO4? to sulfide (S%) through sulfate reduction, occurring
under anaerobic respiration conditions (Yu et al., 2016). Overall, these mechanisms
contribute to the observed increase in SO4> concentration with higher DO, pH, and ORP

values during both wet and dry periods (Gharbia et al., 2024).

To summarize the effect of wet and dry periods on the SO4* concentration the box
plot used to visualize the favorable period for SO4* removal conditions as shown in figure
4-17.

The box plot analysis, designed to visualize the impact of wet and dry periods on
S0O.% concentration, reveals that the mean SO4* concentration during dry times is generally
lower than during wet times which is aligns with Estop-Aragonés et al. (2013). This
observation suggests that the dry period is more favorable for SO4* removal conditions, as

it results in lower SO4% concentrations.
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Figure 4-17 Box plot for SO4* concentration during wet and dry periods
4.3.6. Iron (Fe?") interplay with wet and dry conditions
The breakthrough curve for Fe?* through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 3 mg/L is shown in figure
4-18.

Figure 4-18 Breakthrough curve of Fe?* concentration performance in the sand column of
the SAT system during wet and dry periods

The experiment began with an initial Fe?* concentration of 3 mg/L in the infiltrated
synthetic wastewater, and by the end of the study, it reached a saturation level of 0.7 mg/L,
illustrating substantial removal of Fe?* during both wet and dry periods. Importantly, there
was no significant disparity in Fe?* removal performance between wet and dry conditions,
underscoring the sand column system's consistent effectiveness in eliminating Fe?*
regardless of moisture levels. Over the course of the study, the Fe?* concentration exhibited
variations. On the first day, it gradually decreased from 0.2 mg/L to 0.1 mg/L and remained

steady during the dry period. The second day saw an increase to 0.5 mg/L during wetting,
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maintaining this level during the dry period. However, the start of the third day witnessed a
sudden drop to 0.3 mg/L, which remained constant until the end of the wet period. During
the dry phase of the third day, the Fe?" concentration incrementally rose to 0.6 mg/L. On
the fourth day, Fe?* concentration gradually increased to 0.8 mg/L during wetting and
remained stable during the dry period. These results affirm the sand column's efficient Fe?*
removal capacity, with observed concentration fluctuations likely arising from factors like
influent Fe?* availability, sand column adsorption capacity, and chemical or biological

transformations within the system.

The regression analysis examining the relationship between Fe?* concentration and
wetting and drying conditions, including pH, DO, and ORP, revealed that the relationship
between Fe?* concentration and DO had a low p-value of 0.00137, indicating a statistically
significant association. Similarly, the relationship between Fe?* concentration and ORP had
a significant p-value of 0.040, indicating a significant relationship. The relationship between
Fe?* concentration and pH was also significant with a p-value of 0.037, while the relationship
between Fe?* concentration and Wet/dry status was also significant, with a p-value of
0.00655. The overall model had a very low p-value of 5.165e-08, confirming that the
interactions between Fe?* concentration and these factors significantly influenced the
results, reflecting their combined impact on the removal of Fe?* from the system. In the
correlation analysis between Fe?* concentration and wet/dry factors, the correlations were
found to be as follows: The correlation coefficient (r) between Fe?* concentration and DO
was -0.91, indicating a strong negative correlation. The correlation coefficient between Fe?*
concentration and ORP was -0.72, signifying a moderate negative correlation. The
correlation coefficient between Fe?* concentration and pH was -0.76, indicating a moderate
negative correlation. These correlation values suggest that there were strong negative

associations between Fe?* concentration and these factors during the wet and dry periods.

To analyze the factorial interaction between Fe?* concentration and the wetting and
drying conditions, the interaction relationships trend examined between Fe?* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-19.
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Figure 4-19 Factorial interaction relationships between Fe®* and wet/dry parameters

The factorial interaction relationships between Fe?* concentration and wet/dry
parameters, based on the regression model, reveal that increasing levels of DO, pH, and
ORP during wet and dry periods contribute to a decrease in Fe?* concentration. This
observation aligns with the correlation analysis, indicating a negative correlation between
these factors and Fe?* concentration. These findings are consistent with geochemical
reactions, where higher ORP and increased DO facilitate the conversion of Fe?* to Fe®*,
enhancing Fe?* removal capacity (Quang et al., 2022). Additionally, the rise in pH aids in
precipitating Fe?*, further reducing Fe?* concentration within the system (Wen et al., 2022).
Overall, these factors collectively influence the effective removal of Fe?* from the infiltrated

wastewater.

To summarize the effect of wet and dry periods on the Fe?* concentration the box
plot used to visualize the favorable period for Fe?* removal conditions as shown in figure 4-
20.

The box plot analysis of the wet and dry periods' effect on Fe?* concentration
indicates that, generally, the wet period results in lower concentrations of Fe?* compared to
the dry period which is aligns with Zhang et al. (2018). This suggests that the wet conditions

are more favorable for the removal of Fe?* from the system.
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Figure 4-20 Box plot for Fe** concentration during wet and dry periods

4.3.7. Copper (Cu?") interplay with wet and dry conditions

The breakthrough curve for Cu?* through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 1 mg/L is shown in figure
4-21.

Figure 4-21 Breakthrough curve of Cu?* concentration performance in the sand column of
the SAT system during wet and dry periods

The Cu?" breakthrough curve (BTC) exhibits an S-shaped pattern, indicating a
substantial removal capacity for Cu?* in both wet and dry periods. The initial Cu?*
concentration was 1 mg/L, and it reached a saturation level of 0.7 mg/L by the experiment's
end, showcasing effective Cu?* removal by the sand column, unaffected by wet or dry
conditions. There's no significant difference in Cu?* removal performance between these
conditions. During the wet time, Cu?* concentration gradually increased, peaking at 0.70
mg/L. In the dry period, the concentration remained stable at 0.70 mg/L, indicating a

dynamic equilibrium between removal and release processes. These findings underscore
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the sand column's consistent and effective Cu?* removal capacity, with stable

concentrations during dry periods, ensuring long-term stability in Cu?* removal.

In the analysis of the interaction between Cu?* concentration and wetting and drying
conditions, as well as key factors including pH, DO, and ORP during both wet and dry
periods, the regression model revealed significant relationships. The association between
Cu?* concentration and DO had a low p-value of 0.000127, indicating a statistically
significant relationship. The relationship between Cu?* concentration and ORP also had a
low p-value of 0.000229, suggesting a significant correlation. The connection between Cu?*
concentration and pH had a p-value of 0.002834, indicating a significant relationship but
with a slightly higher p-value. The relationship between Cu?* concentration and Wet/dry
status was also significant, with a p-value of 0.002526. The overall model had a very low p-
value of 2.58e-12, confirming that the interactions between Cu?* concentration and these
factors significantly influenced the results, reflecting their combined impact on Cu?* removal
from the system. In the correlation analysis between Cu?* concentration and wet/dry factors,
the correlations were found to be strong, with a strong negative correlation with DO (-0.89),
a moderate negative correlation with ORP (-0.53), and a strong negative correlation with
pH (-0.86). These correlation values suggest that there were strong negative associations
between Cu?* concentration and these factors during the wet and dry periods, with DO,

ORP, and pH showing substantial negative correlations with Cu?* concentration.

To analyze the factorial interaction between Cu?* concentration and the wetting and
drying conditions, the interaction relationships trend examined between Cu?* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-22.

The regression model examining the interaction between Cu?* concentration and
wet/dry conditions, along with the key factors of pH, DO, and ORP, revealed significant
relationships. The increased levels of DO, pH, and ORP during wet and dry periods led to
a decrease in Cu?" concentration. This observation aligns with the negative correlation
demonstrated in the correlation analysis, indicating the strength of these associations.
Additionally, these findings are consistent with geochemical reactions, higher pH levels
contribute to the precipitation of Cu?" (Benslimane et al., 2020), further reducing its

concentration in the system.
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Figure 4-22 Factorial interaction relationships between Cu®* and wet/dry parameters
To summarize the effect of wet and dry periods on the Cu?* concentration the box
plot used to visualize the favorable period for Cu?* removal conditions as shown in figure 4-
23.

Figure 4-23 Box plot for Cu?* concentration during wet and dry periods
The analysis of Cu?* concentration's response to wet and dry periods, as depicted
in the box plot, suggests that the wet time is associated with lower Cu?* concentrations
compared to the dry time which is aligns with Blecken et al. (2009). This indicates that Cu®
removal conditions are generally more favorable during wet periods, as observed by the

lower mean concentrations of Cu?* during these times.

4.3.8. Manganese (Mn?") interplay with wet and dry conditions

The breakthrough curve for Mn?* through the sand column during the wet and dry
periods over a 4-day column experiment with initial concentration 3 mg/L is shown in figure
4-24.
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Figure 4-24 Breakthrough curve of Mn?* concentration performance in the sand column of
the SAT system during wet and dry periods

The analysis of breakthrough curve (BTC) results illustrates the transport behavior
of Mn?* through the sand column in both wet and dry conditions. The BTC curve exhibits an
S-shape, indicating a substantial removal capacity for Mn?* during both periods. Starting
with an initial concentration of 3 mg/L in the influent synthetic wastewater, the Mn?*
concentration gradually increased, ultimately reaching a saturation level of 2 mg/L by the
end of the experiment. This outcome reflects effective Mn?* removal from the system,
irrespective of whether it occurred during wet or dry conditions. The consistent performance
between wet and dry conditions implies that the sand column's Mn?* removal mechanism
remains unaffected by the presence or absence of water. The sand column demonstrates
efficient retention and removal of Mn?* in both scenarios. This removal capacity can be
attributed to factors such as the sand column's surface chemistry, porosity, and potential
chemical reactions, including precipitation and co-precipitation with other minerals present

in the sand.

In the analysis of the interaction between Mn?* concentration and wetting and drying
conditions, as well as key factors including pH, DO, and ORP during both wet and dry
periods, the regression model revealed the following relationships: The association between
Mn2* concentration and DO had a very low p-value of 0.000067, indicating a statistically
significant relationship. The relationship between Mn?* concentration and ORP also had a
very low p-value of 0.0000051, signifying a highly significant correlation. The connection
between Mn?* concentration and pH had a p-value of 0.0000051, suggesting a significant
relationship. The relationship between Mn?* concentration and Wet/dry status was also
significant, with a p-value of 0.000191. The overall model had an extremely low p-value of
1.791e-15, confirming that the interactions between Mn?* concentration and these factors

significantly influenced the results, reflecting their combined impact on Mn?* removal from
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the system. In the correlation analysis between Mn?* concentration and wet/dry factors, the
correlations were found to be as follows: The correlation coefficient (r) between Mn?*
concentration and DO was -0.86, indicating a strong negative correlation. The correlation
coefficient between Mn?* concentration and ORP was -0.51, signifying a moderate negative
correlation. The correlation coefficient between Mn?* concentration and pH was -0.89,
indicating a strong negative correlation. These correlation values suggest that there were
strong negative associations between Mn?* concentration and these factors during the wet
and dry periods, with DO, ORP, and pH showing substantial negative correlations with Mn?*

concentration.

To analyze the factorial interaction between Mn?* concentration and the wetting and
drying conditions, the interaction relationships trend examined between Mn?* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-25.

Figure 4-25 Factorial interaction relationships between Mn?* and wet/dry parameters

The factorial interaction relationships between Mn?* and wet/dry parameters, based
on the regression model, reveal that the increase in DO, pH, and ORP during wet and dry
conditions leads to a decrease in Mn?* concentration. This observation aligns with the
correlation analysis, indicating negative correlations between these factors and Mn?*
concentration. Additionally, this is consistent with geochemical reactions, where the
probability of Mn?* oxidation to Mn** increases with higher ORP and elevated DO (Chen et
al., 2019), enhancing the removal capacity for Mn?* by converting it to Mn** and eventually
to MnO; (Chen et al., 2022). Moreover, the rise in pH assists in precipitating Mn?* as

Mn(OH)., further reducing Mn?* concentration in the system.
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To summarize the effect of wet and dry periods on the Mn?* concentration the box
plot used to visualize the favorable period for Mn?* removal conditions as shown in figure
4-26.

The box plot analysis aimed at visualizing the impact of wet and dry periods on Mn?*
concentration reveals that, in general, the mean Mn?* concentration during wet periods is
lower compared to dry periods. This suggests that wet periods are more favorable for the
removal of Mn?* from the system which is aligns with Zhang et al. (2018). The data indicates
that Mn?* concentration is effectively reduced during wet conditions, making it the preferable

period for Mn?* removal.

Figure 4-26 Box plot for Mn?* concentration during wet and dry periods
4.3.9. Molybdate (MoO.%) interplay with wet and dry conditions
The breakthrough curve for MoO4# through the sand column during the wet and dry

periods over a 4-day column experiment, initial concentration 2 mg/L shown in figure 4-27.

The analysis of MoO4? transport through the sand column provides valuable insights
into its removal under wet and dry conditions. Notable findings include the following:
Removal Consistency there is no significant difference in MoO4* removal performance
between wet and dry conditions, indicating consistent removal mechanisms. Initial and
Saturation Levels the initial MoO4> concentration was 2 mg/L, reaching a saturation
concentration of 1.8 mg/L by the experiment's end. This highlights the sand column's
substantial removal capacity. Concentration Variations MoO4> concentration decreased
during wet periods and remained stable during dry periods, suggesting effective retention
by the sand column. Flocculation and Fluctuations some fluctuations and flocculation
occurred in MoO4% concentration, likely due to chemical changes, precipitation, adsorption,
and interactions with the sand column. In summary, the sand column demonstrates a

removal capacity for MoOs*>. Decreased concentration during wet periods implies
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adsorption and precipitation, while stability during dry periods suggests continued

effectiveness in MoQO.? retention, even without water flow.

Figure 4-27 Breakthrough curve of MoO4> concentration performance in the sand column
of the SAT system during wet and dry periods

The regression analysis assessing the connection between MoQO4? concentration
and wetting and drying conditions, pH, DO, and ORP during both wet and dry periods
unveiled the following associations: The relationship between MoO.? concentration and DO
exhibited a statistically significant association with a p-value of 0.0154, while the relationship
with ORP suggested a potentially significant link with a p-value of 0.0566. The association
with pH was significant, indicated by a p-value of 0.0407, and the link with Wet/dry status
suggested potential significance with a p-value of 0.0518. The overall model displayed a
very low p-value of 0.0002543, confirming the collective impact of these factors on MoO,*
removal, despite some individual relationships having slightly higher p-values. Moreover,
the correlation analysis demonstrated strong negative correlations between MoOs*
concentration and DO (-0.96), ORP (-0.78), and pH (-0.84) during both wet and dry periods.
These findings imply that these factors play a role in MoO4* transport and removal,

indicating that the correlations are more robust than the regression model suggests.

To analyze the factorial interaction between MoO4* concentration and the wetting
and drying conditions, the interaction relationships trend examined between Mo4O?*
concentration and key parameters such as pH, dissolved oxygen (DO), and oxidation-

reduction potential (ORP) during both wet and dry times as shown in figure 4-28.

78



Figure 4-28 Factorial interaction relationships between MoO,* and wet/dry parameters

The factorial interaction relationships between MoO4? and wet/dry conditions based
on the regression model highlight the interplay of MoO.? with key factors, including DO, pH,
and ORP during both wet and dry periods. The results indicate that increasing DO, pH, and
ORP during wet and dry times leads to a decrease in MoO4? concentration. This aligns with
the correlation analysis that demonstrated strong negative correlations between these
factors and MoO.,> concentration. The decrease in MoO4*> concentration can also be
attributed to geochemical reactions, with higher ORP and DO promoting the conversion of
MoQO,4? to Mo®* under aerobic conditions, where higher ORP values are typically observed,
resulting in lower MoO4? concentrations (Liu et al., 2023). Furthermore, an increase in pH
contributes to reduced MoO4? concentration, as Mo(VI) is more soluble in acidic solutions
than in alkaline ones (Li et al., 2023). Hence, higher pH values lead to lower MoO,*

concentrations in the system.

To summarize the effect of wet and dry on the MoO.? concentration the box plot
used to visualize the favorable period for MoO4* removal conditions as shown in figure 4-
29.

The analysis of the effect of wet and dry periods on MoO.> concentration, as
represented by the box plot, reveals that the wet periods generally result in lower MoO4*
concentrations compared to dry periods. The difference between the mean values for
MoQO,% concentration in wet and dry times indicates that the wet conditions favor the
removal of MoO4?. This suggests that the presence of water during wet periods enhances

the processes that lead to reduced MoO4* concentrations in the system.
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Figure 4-29 Box plot for MoO4* concentration during wet and dry periods
4.3.10. Zinc (Zn?) interplay with wet and dry conditions
The breakthrough curve for Zn?* through the sand column during the wet and dry
periods over a 4-day column experiment with initial concentration 2.5 mg/L is shown in figure
4-30.

Figure 4-30 Breakthrough curve of Zn?* concentration performance in the sand column of
the SAT system during wet and dry periods

The results from the transport of Zn?* through the sand column indicate several key
findings about its removal under wet and dry conditions. The S-shaped BTC curve suggests
a continuous removal capacity for Zn?* throughout the experiment. The saturation
concentration of Zn?* at 3.5 mg/L exceeded the initial infiltrated concentration of 2.5 mg/L,
indicating saturation of the sand column with Zn?* ions over time. During wet periods, the
concentration of Zn?* increased and reached the saturation concentration, indicating higher
transport and accumulation of Zn?* under wet conditions. In contrast, during dry periods,

Zn?* concentration remained stable, indicating reduced desorption and removal processes.
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The initial concentration overshoot during wet periods can be attributed to saturation-
induced release and competitive interactions with other pollutants. These findings shed light

on Zn?* behavior in the sand column and its fate in environmental systems.

In the analysis of the interaction between Zn?* concentration and wetting and drying
conditions, as well as key factors including pH, DO, and ORP during both wet and dry
periods, the regression model unveiled significant relationships between Zn?* concentration
and these factors. Specifically, the relationship between Zn?* concentration and DO
exhibited a low p-value of 0.000213, signifying a statistically significant association. The
relationship with ORP also indicated significance with a p-value of 0.010386, albeit slightly
higher. Similarly, the connection between Zn?* concentration and pH revealed a significant
relationship with a p-value of 0.005063. The impact of Wet/dry status on Zn?* concentration
was also found to be significant, supported by a p-value of 0.001244. The overall model
demonstrated the collective and highly significant influence of these factors on Zn?* removal
with an extremely low p-value of 7.014e-13. Furthermore, the correlation analysis
highlighted strong negative associations between Zn?* concentration and the wet/dry
factors, with DO exhibiting a correlation coefficient (r) of -0.93, indicating a strong negative
correlation, ORP showing a moderate negative correlation with a coefficient of -0.64, and
pH displaying a strong negative correlation with a coefficient of -0.87. These correlations
indicate the pivotal role of DO, ORP, and pH in influencing the transport and removal of Zn?*

from the system, aligning with the regression model results.

To analyze the factorial interaction between Zn?* concentration and the wetting and
drying conditions, the interaction relationships trend examined between Zn?* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-31.

The factorial interaction relationships between Zn#* and wet/dry parameters, as
revealed by the regression model, provide insights into the dynamic roles of Zn?* and key
environmental factors during wet and dry conditions. Notably, the increase in DO, pH, and
ORP during both wet and dry periods contributes to a decrease in Zn?* concentration, a
trend supported by the negative correlations observed in the correlation analysis. This
suggests that DO, pH, and ORP play a crucial role in controlling Zn?* concentrations in the
system. The geochemical reactions further support this behavior, indicating that as ORP
increases, Zn?* becomes less soluble, favoring its removal. Additionally, the increase in pH
aids in decreasing Zn?* concentration, as Zn?* is more soluble in acidic conditions (Kumordzi

et al.,, 2016). Consequently, these findings underscore the interconnected influence of
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environmental factors and geochemical reactions in the transport and removal of Zn?* from

the system under varying wet and dry conditions.

Figure 4-31 Factorial interaction relationships between Zn®* and wet/dry parameters
To summarize the effect of wet and dry periods on the Zn?* concentration the box
plot used to visualize the favorable period for Zn?* removal conditions as shown in figure 4-
32.

Figure 4-32 Box plot for Zn?* concentration during wet and dry periods
The analysis of Zn?* concentration under wet and dry conditions, visualized using
box plots, highlights the impact of these conditions on Zn?* removal. The box plots
demonstrate that, in general, the mean values for Zn?* concentration are lower during wet
times compared to dry times. This suggests that wet conditions favor a lower concentration
of Zn?* and are a more favorable period for Zn?* removal. The difference in mean values
between wet and dry periods further emphasizes the influence of these conditions on Zn?*

concentrations, with wet times exhibiting better Zn?* removal performance.
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4.3.11. Cobalt (Co?") interplay with wet and dry conditions

The breakthrough curve for Co?* through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 3.5 mg/L is shown in figure
4-33.

Figure 4-33 Breakthrough curve of Co?" concentration performance in the sand column of
the SAT system during wet and dry periods

The results from the transport of Co?* through the sand column highlight key insights
into its removal under wet and dry conditions. The BTC curve analysis indicates efficient
Co?" removal, with an S-shaped curve demonstrating removal capacity during both wet and
dry periods. The initial infiltrated concentration and saturation concentration of Co?* were
both 3.5 mg/L, indicating equilibrium between adsorption and desorption processes. During
wet conditions, Co?* concentration gradually increased, likely due to improved contact
between Co?" ions and sand particles, facilitating adsorption. Wet conditions may also
promote Co?" ion leaching from the sand column. Conversely, during dry periods, Co?*
concentration remained stable, indicating sustained equilibrium between adsorption and
desorption processes even without water flow. This suggests minimal release or desorption

of Co?* from the sand column during dry times.

In the analysis of the interaction between Co?* concentration and wetting and drying
conditions, along with key factors including pH, DO, and ORP during both wet and dry
periods, the regression model revealed the following relationships: The association between
Co?* concentration and DO had a very low p-value of 0.0000904, indicating a statistically
significant relationship. The relationship between Co?* concentration and ORP also had a
very low p-value of 0.00000601, signifying a highly significant correlation. The connection
between Co?* concentration and pH had a p-value of 0.0000034, suggesting a significant

relationship. The relationship between Co?* concentration and Wet/dry status was also

83



significant, with a p-value of 0.000337. The overall model had an extremely low p-value of
1.527e-15, confirming that the interactions between Co?* concentration and these factors
significantly influenced the results, reflecting their combined impact on Co?* removal from
the system. In the correlation analysis between Co?* concentration and wet/dry factors, the
correlations were found to be as follows: The correlation coefficient (r) between Co?*
concentration and DO was -0.86, indicating a strong negative correlation. The correlation
coefficient between Co?* concentration and ORP was -0.50, signifying a moderate negative
correlation. The correlation coefficient between Co?* concentration and pH was -0.89,
indicating a strong negative correlation. These correlation values suggest that there were
strong negative associations between Co?* concentration and these factors during both wet
and dry periods, with DO, ORP, and pH showing substantial negative correlations with Co?*
concentration. These findings reinforce the significance of these factors in influencing the

transport and removal of Co?* in the system.

To analyze the factorial interaction between Co?* concentration and the wetting and
drying conditions, the interaction relationships trend examined between Co?* concentration
and key parameters such as pH, dissolved oxygen (DO), and oxidation-reduction potential

(ORP) during both wet and dry times as shown in figure 4-34.

Figure 4-34 Factorial interaction relationships between Co?* and wet/dry parameters
The factorial interaction relationships between Co?* and wet/dry parameters, based
on the regression model, highlight the interactions between Co?* and key factors like DO,
pH, and ORP during wet and dry periods. The results indicate that increasing DO, pH, and
ORP during both wet and dry times leads to a decrease in Co?" concentration, in line with
the negative correlations found in the correlation analysis. These findings are further
supported by geochemical reactions. Co?* tends to be more soluble in reducing and anoxic

environments than in oxidizing and oxic environments. Higher ORP and increased DO
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levels enhance the removal capacity for Co?*, leading to lower concentrations (Dabbagh et
al., 2016). Additionally, the increase in pH helps reduce Co?* concentration as Co?* is more
soluble in acidic solutions compared to alkaline ones (Adibmehr and Faghihian, 2019).
Overall, these results suggest that variations in DO, pH, and ORP significantly influence the
transport and removal of Co?" from the system, with their combined effect leading to

decreased Co?* concentrations.

To summarize the effect of wet and dry periods on the Co?* concentration the box
plot used to visualize the favorable period for Co?* removal conditions as shown in figure 4-
35.

Figure 4-35 Box plot for Co?* concentration during wet and dry periods
The effect of wet and dry periods on Co?" concentration, as visualized through box
plots, reveals that there is a relatively small difference between the mean values of Co?*
concentration in wet and dry times. However, it is evident that the wet period tends to have
slightly lower Co?* concentrations compared to the dry period, indicating that wet conditions

are somewhat more favorable for Co?* removal.

4.3.12. Borate (BO3s*) interplay with wet and dry conditions

The breakthrough curve for BO3* through the sand column during the wet and dry time
periods over a 4-day column experiment with initial concentration 2.5 mg/L is shown in figure
4-36.
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Figure 4-36 Breakthrough curve of BO3* concentration performance in the sand column of
the SAT system during wet and dry periods

The breakthrough curve (BTC) analysis reveals the transport behavior of BO3s*
through the sand column under wet and dry conditions. The BTC pattern for BOs>
concentration exhibits a flocculation pattern. Initially, the infiltrated BOs* concentration was
2.5 mg/L, and it reached an average saturation concentration of 2.5 mg/L, indicating that
the sand column has a limited capacity to retain and remove BOs* ions from the solution.
During the wet period, the BO3* concentration shows development and exhibits peaks,
reaching a maximum of 2.54 mg/L. These peaks likely result from processes such as
leaching, dissolution, and mobilization of BOz* ions from the sand column during wet
conditions. Factors like increased water flow and contact with fresh solution contribute to
higher concentrations. Conversely, the BO3* concentration remains stable during the dry
period, indicating minimal leaching or release. These findings suggest that wet conditions
enhance BOs* ion mobility, resulting in higher concentrations, while dry conditions minimize
leaching, maintaining stable BO3* concentrations. The flocculation pattern and
concentration peaks during wet conditions likely involve complex interactions between BOz*

adsorption, precipitation, and desorption processes in the sand column.

The interaction between BO3s* concentration and wetting, drying conditions, as well
as key factors of pH, DO, and ORP during wet and dry periods, the regression model
revealed the following relationships: The relationship between BO3z* concentration and DO
had a p-value of 0.049, indicating a statistically significant association. The relationship
between BOs* concentration and ORP had a p-value of 0.039, suggesting a significant
relationship. The connection between BO3* concentration and pH had a p-value of 0.029,
indicating a significant relationship. The relationship between BOs* concentration and
Wet/dry status had a p-value of 0.0596, suggesting a potentially significant relationship. The

overall model had a low p-value of 0.000105, confirming that the interactions between BO3z*
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concentration and these factors significantly influenced the results, reflecting their combined
impact on BOs* removal from the system. In the correlation analysis between BO3z*
concentration and wet/dry factors: The correlation coefficient (r) between BOs*
concentration and DO was -0.94, indicating a strong negative correlation. The correlation
coefficient between BOs* concentration and ORP was -0.67, signifying a moderate negative
correlation. The correlation coefficient between BO3z* concentration and pH was -0.95,
indicating a strong negative correlation. These correlation values reveal strong negative
associations between BO3* concentration and these factors during the wet and dry periods.
While the regression model results for individual relationships had relatively higher p-values,
the overall model demonstrated significant interactions between BOs* concentration and

these factors, indicating their combined influence on BOs* removal.

To analyze the factorial interaction between BOs* concentration and the wetting and
drying, the interaction relationships trend examined between BOs* concentration and key

parameters such as pH, DO, and ORP during wet and dry times as shown in figure 4-37.

Figure 4-37 Factorial interaction relationships between BOs* and wet/dry parameters

The factorial interaction relationships based on the regression model highlight the
interactions between BOs* concentration and key factors like dissolved oxygen (DO), pH,
and oxidation-reduction potential (ORP) during both wet and dry periods. It was observed
that increasing DO, pH, and ORP during both wet and dry times had a consistent effect,
leading to a decrease in BOz* concentration. This trend aligns with the findings of the
correlation analysis, which indicated strong negative correlations between BO3z*
concentration and these factors. The observed interactions and correlations collectively
suggest that elevated levels of DO, higher pH, and increased ORP contribute to reducing
the concentration of BOs* in the system during both wet and dry conditions (Tokatli et al.,

2014), emphasizing their influential roles in BOs* removal and transport dynamics.
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To summarize the effect of wet and dry periods on the BOs* concentration the box
plot used to visualize the favorable period for BOs* removal conditions as shown in figure
4-38.

Figure 4-38 Box plot for BO3* concentration during wet and dry periods
The box plot analysis designed to visualize the impact of wet and dry periods on
BOs* concentration revealed that, in general, the dry time resulted in lower BO3s*
concentrations. This suggests that the dry conditions favor the removal of BOs*, leading to

reduced concentrations compared to wet periods.

4.4, Conclusion

Wetting and drying cycles within a soil aquifer treatment system exert significant
influence over the performance and elimination of infiltrated wastewater pollutants within
the sand column. These cycles facilitate the removal of pollutants through physical filtration,
adsorption, and biological degradation during wet periods, whereas the drying phases
promote the retention and immobilization of pollutants, leading to a further reduction in their
concentration. The cyclic nature of wetting and drying profoundly impacts the transport and
fate of pollutants within the sand column, influencing their movement, solubility, and sorption
capacity. Depending on their properties and environmental conditions, these cycles can
induce the release, retention, or transformation of pollutants. Moreover, wetting and drying
cycles significantly impact microbial activity and the degradation of pollutants. Wet periods
support thriving microbial populations engaged in biodegradation processes, while drying
periods may limit microbial activity while enhancing the persistence of certain microbial
communities. The variability in treatment performance within the sand column arises due to
fluctuations in wetting and drying cycles. The efficiency of pollutant removal fluctuates,
influenced by factors like pH, dissolved oxygen (DO) levels, and oxidation-reduction

potential (ORP) conditions. Long-term exposure to these cycles also alters the physical
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structure of the sand, affecting parameters like porosity, permeability, and adsorption

capacity.

The comprehensive laboratory investigations simulated soil aquifer treatment systems
during wet and dry cycles with robust statistical analysis, revealed notable variations,
factorial relationships, and correlations among various pollutants and wet/dry conditions,
specifically pH, DO, and ORP fluctuations. Ammonium (NH4") exhibited increased
concentrations during wetting, with more effective removal during drying phases, primarily
through adsorption and potential microbial processes. Conversely, Nitrite (NO2) showed
lower concentrations during wet periods, indicating limited nitrification due to higher NH4"
levels, with more presence during dry periods. Nitrate (NOs) and sulfate (SO.%)
concentrations varied, influenced by factors like DO, pH, and ORP, lacking distinct removal
trends based on wet/dry periods. Phosphate (PO4*) concentrations increased with rising
DO, pH, and ORP in both wet and dry periods, yet removal was more favorable during dry
phases, aligning with lower mean PO.* concentrations. Furthermore, the analysis of metal
ions like Iron (Fe?*), Copper (Cu?*), Manganese (Mn?*), Molybdate (MoO.?), Zinc (Zn?"),
and Cobalt (Co?*) underscored their varied responses to wet and dry conditions and
environmental factors. Each ion exhibited specific correlations with DO, ORP, and pH,
influencing their removal within the simulated system. Wet periods generally favored lower
concentrations of these metal ions, highlighting enhanced removal potential during water
presence. Additionally, the nuanced behaviors observed in Borate (BOz*) within wet and
dry conditions further emphasize the complex dynamics at play. Borate concentrations

displayed removal during dry periods and exhibited associations with DO, ORP, and pH.

Overall, wetting and drying cycles play a critical role in the fate, transport,
transformation and treatment of infiltrated wastewater pollutants in the sand column,
highlighting the importance of considering these cycles in system optimization, design and

operation.
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5. New Scientific Results

Thesis 1. Comparative soil types in pollutant removal for SAT systems

| used two methods in comparing the performance of sand and sandy loam soils in
removing pollutants, while also assessing the scalability of the results based on SAT system
considerations. The first method involved the isothermal adsorption technique, which was
used to study the static and equilibrium conditions between infiltrated pollutants and the soil
particle matrix. The second method simulated real-world SAT systems through dynamic
column investigations. All laboratory investigations aimed to quantify the effect of the

infiltrate media and soil selection on SAT system performance.

The comparative analysis of soil adsorption performance using Freundlich and
Langmuir isothermal models provided new insights in to the adsorption processes relevant
to SAT systems, particularly regarding the adsorption characteristics and pollutant affinities
of sand and sandy loam soils. Freundlich accommodates heterogeneous surfaces, while
Langmuir provides insights into monolayer adsorption, covering a broad spectrum of
adsorption behaviors. The findings revealed that sandy loam generally has a higher
adsorption capacity for pollutants due to its higher organic matter content and greater

pollutant affinity intensity.

Dynamic column experiments simulating real-world scenarios of partially treated
wastewater infiltration revealed significant differences in the removal efficiencies of various
pollutants between sand and sandy loam soils. These differences are attributed to variations
in soil characteristics such as texture, structure, porosity, pH, and organic matter content.
Sandy loam demonstrated superior removal capabilities for pollutants such as NH4*, PO.*,
Cu?*, Mn?*, Mo0O4%, Zn?*, Co?*, and BOs*, with removal rates substantially higher than those
observed in sand. However, sand exhibited greater efficiency in removing NOz, NOs", SO4*
, and Fe?.

The area under breakthrough curve (AUC) calculations highlighted the dynamic
pollutant removal performance of sand and sandy loam soils in real-world scenarios. This
method demonstrates its utility in evaluating the performance of SAT systems, providing a
practical measurable index for assessing SAT performance based on specific soil types and

pollutant profiles.

Thesis 2. Infiltration rate impact on pollutants transport in SAT systems
The infiltration rate significantly influences the transport, retention and removal of
various pollutants. A lower infiltration rate (0.5 mL/min) enhances pollutant removal by

increasing contact time with the sand medium particles matrix, facilitating higher adsorption
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and more efficient biogeochemical reactions due to prolonged interaction between
pollutants and the microbial community within the system. In contrast, a higher infiltration
rate (10 mL/min) reduces contact time, resulting in less effective pollutant removal and

higher effluent concentrations.

Understanding how different pollutants respond to changes in infiltration rate reveals
significant variations in their removal efficiencies. Pollutants such as NHs*, POs*, SO.%,
Fe?*, Mn?*, MoO4%, Zn?*, Cu?* and Co?" exhibit significantly better removal at the slower
infiltration rate due to enhanced adsorption and microbial degradation interactions.
However, pollutants such as NOs, NO, and BO3s* show higher removal at the higher
infiltration rate likely due to reduced production rates, particularly for nitrogen species.
These findings suggest that specific conditions tailored to the pollutant profile may optimize

removal processes.

The two-dimensional spatial concentration distributions and breakthrough curve
modeling, developed using random walk technique, represent an innovative approach that
effectively simulates particle dispersion and advection in porous media. This method
demonstrates high efficiency and accuracy, particularly under conditions with steep
pollutant gradients, making it a valuable tool for modeling dynamic contaminant transport
plumes in SAT systems. The developed models calibrated with experimental observations
by accurately capturing pollutant behavior over time and depth. These models reinforce
experimental results and provide a visual representation of pollutant transport dynamics
while characterizing key transport parameters. Capillary diffusivity, which drives solute
movement in unsaturated soils, surpasses molecular diffusion and dispersion in dominance,

especially under low infiltration rates where it enhances adsorption and retention.

The statistical analysis using t-tests provides quantitative evidence of the impact of
infiltration rate on pollutant removal. The p-values reveal statistically significant differences
in pollutant concentrations between the two infiltration rates, validating the experimental

and modeling results.

Thesis 3. Impact of pulsed wetting and drying on pollutant fate in SAT systems
The impact of wetting and drying cycles on the overall performance of the SAT
system as a nature cyclic based on seasonal and operational variation, these conditions
leads to fluctuations in pollutant removal efficiency, affecting treatment performance and

the physical properties of the filtrate media.

The use of robust statistical analysis, including logistic regression models,
correlation trends and factorial interaction analysis as an innovation framework to validate

and track the geochemical interactions, provides a detailed understanding of the
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relationships between pollutants and climatical and operational factors. This approach
offers new perspectives on how these factors collectively impact pollutant behavior and

treatment efficacy.

pH, Dissolved Oxygen (DO), and Oxidation-Reduction Potential (ORP) factors
interact with wetting and drying cycles to influence pollutant removal. Strong correlations
and interactions between these factors and pollutant concentrations highlight their pivotal

role in the treatment process.

Nitrogen species (NH,*, NO,~, and NO3~) exhibit dynamic behaviors during wet and
dry periods in the SAT system. NH,* concentrations increase during wet periods due to
enhanced leaching but are more effectively removed during dry phases through adsorption
and nitrification potential microbial processes, highlighting the critical role of drying in
improving NH,* removal efficiency. In contrast, NO,~ concentrations are lower during wet
periods due to limited nitrification, while NO3;~ concentrations show varied responses
influenced by DO, pH, and ORP, underscoring the differential behavior of nitrogen species

under fluctuating wetting conditions.

Increased PO,*" concentrations during wet periods, associated with higher DO, pH,
and ORP interactions, and more effective removal during dry periods due to immobilization
and geochemical reactions, highlight the importance of wet/dry conditions in phosphate
management. Meanwhile, The variability in SO,2~ concentrations during wetting and drying
cycles, influenced by wet/dry factors such as pH and ORP, provides new insights into the

complexities of sulfate dynamics in SAT systems.

Fe?*, Cu?*, Mn?*, MoO,*", Zn?*, and Co?* specific patterns in the transport and
removal of these metal ions, with wet conditions generally favoring lower concentrations.
Each metal ion exhibits distinct correlations with DO, ORP, and pH influencing the oxidation
or precipitation of these metals, indicating their unique responses to wet/dry conditions. In
contrast, BO3*™ concentrations display a distinct fluctuation pattern, with higher levels during
wet periods due to leaching and dissolution. This finding suggests complex interactions

between BO3*~ adsorption, precipitation, and desorption processes.

92



6. Summary

Comparative Investigation and Performance Evaluation of Different Soil Types in
Enhancing Pollutants Removal from Synthetic Wastewater in Soil Aquifer Treatment
System

This chapter present comprehensive analysis, combining static adsorption studies
and dynamic column experiments, offers a novel and detailed understanding of the
performance of SAT systems using sand and sandy loam soils for significantly contribute to
the understanding of how different soil types perform in SAT systems and offer practical
insights for optimizing the design and operation of these systems based on specific
environmental conditions and pollutant profiles. The ability to correlate the adsorption
capacity with real-world pollutant retention and removal efficiency provides a robust
framework for designing and improving SAT systems to achieve more effective wastewater

treatment.

The comparative use of Freundlich and Langmuir isothermal models provided new
insights into the adsorption characteristics of sand and sandy loam soils. The findings
revealed that sandy loam generally has a higher adsorption capacity for certain pollutants,
while sand excels in others. The preferential fit of the Langmuir model for sandy loam
pollutants further emphasizes its effectiveness in characterizing adsorption behavior,

contributing to the optimization of SAT systems based on soil type.

The dynamic column experiments revealed significant differences in the removal
efficiencies of various pollutants between sand and sandy loam soils. Sandy loam
demonstrated superior removal capabilities for pollutants such as NH4*, PO,*, Cu?*, Mn?*,
MoO.?%, Zn?*, Co?*, and BOs*, with removal rates substantially higher than those observed
in sand. Conversely, sand exhibited greater efficiency in removing NO2, NOs, SO, and
Fe?*. This differential behavior underscores the need for a tailored approach in selecting
soil media based on the specific pollutants present in SAT systems. Moreover, the
application of breakthrough curve analysis to quantify the area under the curve (AUC)
provided a comprehensive measure of the total pollutant removal. This approach allowed
for the detailed assessment of the retention capacities and adsorption behaviors of the soils,
revealing the intricate processes governing pollutant removal in SAT systems. The AUC
calculations highlighted the dynamic performance of sand and sandy loam soils in real-
world scenarios, demonstrating the utility of this method in evaluating and optimizing SAT

system designs.
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Understanding the Role of Infiltration Flow Rate on Contaminants Fate and Transport
in Soil Aquifer Treatment System: Experimental, Modeling, and Statistical Analysis
Approaches

This chapter elucidates the role of infiltration rate in pollutant removal within SAT
systems. It combines experimental data, modeling insights, and statistical analysis to
present a comprehensive understanding of how varying infiltration rates impact pollutant

behavior and removal efficiency.

Infiltration rate significantly affects the transport and removal of various pollutants.
A lower infiltration rate (0.5 mL/min) enhances pollutant removal through increased contact
time with the sand media, leading to higher adsorption and more efficient biogeochemical
reactions. In contrast, a higher infiltration rate (10 mL/min) reduces contact time, resulting
in less effective pollutant removal and higher effluent concentrations. By identifying how
different pollutants respond to changes in infiltration rate. NH4*, PO4*, SO4%, Fe?", Mn?*,
MoO.%, Zn?*, and Co?" these pollutants show significantly better removal at the lower
infiltration rate. However, NOs, NOz, Cu?’, and BOs* these pollutants exhibit higher
removal at the higher infiltration rate, suggesting that specific conditions may benefit their

removal.

The detailed experimental breakthrough curves demonstrate clear trends in
pollutant removal efficiency under different infiltration rates. The findings confirm that a

slower infiltration rate generally leads to better removal due to extended contact time.

The 2-D spatial concentration distributions and breakthrough curve modeling
support the experimental observations. Models effectively capture pollutant behavior over
time and depth, reinforcing the experimental results and providing a visual representation

of pollutant transport dynamics.

The statistical analysis using t-tests provides quantitative evidence of the impact of
infiltration rate on pollutant removal. The p-values reveal statistically significant differences
in pollutant concentrations between the two infiltration rates, validating the experimental

and modeling results.

The chapter findings highlight the importance of customizing infiltration rates based
on specific pollutants to optimize removal efficiency. This approach allows for tailored SAT
system operation, potentially improving treatment performance for diverse wastewater

compositions.
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Quantifying the influence of dynamic pulsed of wetting and drying on the
transformation and fate of synthetic wastewater pollutants in soil aquifer treatment
system

This chapter explains the complex interactions between wetting and drying cycles
and pollutant dynamics in SAT systems. The findings contribute to a deeper understanding
of pollutant removal processes and offer valuable insights for optimizing system design and

operation.

The impact of wetting and drying cycles on the overall performance of the SAT
system as a hature cyclic based on seasonal variation, these conditions leads to fluctuations
in pollutant removal efficiency, affecting treatment performance and the physical properties

of the sand column.

The use of robust statistical analysis, including logistic regression models,
correlation studies and factorial interaction trends, provides a detailed understanding of the
relationships between pollutants and environmental factors. This approach offers new
perspectives on how these factors collectively impact pollutant behavior and treatment

efficacy.

pH, Dissolved Oxygen (DO), and Oxidation-Reduction Potential (ORP) factors
interact with wetting and drying cycles to influence pollutant removal. Strong correlations
and interactions between these factors and pollutant concentrations highlight their pivotal

role in the treatment process.

NH,* concentrations increase during wet periods due to enhanced leaching but are
more effectively removed during dry periods through adsorption and potential microbial
processes. This highlights the critical role of drying phases in improving NH,* removal

efficiency.

NO,~ concentrations are lower during wet periods due to limited nitrification,
whereas NO;~ concentrations show varied responses influenced by DO, pH, and ORP. This

underscores the differential behavior of nitrogen species under varying wetting conditions.

Variability in SO,2~ concentrations with respect to wet and dry cycles and their
association with environmental factors such as pH and ORP provides new insights into the

complexities of sulfate dynamics in SAT systems.

Increased PO,*" concentrations with higher DO, pH, and ORP, and more effective
removal during dry periods, illustrate the importance of environmental conditions in

phosphate management.
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Fe?*, Cu**, Mn?**, M0oO,*", Zn**, and Co*" specific patterns in the transport and
removal of these metal ions, with wet conditions generally favoring lower concentrations.
Each metal ion exhibits distinct correlations with DO, ORP, and pH, indicating their unique

responses to environmental conditions.

A unique flocculation pattern in BO3*™ concentrations, with higher levels during wet
periods due to leaching and dissolution. This finding suggests complex interactions between
BO3®” adsorption, precipitation, and desorption processes.

In summary, wetting and drying cycles emerge as critical determinants in the fate,
transport, and treatment of infiltrated wastewater pollutants in the sand column.
Recognizing and incorporating these cycles into system design and operation protocols is

paramount for achieving and maintaining optimal system efficiency.
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Annex (1) : Managed Aquifer Recharge (Definitions, Applications, Processes, and

Operations)

Introduction

Managed aquifer recharge (MAR) is a method of replenishing depleted aquifers by
introducing surface water, treated wastewater, or stormwater into underground water
reserves. Also, According to Dillon et al. (2010), MAR is the intentional replenishment of
groundwater with water for later restoration or environmental advantage. MAR is a tool for
navigating water resources that includes a wide range of water sources, replenish
techniques, and handling of storage practices. It has grown to be a widely used approach
for handling water resources in areas that are experiencing water shortages as a result of
accelerating population explosion and global warming (Pachauri et al., 2014). The
importance of the replenished water, the effects on groundwater quality, and the
preservation of human health and the ecosystem should all be taken into account by MAR
as a "managed" system (Ringleb et al., 2016). The term of MAR must include the concept
of intentional recharging. Therefore, MAR can offer several benefits, including increasing
water availability, improving water quality, reducing surface runoff, and mitigating the effects
of drought (Hartog and Stuyfzand, 2017).

Moreover, MAR is often less expensive and more environmentally friendly than other
water storage options, such as constructing dams and reservoirs (Dillon et al., 2009).
Recharge improvement, a deliberate effort to regulate groundwater quality and quantity
within the framework of the whole procedure (Gale and Dillon, 2005), is a component of
managed aquifer recharge. Recharge water is able to be kept in a variety of confined and
unconfined aquifer forms, including karstic and fractured rocks to unconsolidated alluvial
deposits (Handel et al., 2014). Recovery is frequently accomplished via wells. However, in
other instances, natural water outflow to surface water bodies is used. Recovering water
can be utilized for a variety of things, including irrigation, cooling, industrial processes,
drinking water, and environmental objectives (Dillon et al., 2009). Figure 1 demonstrates
how MAR can be customized to a particular locale (Dillon et al., 2022).

The idea of MAR has been recognized for millennia, but natural MAR structures
have only recently received widespread attention as an intentional and regulated activity. In
many ways, MAR is the phrase artificial recharge's contemporary equivalent (Sanchez-
Murillo and Birkel, 2016). Both of them are not interchangeable because an atrtificial
recharge does not automatically imply a controlled procedure. The expression "artificial

recharge,” which was used under certain older legislation and standards, has developed
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and is now gradually being replaced. MAR has been used in other nations, notably the US,

Australia, Europe, and Asia, with variable degrees of effectiveness.

Managed aquifer recharge adaptation according to aquifer type, topography, land use,

and recovery water using (Dillon et al., 2022)

Purposes of MAR

For several associated objectives, managed aquifer recharge has been effectively

utilized globally (Kurki et al. (2013); Dillon et al. (2022); Dillon et al. (2019); Zhang et al.
(2020)). One of these is:

Controlling the water availability: MAR is frequently employed to manage the
imbalances between demand and supply. This could happen with regard to seasonal
timescales (such as recharging during rainfall periods and recovery during dry periods),
interannual timescales (such as drought mitigation), or crisis usage (such as for fighting
fires or replacing lost water during storms or disasters).

Fulfilling legal responsibilities: MAR could be utilized to assist in fulfilling responsibilities
related to downstream water rights or regional arrangements.

Protecting and Restoring aquifers: MAR can be used to stop land subsidence, manage
the intrusion of saltwater, and recover or stop additional groundwater level reductions.
Keeping low flows and levels in place: MAR can be employed to keep rivers, streams,
and lakes at their minimal flows.

Flooding mitigation: Using rainwater for MAR can assist safeguard against flooding.
The safeguarding and improvement of water purity: MAR is capable of helping regulate
or upgrade the quality of surface and groundwater as well as to stop the spread of
contaminants.

Water recycling: MAR is being utilized more and more to control the recycling of treated

wastewater, frequently for agriculture and potable uses.

115



Ecosystem rehabilitation and security: rebuilding or preserving wetlands and
safeguarding threatened species and their natural environments are a few examples of

how MAR is used to benefit environments.

Sustainable Development, joint usage, and demand control are frequently linked to

managed aquifer recharge (Dahlke et al., 2018).

In the words of Page et al. (2018), the term "groundwater sustainability" refers to the
development and use of groundwater resources that may be sustained eternally without
having a negative impact on the environment or society. Consumption eventually needs
to be monitored and controlled in order to equalize the recharge, whether natural,
controlled, or accidental, for groundwater utilization to be sustainable. Imig et al. (2022)
latest assessment revealed that regulators have little interest in controlling natural
recharge when the usage of land is altered or incidental/unintentional recharging
happens, and there was no shared methodology. Consequently, both strategies water
managers utilize to affect the groundwater equilibrium over the years are regulating
demand and MAR. For groundwater supplies to remain sustainable, the water's purity
must also be preserved. Six environmentally and three socially sustainable criteria were
specifically created for MAR systems in Dillon et al. (2022). These cutting-edge
governance tools ensure residents of the fairness and transparency of legislation while
safeguarding the security and quality of water supplies and environments impacted by
groundwater.

In order to maximize the combined impact and reduce any unfavorable physical,
environmental, and financial consequences of depending solely on one or the other,
surface water and groundwater are used in conjunction (Scanlon et al.,, 2016).
Conjunctive usage is a method of depending more on groundwater throughout dry
periods and droughts and more on surface water when it is accessible during wetter
decades, especially to recharge groundwater. MAR is frequently (albeit rarely) a
component in the simultaneous use of groundwater and surface water. In order to
preserve water supplies and meet groundwater and surface water management goals
including the safeguarding of environments, MAR enhances groundwater with
accessible surface water and works in tandem with conjunction utilization of surface
water and groundwater (Foster et al., 2010).

There are several ways to control demand, involving more effective utilize, education,

fiscal measures, and shifting priorities for the consumption of water (Dillon et al., 2020).

As a means to replace depleted aquifers while avoiding negative effects on irrigation

communities' way of life, managed aquifer recharge, or MAR, is frequently employed in

conjunction with demand control tactics. In order to preserve water supplies and achieve
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management goals like protecting ecosystems, MAR improves groundwater by utilizing
available surface water and works in tandem with concurrent use of surface waters and

groundwater (see Figure 2).

The integrated water resources management functions with managed aquifer recharge
and conjunctive application (Dillon et al., 2022)

Benefits of MAR
MAR has many benefits (Dillon et al., 2022), including:

e Improving Water Quality: MAR can help enhance water quality by removing
contaminants through natural filtration.

e Enhancing Groundwater Storage: MAR can help improve groundwater storage by
recharging depleted aquifers.

e Increasing Water Availability: MAR can help improve water availability for domestic,
agricultural, and industrial use.

e Reducing the Risk of Groundwater Depletion: MAR can help reduce the risk of

groundwater depletion by replenishing depleted aquifers.

MAR Techniques:

MAR is a broad term that encompasses many different techniques for recharging
aquifers (Zhang et al., 2020); (Dillon et al., 2022). Spreading methods, induced bank
filtration, well, saft, and borehole recharge, in-channel modification, and rainwater and
runoff collecting are some of the most popular approaches. The global geography of MAR
techniques is shown in Figure 3. Through expanding water infiltration into aquifer
formations, MAR innovations' main goal is to increase the availability of groundwater. In
conjunction with treated wastewater, desalinated seawater, and rainfall water, it is typically
included as one of the unusual water sources in integrated water management strategies.
MAR is an effective way to control the amount as well as the quality of groundwater
resources, ensure a secure water supply, and mitigate the negative consequences of global

warming. It cannot, however, be used as part of groundwater management strategies that
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depend on lowering the extraction of water and tailoring withdrawals depending on resource

availability (Casanova et al., 2016).

MAR techniques distribution map around the world

Over the past 40 years, MAR has primarily been used in developed nations,
including the United States and Europe becoming the most active areas in implementing
these strategies (Levantesi et al., 2010). Large towns like Berlin, the suburbs of Paris, Lyon,
Dunkirk, and Geneva regularly employ it to regulate rainwater by gathering surface runoff
waters in infiltration ponds. However, heavy metals, hydrocarbons, and other organic
compounds causing technical as well as environmental issues can be found in substantial
proportions in urban stormwater runoff (Chocat et al., 2007). Nevertheless, several MAR
techniques can reduce the contamination of surface water by absorbing some of the
contaminated water and keeping an eye on the geo-purification and attenuate operations.
As a result, MAR is capable of protecting the ecosystem by reducing the amount of
pollutants in sensitive receptor medium. To reduce evaporative losses, MAR has
occasionally been considered in reservoir building in Mediterranean nations. In coastal
locations, MAR can switch from passive to active control of saltwater intrusion, which
involves maximizing pumping and natural and artificial recharging to build a hydraulic

barriers that keeps contaminants and seawater out (Casanova et al., 2008).

Infiltration techniques

The diffusion of water into the groundwater reservoir can be improved by using
infiltration approaches, often with the use of filtration basins like ponds or tanks. These
methods enable for natural abatement in the aquifer's unsaturated zone, which is intended
to improve the purity of the recharge water. They are frequently used to build hydraulic

obstacles or to replenish aquifers beneath the water table. Techniques of infiltration are very
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useful because they are low-cost and simple to operate. The term "infiltration ponds" refers
to a variety of facilities, including small reservoirs, dams, and various types of rainwater and
sewage treatment unit management tools. Additional structures such recharge pits,
drainage trenches, vegetated ditches, mound mechanisms, sand filters, and septic drain
fields are included in this category. Employing these methods, the water enters the
unsaturated zone before entering the aquifer. The water has the chance to be purified by
soil contact in this way, which can get rid of pathogenic organisms and potentially dangerous

organic and inorganic chemicals.

Infiltration ponds have a frequently used technique in MAR initiatives, particularly in
areas where there is a water scarcity. Depending on the technology being employed, like
infiltration ponds, percolation tanks, and soil aquifer treatment (SAT), watershed parameters
such as infiltration rate are modified to fulfill the specific aims of each method (Dillon, 2005).
A slower infiltration rate (with an average of 0.5 m.day-1) is advised when the purpose
involves geo-purifying the intruding water. A moderately high infiltration rate (several meters
per day) could be utilized when the goal is centered on boosting the water amount. In some
cases, plant growth on the filtration layer can improve its capacity for cleaning water. Greens
can protect the basin's surface from erosion and blockage as well as function as
transporters for microorganisms that help in the breakdown of some inorganic and organic
contaminants. By encouraging phytoremediation in summertime, plants can further
enhance the cleansing of contaminated water. Additionally, the infiltration rate is influenced
by the water's temperature; cooler water penetrates more slowly owing to its higher
viscosity. Winter can dramatically reduce the amount of water that penetrates beneath a
catchment. Organic debris in untreated water encourages microbial growth and can cause
biofilms, which can impair permeability. In addition, based on the usage, clogging in
infiltration basins can be prevented or delayed down utilizing a variety of ways (Le
Coustumer, 2008).

Pre-treating the water with settling ponds or sand filters before it penetrates is one of
the alternatives. Alternately, chemical substances—mostly inorganic ones—can be added
to change the recharge water's chemical makeup. Using "wetting-drying" periods for
operating infiltration basins is an alternative strategy that enables the decompaction and
maintenance of the basin floor. While infiltration method as one of MAR applications offers
many benefits, it also presents some challenges, including:

e Challenges related to the design and sizing of the infiltration basins to optimize
infiltration rates while preventing clogging and sedimentation
e Challenges related to managing the quality of stormwater runoff to ensure that

contaminants are removed before infiltration
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e Challenges related to land acquisition and siting of infiltration basins in urban areas

where land availability is limited

Direct injection techniques

The primary method used globally for injecting water into aquifers is through injection
wells. Aquifer Storage and Recovery (ASR) and Aquifer Storage Transfer and Recovery
(ASTR) systems are commonly installed with two main goals:
1. recharge confined or semi-confined aquifers.
2. establish hydraulic barriers.

Monitoring of the water quality is necessary to avoid any potential contamination. In
situations where space is limited, injection wells might be a preferred solution since their
footprint is considerably smaller than that of infiltration basins, occupying only several tens

of square meters. Additionally, their wellhead protection zone is small.

Aquifer Storage and Recovery (ASR) is a method of recharging groundwater that entails
extracting water out of the aquifer after it has been injected there. The ASR approach is
frequently applied to aquifers with poor natural recharge rates and non-point source
contamination vulnerability. As a "pocket of fresh water" in an aquifer holding nhon-potable
water, ASR is typically employed for the periodic storage of exceptionally pure water. The
benefit of this approach is that water can be saved and retrieved when it is most urgently
required. Furthermore, by causing a reversal of the water movement in the well screen
along with the surrounding aquifer, the alternating stages of injection and extraction in a
single well assist in reducing clogging. This procedure assists in avoiding biofouling and
sedimentation, which over time may reduce the system's effectiveness. Additionally, since

a single well can be utilized for injection and abstraction, ASR lowers investment expenses.

In ASR, water is injected into an aquifer and later recovered by pumps from the same
well. This approach is appropriate for slow-moving groundwater aquifers that are less
susceptible to non-point source contamination. A "pocket of fresh water" in an aquifer that
normally includes non-potable water is created via ASR, which is frequently utilized for
annual water storage. When injecting and extraction stages are alternated within the same
well, blockage and inverting of the water movement in the well screen are reduced, and the
nearby aquifer aids in preventing clogging. ASR is a dependable and affordable form of
groundwater recharge, as demonstrated by (Dillon et al.,, 2006), and (Pyne, 2005). To
prevent pollution, it is crucial to regularly monitor the purity of the injected water. When
space is at a premium and surface water is hard to come by, ASR is a practical solution. In
times of drought, it is also a useful strategy for controlling the water supplies that are

available. ASTR uses an alternative strategy than ASR since water is injected into one well
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and recovered by pumping from another well a few hundred meters down-gradient from the
injection well. The injected water is subsequently moved through the aquifer before being
extracted. The aquifer's water quality needs to be somewhat excellent for this procedure to
be effective. So, when the pumped water is meant for consumption by humans, ASTR is

typically employed.

Filtration techniques

Riverbank filtration, also known as induced recharge. The practice of boosting water
penetration from a river to its alluvial aquifer using wells situated close to the riverbank is
recognized as riverbank filtration, often referred to as stimulated recharge. The level of the
water can be lowered by placing a number of wells parallel to and near to the river, which
results in an elevation in head among the river and the groundwater. As a result, surface
water passes through the riverbank and into the aquifer, where it can be filtered and purified
by the riverbank's geo-purifying capabilities. It is crucial to keep an adequate infiltration rate
and regularly clean the riverbanks since the high concentration of suspended particles in
surface water may swiftly clog riverbanks. Dune filtration is a different technique that
requires gathering water from wells or reservoirs at a lower elevation by seeping water from
ponds built in dunes (Dillon, 2005).

A variety of the local circumstances, different MAR approaches can be utilized to
replenish water in metropolitan settings. While well injection methods are better suited for
deeply confined aquifers, methods of infiltration may be utilized to recharge unconfined
aquifers. The conceptual categorization for MAR techniques is shown in Figure 3 (Dillon,
2005). Table 1 also provides an overview, advantages, and difficulties for the typical MAR
variants used globally. Despite the possible benefits of MAR, a number of issues must be
resolved in order for it to be successfully implemented. The absence of knowledge and
comprehension among stakeholders, particularly decision-makers, water managers, and
the general public, is one of the main problems. The effective implementation of MAR may
be hampered by a lack of general knowledge and involvement (Cruz Ayala and Tortajada,
2023). The accessibility as well as the quality of source water for recharge present a
different challenge. The water quality of the aquifer may be negatively impacted in some
areas if the available water is too salty or filthy for recharging. Before choosing an
appropriate MAR approach, a thorough source water quality assessment is required (Hartog
and Stuyfzand, 2017). In addition, numerous neighborhoods, especially those in developing
nations, may face considerable financial difficulties because to the expense of MAR
infrastructure and operation. Based on the regional hydrogeological parameters, water
demand, and recharge goals, MAR's affordability should be assessed (Vanderzalm et al.,
2022).
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The efficiency, environmental sustainability and resilience of the recharge methods
will likely be improved in the course of future MAR study and implementation. Coupling of
MAR with other water management strategies, such as collecting rainfall and reusing
wastewater, is one possible advancement. According to Dillon et al. (2022), combining
various water sources and management techniques can result in more dependable and
long-lasting water supply alternatives. The implementation of natural and hybrid MAR
structures that imitate natural recharge procedures as well as a hybrid MAR method
consisting of surface water spreading basins and groundwater wells to improve aquifer
recharge and guarantee a sustainable water supply for the area are other potential
developments (Dahlke et al., 2018).

MAR implementation can be challenging due to the need for specialized knowledge and
potential environmental concerns. These include the risk of aquifer damage and fluctuating
groundwater levels, which can have negative effects on dependent ecosystems and
increase aquifer vulnerability to contamination. These challenges may hinder the
widespread adoption of MAR as a groundwater management technique, but despite these
concerns, MAR has been successfully implemented in various countries. Five essential

elements were first suggested by Dillon et al. (2009) for a fruitful MAR application:

1. Demand: The project's financial scope ought to be capable to bring in sufficient revenue
from the water demand to pay for all of its expenses. A good reason to invest in
Managed Aquifer Recharge (MAR) in reused water projects is the decrease in treated
effluent outflow into the ocean.

2. Source: To create a storage reserve that satisfies dependability and quality standards,
there must be a sufficient water supply for recharge.

Aquifer: The recharging media ought to have enough storage and retention power.
Detention Storage: Ample capacity must be available for water retention in order to
reach the desired recharge quantity, as well as for treatment methods following
recovery, if necessary.

5. Management Capability: For managing the project successfully, sufficient expertise in
hydrogeological and geotechnical elements, as well as in water storage and treatment

structure, should be attained.

122



schematic characterization for common MAR methods
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Common MAR applications (Zhang et al., 2020)

MAR Method Description Benefits and Challenges

The brackish aquifers where the emphasis is on storage
rather than water treatment, while purification continues to
serve an essential part, make this technology particularly

_ A method of preserving water that entails effective. It is often utilized to store drinking water in the
Aquifer Storage and

injecting it into a well and then drawing water out | USA (Pyne, 2005), and it is additionally utilized effectively
Recovery (ASR)

of it later. in Australia for tasks including purifying urban runoff
(Page et al., 2011) and irrigating horticulture with treated
sewage(Pavelic et al., 2007). In overall, better water
quality is required to avoid probable well obstruction.

The method entails extending an aquifer's water supply's
residency period beyond that of a single well in order to

_ In order to use this technique, water must first be | more effectively treat the water, mostly for viruses and
Aquifer Storage Transfer

injected into a well for storage before being micropollutants. This technique is employed in Australia
and Recovery (ASTR)

extracted from another well. for urban stormwater collecting (Kazner et al., 2012), and
in overall, improved water quality is needed to prevent

well clogs.

When the water level is deep, shallow wells are _ _ N )
_ ) _ It may render it possible for specific deepest aquifers,
typically employed to enable high-quality water to _ _ o
Dry wells o ] _ _ such those found in the US, to be refilled (Heilweil and
infiltrate the unconfined aquifer at considerable

Marston, 2011).

depths.
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Percolation Tanks, Check

Dams or Recharge Weirs

Dams built in fleeting streams keep water from
flowing, allowing it to seep into the stream bed
and increasing storage in unconfined aquifers.

The water is then drawn from the valley below.

Increases urban rivers' natural penetration, as shown in
India (Kavuri et al., 2011).

Rainwater Harvesting for
Aquifer Storage

Roof runoff is redirected using this method to a
well with sand or gravel, where it can seep to the
water table. After that, the water is drawn from
the well and gathered.

Typically employed on a lesser scale than other MAR
approaches, but when used widely, as was the case in

Nepal (Page et al., 2018), it can be quite effective.

Bank Filtration

In order to promote surface water to penetrate
into the aquifer, this technique includes extracting
groundwater from a well that is close to or below

a river or lake.

When this procedure is used, the obtained water's quality
improves and is more consistent, as was the case, for
example, in Germany (Greskowiak et al., 2006) and
Norway (Kvitsand et al., 2017)).

Infiltration Galleries

on order to replenish the unconfined aquifer, this
technique includes digging underground tunnels
on permeable soils that allow water to penetrate

across the unsaturated zone.

In comparison to infiltration ponds, these technologies
need less acreage and pose a lesser danger of blockage
due to extensive algal development. For instance, this has

been proven in Australia (Bekele et al., 2013).

Dune Filtration

Water is collected from wells or reservoirs that
are situated at a lower height after being ingested

from basins constructed on top of dunes.

This approach is used, for instance, in Belgium (Van
Houtte et al., 2012), to enhance water quality and

preserve an equilibrium among water supply and demand.

Infiltration Ponds

Surface water is diverted into off-stream ponds

and canals in order to encourage water to

These techniques need a greater area of land than well
injecting techniques and galleries, and they can be more

prone to clogging because of the rapid rate of algae
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penetrate into the unconfined aquifer beneath

through an unsaturated zone.

growth. They can also be harder to handle, like in South
Africa (Tredoux et al., 2020).

Soil Aquifer Treatment
(SAT)

Using this technique, pathogens and nutrients
can be removed from the unsaturated zone by
periodically sending wastewater that has been
treated effluent via infiltration ponds. After

spending some time in the unconfined aquifer,
the recovered water is subsequently removed

from wells.

As shown in the USA (Fox et al., 2001), permitting the
SAT recharging basins to dry out improves management
of infiltration rates and lowers the risk of severe blockage.

Recharge Releases

To store floodwater and discharge it gently into
the streambed downstream, dams are built on
ephemeral streams. By allowing water to
penetrate into the subsurface aquifers, this
technique greatly improves recharge and aids in

matching the rate of infiltration.

The planned, monitored discharge of water from surface
reservoirs to enable the use of both surface water and
groundwater storage, as demonstrated in Australia (Dillon
and Liggett, 1983).
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Soil aquifer treatment system (SAT) (Definitions, Applications, Processes, and
Operations)

As stated by Sharma and Kennedy (2017), soil aquifer treatment (SAT) is an
environmentally friendly water preservation strategy that uses natural soil and groundwater
systems to purify and buffer wastewater. As an affordable and successful solution to the
problems of inadequate water supplies and water contamination in many parts of the world,
SAT has attracted increased interest in recent years. The following reviewing articles will
give an overview of the fundamental ideas and principles of SAT, discuss the various SAT
systems and the design factors that should be taken into account, go through the
advantages and difficulties of SAT, and show real-life examples of productive SAT
endeavors. In the words of Sharma and Kennedy (2017), soil aquifer treatment (SAT) is a
special kind of managed aquifer recharge (MAR) technique that uses treated wastewater
(TWW) as an alternative source of water. Wastewater discharge is passed across soil as
part of the SAT procedure, which raises its quality to an acceptable level for recharging
groundwater. Therefore, SAT may be a crucial part of a system for indirect potable reuse
(Amy and Drewes, 2007). Figure 1 depicts a schematic of a SAT system (Dillon et al., 2022).

schematic design for SAT system

In line with Kazner et al. (2012), the SAT method is usually employed to additional
cleanse and repurpose primary, secondary, or tertiary discharges from wastewater
treatment plants (WWTPS). The typical SAT arrangement involves intermittent discharges
of effluent from the WWTP, alternately between phases of flooding and drying, to enter
specific infiltration basins (Dillon, 2005). The stability of the infiltration rates and aeration of
the soil under the SAT basin depend on the periods of wetting and drying (Negev et al.,
2020). The effluent includes physical filtration, biodegradation, adsorption, chemical
precipitation, ion exchange, and dilution in the vadose zone throughout the SAT procedure

to eliminate pollutants (Fox, 2001). Since larger levels of oxygen are needed for biological
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treatment in the near-surface layer of the vadose zone, these processes perform best there
(Icekson-Tal et al., 2003). The effluent is retrieved using extraction wells from the underlying
unconfined aquifer following a residence time that ranges from a few months to a year, in
both the unsaturated and saturated zone ((Dillon et al., 2009); (Oren et al., 2007)). As stated
by Elkayam et al. (2018), the prolonged residence period guarantees that dangerous
organisms are effectively removed, helping to disinfect the effluent. In the end, reclaimed
water from SAT is able to be utilized for a variety of things, like groundwater recharging,
irrigation for farming and landscaping, recreation, aquaculture, and industrial uses (Huertas
et al., 2008).

The aquifer restoration technique known as SAT is used extensively all around the world
(Grinshpan et al., 2021). The Dan Regional Reclamation Project (commonly referred to as
Shafdan), located in Israel, is one of the biggest wastewater treatment facilities in the whole
world. It is accompanied by high-effluent loading SAT establishments that can handle about
120 Mm3 of wastewater annually (Negev et al. (2020); Aharoni et al. (2011); Icekson-Tal et
al. (2003)). A number of SAT stations may be found operating in the United States, which
involves those in Arizona, California, Colorado, Florida, Massachusetts, Michigan,
Montana, New Jersey, New York, and South Dakota (Crites et al. (2014); Sharma and
Kennedy (2017)). Other nations have also implemented SAT technology, such as Spain,
Belgium, South Africa, and Australia (Escalante et al. (2019); Van Houtte et al. (2012);
Tredoux et al. (2012); Dillon et al. (2006)). Since SAT solutions are centered on natural
processes and run through the year, they are simple to setup and provide water storage
during times of low need and water extraction during times of increased demand (Aharoni

et al., 2011). SAT has a number of benefits, involving:

1. Using vadose zone purification can effectively remove organics, nutrients, heavy
metals, microbes, and micropollutants from recharged water (Wei et al. (2016); Aharoni
et al. (2011)).

2. Creating an effective barrier that takes the place of or supplements other treatment
methods, lowering the cost of wastewater treatment and water reusing overall.
Protecting coastal aquifers against invasion by seawater.

4. Encouraging the reuse and recycling of water.

Due to its year-round sewage recharge capability, SAT has a distinct advantage over
other MAR approaches, which renders it the best option for regions where TWW is dumped
into regional streams and rivers or into the ocean (Lu et al., 2012). The purity of the

recharged effluent is improved in SAT because recycled water is piped using recovery wells
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rather than straight from WWTPs (Bouwer (2000); Negev et al. (2017)). Additionally, it helps

achieve public acceptance for environmentally friendly wastewater reuse.

Key Concepts and Principles of SAT system

SAT relies on soil and groundwater's inherent abilities to purge contaminants from
wastewater and replenish groundwater supplies. The SAT technique employs mechanical
filtration to eliminate suspended particles from the water, as described by Miotlinski et al.
(2010). Nitrification and denitrification reactions are made possible by the soil within the
basin's alternating aerobic and anaerobic environments. It is possible to completely or
partially eliminate pathogens, organic and inorganic nitrogen, organic carbon, phosphorus,
non-aromatic organic chemicals, and trace metals as a consequence. The elimination
procedure can be controlled by adjusting the wetting and drying periods, and the purity of

the water at hand is crucial to its success. SAT typically involves the following processes:

e Infiltration: The first step in SAT is the infiltration of wastewater into the soil through a
network of infiltration basins, trenches, or other structures. During infiltration,
wastewater is distributed over a large area, allowing it to percolate slowly through the
soil.

e Filtration: As wastewater moves through the soil, it is filtered by the soil matrix, which
removes organic matter, pathogens, and nutrients. Soil particles and microorganisms in
the soil act as a natural filter, breaking down and removing pollutants.

e Adsorption: Pollutants that are not removed by filtration can be adsorbed onto the soil
particles, reducing their concentration in the wastewater.

¢ Biodegradation: Soil microorganisms play an important role in the biodegradation of
organic matter and nutrients in wastewater. Microorganisms consume the organic
matter and convert it into carbon dioxide and water.

e Chemical precipitation: the interaction of naturally occurring minerals in the soil and
aquifer with the wastewater, resulting in the formation of insoluble precipitates that can
remove pollutants.

¢ Dilution: After passing through the soil, treated wastewater recharges the underlying

aquifer, replenishing groundwater resources.

SAT system benefits

1. Cost-effective: SAT is often less expensive than other water treatment technologies,
particularly for small to medium sized communities.

2. Sustainable: SAT systems can be designed to be sustainable by using natural treatment

processes and minimizing energy inputs.
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3. Water conservation: SAT systems can be used to recharge groundwater aquifers, which
can help to sustain water resources and reduce dependence on surface water supplies.

4. Improved water quality: SAT systems can remove a wide range of pollutants from
wastewater, including nutrients, pathogens, and organic matter, resulting in improved
water quality.

5. Flexibility: SAT systems can be designed to treat a range of wastewater types, from
domestic sewage to industrial wastewater.

6. Reuse of water: SAT systems can be used to produce high-quality reclaimed water that
can be used for irrigation, industrial processes, and other non-potable uses.

7. Habitat creation: SAT systems can provide habitat for a variety of plants and animals,

which can support biodiversity conservation efforts.

SAT system mechanisms, operation, and processes

SAT is an efficient land-based technology used in managed aquifer recharge (MAR)
techniques, according to Abel (2014) definition. Enhancing water resources and reducing
the uncontrolled discharge of treated effluent into natural water bodies are its main goals.
The cleanliness of water noticeably improves as a result of the physical, chemical, and
biological processes that wastewater effluent goes through during the SAT operation as it
permeates through various soil layers. According to Bdour (2007), SAT is a geo-purification
technology in which mostly treated sewage is injected towards the aquifer over the
unsaturated zone and finally mixes with the local water. In order to facilitate treated
sewage's progressive penetration into the earth and eventual recharging of the aquifers,
the SAT technique calls for the regular input of treated effluent into recharge basins. The
aforementioned activities further improve the effluent's purity as it moves throughout the soil
and aquifer (Miotlinski et al., 2010). This comprehensive approach to SAT ensures the
reliable restoration and utilization of water resources while minimizing the environmental

impact associated with untreated wastewater discharge.

According to the natural wastewater treatment system (Crites et al., 2014), the soil
and underlying aquifer have a remarkable capacity to remove contaminants and pathogens
as water percolates deeper into the aquifer. This crucial process plays a significant role in
minimizing potential health risks during water recovery. To ensure the desired water quality,
pre-treatment of wastewater effluent can be conducted before its application in Soil Aquifer
Treatment (SAT) systems. This pre-treatment can be tailored to meet regulatory standards
or optimize operational efficiency (Abel, 2014). SAT systems offer flexibility in
accommodating different wastewater qualities, including primary, secondary, or tertiary
effluents. By incorporating appropriate pre-treatment measures, SAT enhances overall

water quality and helps mitigate health hazards associated with contaminated water
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sources. The combination of natural attenuation processes within the soil and aquifer, along
with pre-treatment strategies, contributes to the reliable improvement of water resources in

SAT applications.

According to the findings of Abel et al. (2013), an optimal soil for Soil Aquifer
Treatment (SAT) systems is one that strikes a balance between high recharge rates
(typically found in coarse-textured soils) and effective adsorption and removal of
contaminants (commonly associated with fine-textured soils). The selected soil should
possess the necessary physical and chemical properties to ensure adequate contaminant
removal (Bekele et al., 2013). Therefore, SAT systems are highly site-specific, taking into
account the unique characteristics of each location. In addition to soil considerations, the
evaluation of SAT feasibility requires a comprehensive assessment that includes the
properties of the wastewater effluent and site-specific factors (Sharma and Kennedy, 2017).
Taking into account these factors ensures the successful implementation of SAT systems

by optimizing contaminant removal and achieving the desired treatment outcomes.

Abel (2014) looked at a number of variables that could affect how well contaminants
were removed during Soil Aquifer Treatment (SAT) utilizing main effluent. The preliminary
treatment of the main effluent, the hydraulic loading rate, the variety of soil, the wetting and
drying cycles, the biological activity, the temperature and redox circumstances, and other
parameters were among them. According to the results, pre-treatment simply produced
notable elimination rates of 90% for suspended particles, 70% for dissolved organic carbon,
and 98% for phosphorus. Because of the longer contact times and improved adsorption
processes made possible by lower hydraulic loading rates and the presence of fine soil
particles, nitrogen was reduced. E. coli and total coliforms were eliminated through wetting
and drying cycles. Temperature and redox conditions were discovered to have an impact
on SAT efficiency, with the best elimination of nitrogen occurring around 15 and 25 °C
(89.7% to 99%) and nitrate and phosphate extraction increasing as temperature climbed,
highlighting the importance of viscosity in adsorption. It is possible that oxygenation prior to
the infiltration procedure, together with wetting and drying cycles, can improve SAT
performance. Aerobic circumstances also produced better pollutant clearance. Malolo
(2011) further emphasized the connection between temperature and ammonia nitrogen
oxidation, with soil-column tests utilizing primary effluent at a temperature of 20°C showing
the highest clearance (76%) of ammonia nitrogen. The elimination of phosphorus also

turned out to be affected by temperature.

It was demonstrated in a field study by Bekele et al. (2013) that the penetration of

secondary treated wastewater via a 9 m-thick limestone vadose zone in a 39-month
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managed aquifer recharge (MAR) led to considerable decreases in the mean
concentrations of several pollutants. Particularly, the levels of phosphorus, fluoride, iron,
and total organic carbon all decreased by more than 30%, 66%, 62%, and 62%,
respectively. This demonstrates how well MAR works to clean wastewater and elevate
water quality. Furthermore, National Research Council (2012) gives a case study of the
nitrogen cycle in the Soil Aquifer Treatment (SAT), where nitrogen is converted quickly to
nitrates. Nitrates are very transportable in soils beneath normal circumstances, but they can
be eliminated during denitrification in anaerobic environments. Whilst trace metals, with the
exception of boron, have been diminished and can precipitate in the soil, particularly under
alkaline and aerobic conditions, other substances, like phosphorus, undergo reduction
through sorption and precipitation. These results highlight the different ways that SAT can

successfully remove impurities and enhance water quality.

The creation of minerals can be aided by microbes during an action termed bio
mineralization, according to a research study conducted by Li et al. (2013). Inorganic
contaminants, particularly heavy metals, can be effectively immobilized using this method
under durable solid states. The principal processes by which microbes precipitate minerals
were examined by scientists. Six kinds of bacteria obtained from seedling garden soil that
have metal resistance were used in microcosm tests. The potential for these kinds of
bacteria to be used in bioremediation led to additional characterization. It was discovered
that the bacteria produced the urease enzyme, which was essential for hydrating urea. The
pH of the soil rose as a consequence of this enzyme activity, and carbonate formed. As a
result, the soluble heavy metal ions in the soil water began to mineralize and eventually
turned into carbonates. In order to successfully reduce the amount of heavy metals in
polluted soil, the study emphasizes the importance of microorganisms to promote the bio

mineralization mechanism.

It was shown in an investigation by Bierlein (2012) that manganese may be
efficiently eliminated by granular media filtration utilizing a procedure called as the "natural
greensand effect." This process comprises the adsorption of soluble manganese onto a
surface covered with manganese oxide (MnOXx(s)), which is followed by the oxidation of the
manganese by chlorine, which produces more manganese oxide. By taking consideration
of the possibility of sorption sites and incorporating the transport and reaction processes
inside the porous structure of the MnOx(s), the study aims to enhance the models already
in use. The model was able to accurately represent the experimental data and predict the
oxidation rate constant, which was the sole variable that needed to be determined, by taking
these variables into account. This work emphasizes the significance of comprehending the

fundamental mechanisms driving the removal of manganese using granular media filtration
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and offers suggestions for enhancing the modeling and optimization of such treatment

procedures.

In the study conducted by Goren (2008), the focus was on the aquatic geochemistry
of manganese during the interaction between groundwater enriched with organic matter
and calcareous-sandstone rocks. The presence of high levels of dissolved organic matter
in the groundwater leads to reducing conditions in the aquifer, which are favorable for the
reduction and mobilization of manganese. Through column experiments, it was observed
that the retardation of manganese is significantly greater compared to other major cations
when water flows through sandy sediments under suboxic conditions. The breakthrough
behavior of Mn?* is primarily influenced by its adsorption capacity. As a result, higher
concentrations of Mn?* in the inflow solution lead to earlier appearance in the outflow
solutions and a steeper rise in its breakthrough curve. These findings highlight the complex
behavior of manganese during groundwater interactions and emphasize the importance of
considering adsorption dynamics for accurate predictions of its transport and fate in

aquifers.

The efficiency of natural filtration in reducing nitrogen in wastewater applied to the
soil overlaying fractured limestone in the Salento area of Southern Italy was examined in
the research carried out by Masciopinto (2007). To determine the effectiveness of this
natural filtration mechanism, laboratory experiments and field observations were used.
Municipal wastewater effluent from treatment facilities was channeled over a number of
fissures in limestone panels in a laboratory environment. The decay rates and constants for
nitrogen transformation through natural filtration for both aerated and non-aerated
(saturated) soil cracks have been established by tracking the amounts of different
wastewater elements over time. The total amount of inorganic nitrogen removed from
wastewater pumped into an aquifer in the Nard region in Salento was subsequently
estimated using a modeling programmed that included the biodegradation decay rates
discovered through laboratory research. The laboratory-derived nitrification and
denitrification rates were verified using water samples taken from two monitoring wells
situated 320 m and 500 m from the wastewater injecting site, and downstream with regard

to groundwater flow.

SAT systems cannot fully replace water treatment processes due to the inherent
limitations of removal mechanisms in natural environments. Various factors, which are
constantly changing, contribute to the inefficiency of these processes, and not all
contaminants can be effectively retained or degraded. According to the National Research

Council (2012), the success of SAT systems relies on appropriate management strategies
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and regular monitoring, which can help reduce treatment costs. However, the acceptance
of such treatment systems by the public is crucial for their implementation. Despite
advanced water treatment processes, some communities still perceive recycled water as
unpleasant. This perception is not solely based on the extent of water treatment but is
influenced by socio-economic, cultural, and religious factors. To address these concerns,
education and community programs play a vital role in dispelling misconceptions about the
safety and purity of recycled water (Bouwer, 2002). Many areas where there is a shortage
of water have not made full use of SAT technology. In order to ensure greater
comprehension and acceptance of SAT systems, it is vital to build public outreach initiatives

that create a connection between organizations and end users (Abel, 2014).

A managed aquifer recharge (MAR) system will inevitably clog, especially when
using an injection and recovery borehole approach like the aquifer storage and recovery
(ASR) procedure, as stated by Fernandez Escalante (2015). The likelihood of blockage is
greater with this approach. Infiltration ponds frequently experience clogging, which is
caused by the precipitation of substances, the entrapment of gases in the soil, the
development of biofilms from algae, and the buildup and depositing of sediments. In
spreading infrastructure, Hutchison et al. (2013) describe the effects of these issues, such
as decreased infiltration rates, decreased soil-aquifer treatment efficacy, the requirement
for routine maintenance (like basin flow ripping and draining), and, in extreme
circumstances, site abandonment. The research of Zaidi et al. (2020), there are four various
kinds of clogging: chemical, physical, mechanical, and biological. Chemical clogging occurs
by the precipitation of elements and matrix dissolution, physical clogging is triggered by the
movement of suspended particles and interstitial fines, and physical clogging is prompted
by the attachment of entrained air. Careful monitoring of a number of parameters is required
for effective prevention of clogging issues in MAR technologies. One strategy is to manage
the injection water's quality, which entails eliminating suspended matter and making sure
that the pH and dissolved oxygen levels are suitable. Despite the fact that they might not
entirely address clogging caused by microbiological activity, these procedures can help to
lower the likelihood of blockage. Additionally, the length of ponding intervals must be taken
into account because long intervals might worsen soil blockage. However, by maintaining
soil structure stability and limiting excessive organic matter buildup, wetting and drying
cycles may assist to attenuate the consequences of clogging barriers (Hutchison et al.,
2013).

Soil Aquifer Treatment (SAT) is an environmentally sustainable method for wastewater
treatment and groundwater replenishment (Manisha et al., 2023). SAT relies on physical,

chemical, and biological processes within soil, acting as a natural contaminant filter
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(Sharma and Kennedy, 2017). The performance of SAT varies with the soil type used
(Goren et al.,, 2014). Soil type is critical for efficient removal of pollutants, including
suspended solids, nutrients, organic compounds, and pathogens (Abel, 2014). Different soll
types have unique physical and chemical characteristics influencing pollutant removal
processes (Gharbia et al., 2016). The performance of SAT systems is significantly
influenced by different soil types and structures (Fichtner et al., 2019). Various factors
related to soil characteristics, such as hydraulic conductivity, pore size distribution, porosity,
soil organic matter (SOM), soil cation exchange capacity (CEC), adsorption and ion
exchange capacities, biological activity, nutrient retention, and redox conditions, have a
profound impact on treatment efficiency and overall SAT effectiveness (Al-Kaisi et al.,
2017). Soil types exhibit variations in porosity and pore size, affecting water movement and
contaminant behavior in the soil. Coarse-grained soils, with larger pores and higher
porosity, facilitate better water movement, flow, but with reduce treatment efficiency based
on reduce the retention and reaction time, while fine-grained soils, with smaller pores and
lower porosity, may hinder water movement but increase treatment effectiveness (Zachara
et al., 2016). Additionally, soil types with higher hydraulic conductivity, such as coarse-
grained soils like sands and gravels, enable faster and more efficient wastewater infiltration,

ensuring proper distribution and contact with the soil matrix (Gill et al., 2023).

Soils rich in clay minerals and organic matter have higher adsorption capacities, effectively
binding and removing contaminants from wastewater, acting as natural filters, and
improving water quality through adsorption and ion exchange processes (Kennedy et al.,
2018). Organic matter in the soil promotes biological activity, facilitating microbial
degradation of contaminants, particularly in soils with higher organic matter content,
enhancing SAT system treatment efficiency (Kebede et al., 2021). Different soil types vary
in their nutrient retention capacities, allowing effective removal of nutrients like nitrogen and
phosphorus, which is vital for preventing groundwater contamination and maintaining
ecological balance (Bento et al., 2019). Soil types can also influence redox conditions within
SAT systems; well-drained soils promote aerobic conditions, while poorly drained soils
create anaerobic conditions, affecting processes like denitrification for nitrogen compound
removal (Ben Moshe et al., 2020). Soil characteristics, including hydraulic conductivity,
adsorption capacity, biological activity, nutrient retention, porosity, pore size distribution, soil
organic matter content (SOM), cation exchange capacity (CEC), and redox conditions, is
essential for designing an effective SAT systems that safeguard groundwater quality (Russo
et al., 2022).

Soil aquifer treatment (SAT) system is a widely recognized and sustainable approach

for wastewater treatment and groundwater recharge (Gharbia et al., 2016). SAT relies on
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natural soil processes to remove contaminants before they reach the aquifer (Candela et
al., 2007). The infiltration rate, which determines the speed at which water penetrates the
soil, significantly influences SAT systems performance, impacting the fate, transport,
removal, and behavior of contaminants in the soil (Nadav et al., 2012). Additionally, the
choice of infiltration rate depends on the hydraulic conductivity, porosity and permeability of
filtrate media, affects the distribution and movement of contaminants in the system (Ewen
et al., 2000). The infiltration rate indeed affects hydraulic conductivity, residence time, and
the potential for preferential flow, all of which can influence the fate and transport of
contaminants in soil media. With higher rates increasing conductivity and allowing faster
water and contaminant flow. This may reduce contact time between contaminants and soll
particles, potentially decreasing removal efficiencies. Conversely, lower flow rates
encourage better contact and retention within the soil matrix, enhancing pollutant removal
(Konstantinou and Biscontin, 2022). Flow rates also affect preferential flow and bypassing.
Higher rates can create paths of least resistance, potentially allowing contaminants to
bypass much of the soil, reducing removal effectiveness. Lower rates minimize preferential
flow, ensuring a more uniform distribution of water and contaminants throughout the soil,

enhancing pollutant removal opportunities (Ritsema and Dekker, 2000).

The fate and transport of contaminants in soil aquifer treatment systems are complex
processes influenced by several factors, with the infiltration rate playing a key role (Arye et
al., 2011). This infiltration rate determines the hydraulic loading and residence time within
the soil (Van Cuyk et al., 2001), where higher infiltration rates increase hydraulic loading
and reduce contact time with contaminants, while lower rates facilitate longer interactions
(Pavelic et al., 2011). Consequently, the infiltration rate directly affects the extent of
contaminant removal through processes like adsorption, desorption, precipitation, and
microbial degradation (Gavri¢ et al., 2019). Different infiltration rates lead to distinct patterns
of contaminant migration, infiltration depth, and potential leaching into the underlying aquifer
(Gao et al., 2019b). Higher infiltration rates may induce faster vertical movement through
preferential pathways, whereas lower rates encourage lateral spreading within the soil
matrix (Hendrickx and Flury, 2001). The infiltration rate's critical role in determining the
spatial distribution and extent of contaminant plumes significantly impacts overall treatment
performance and potential risks to groundwater quality (Mukherjee et al., 2015). Also,
infiltration rate significantly affects SAT system performance by altering residence time,
which is the duration wastewater remains in contact with the soil media. Higher infiltration
rates lead to shorter residence times, while lower rates extend contact times with the soil
matrix. Longer residence times facilitate greater interaction between contaminants and soil

particles, enhancing the potential for pollutant removal through physical, chemical, and
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biological processes from filtration, adsorption, and microbial degradation activity
(Essandoh et al., 2011). Additionally, higher infiltration rates may reduce contact time
between contaminants and soil particles, limiting effective filtration and adsorption, while
lower flow rates provide more time for these processes, increasing pollutant removal
(Keesstra et al., 2012). Also, lower rates favor microbial growth and activity, enhancing
pollutant degradation, whereas higher rates may hinder microbial activity due to limited

contact time and nutrient availability (Guillemoto et al., 2022).

Soil aquifer treatment (SAT) systems are widely used for the treatment of
wastewater, providing a natural and sustainable approach for pollutant removal before
water is recharged into aquifers or reused for various purposes (Page et al., 2018). In these
systems, the physical, chemical, and biological processes occurring in the soil matrix and
aquifer play a crucial role in the transformation and removal of pollutants (Gharbia et al.,
2016). Among the various factors that influence pollutant behavior in SAT systems, the
dynamics of drying and wetting cycles have been recognized as important drivers of
pollutant fate and transport (Turkeltaub et al., 2022). Understanding the effect of drying and
wetting on the performance of synthetic wastewater pollutants in SAT systems is essential
for optimizing system design, operation, and pollutant removal efficiency (Gharbia et al.,
2024).

Drying and wetting cycles can induce the movement and redistribution of pollutants
within the soil aquifer system (Morrison et al., 2020). During wetting, water infiltrates the
soil, carrying pollutants deeper into the subsurface. The extent of pollutant migration
depends on their solubility, sorption affinity, and the hydraulic properties of the soil (Ben
Moshe et al., 2020). Conversely, during drying, water evaporates from the soil surface,
potentially leading to pollutant accumulation near the surface or at specific soil horizons.
This redistribution of pollutants can have implications for their long-term fate and

persistence in the system (Sharma and Kennedy, 2017).

Moreover, the alternation of drying and wetting cycles creates dynamic conditions
that can influence microbial activity and the biodegradation of pollutants (Essandoh et al.,
2013). Wetting events provide favorable conditions for microbial growth, promoting the
activity of microorganisms involved in pollutant degradation and transformation processes
(Pavelic et al., 2011). The presence of moisture enhances the availability of dissolved
oxygen, facilitating aerobic degradation pathways. Conversely, drying periods can limit
microbial activity due to reduced moisture and oxygen availability, potentially leading to a
decrease in pollutant degradation rates (Zhang et al., 2015). Furthermore, the transition

from aerobic to anaerobic conditions during drying may promote different types of pollutant
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transformations, such as anaerobic degradation or chemical reduction processes (Xiao et
al., 2017). Drying and wetting cycles affect the availability of oxygen within the soil aquifer
system, influencing the type and rate of pollutant degradation (Elkayam et al., 2018). During
wetting, oxygen is replenished as water infiltrates the soil, allowing aerobic microbial
degradation processes to occur. Adequate oxygen supply supports the activity of aerobic
microorganisms responsible for the breakdown of organic pollutants (Kumar et al., 2018).
In contrast, drying periods reduce oxygen availability in the soil, leading to anaerobic or
microaerobic conditions. Under anaerobic conditions, different microbial communities may
thrive, leading to distinct pollutant degradation pathways (Mienis and Arye, 2018). The
transition between aerobic and anaerobic conditions during drying and wetting cycles can

impact the overall efficiency of pollutant removal.

Furthermore, drying and wetting cycles can significantly influence the physical
properties of the soil, including its structure, porosity, and hydraulic conductivity (Fichtner
et al., 2019). Extended drying periods can lead to soil compaction, shrinkage, and the
development of cracks. These changes in soil structure can have consequences for water
movement and pollutant transport within the system. Compacted soils may exhibit reduced
hydraulic conductivity, hindering water infiltration and potentially creating preferential flow
paths for pollutants (Gao et al., 2019a). In contrast, wetting events can help restore soil
structure and porosity, improving water infiltration and enhancing treatment efficiency (de
Rozari, 2020). Likewise, drying and wetting cycles can affect the adsorption and desorption
of pollutants onto soil particles (Gharbia et al., 2022). During wetting, pollutants may be
adsorbed onto soil surfaces, reducing their mobility and enhancing their retention within the
system. The presence of water films on soil particles provides sites for pollutant sorption
and contributes to their removal (Russo et al., 2022). In contrast, drying periods can promote
desorption processes, releasing previously adsorbed pollutants back into the aqueous
phase and potentially increasing their mobility. Desorption during drying events can result

from changes in soil moisture, pH, and the availability of competing ions (Dillon et al., 2022).

The cycling of wetting and drying can influence the leaching and transport of
pollutants within the soil aquifer system (Trussell et al., 2018). Wetting events can mobilize
pollutants, increasing the potential for downward transport and leaching into the
groundwater (Gharbia et al., 2024). The degree of leaching depends on pollutant solubility,
sorption affinity, and the soil's hydraulic properties (Dahlke et al., 2018). In contrast, drying
periods may reduce leaching by promoting pollutant retention within the soil matrix. The
establishment of preferential flow paths, such as cracks or macropores, during drying
events can further impact pollutant transport, bypassing the treatment zone and potentially

compromising system efficiency (Pan et al., 2017).

138



Annex (2): Confidence intervals analysis for the experimental replications

All experimental investigations were repeated three times to enhance the accuracy of the
results. Confidence intervals were employed to compare the experimental replications, with
the highest confidence interval selected for analysis, as it represents the highest level of

accuracy.

Chapter (3) Comparative investigation and performance evaluation of different saoil
types in enhancing pollutants removal from synthetic wastewater in soil aquifer

treatment system

e The static batch test investigations for sand and sandy loam
1. Sand soil

The best experimental replication with high mean and lower confidence interval is the

experimental replication 3.

2. Sandy loam soil
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The best experimental replication with high mean and lower confidence interval is the

experimental replication 2.

e The dynamic breakthrough column investigations for sand and sandy loam
1. Sand

The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.

2. Sandy loam soil
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The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.

Chapter (4) Understanding the Role of Infiltration Rate on Contaminants Fate and
Transport in Soil Aquifer Treatment System: Experimental, Modeling, and Statistical

Analysis Approaches

e Low infiltration rate (0.50 mL/min) through sand column

The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.

e High infiltration rate (10 mL/min) through sand column
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The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.

Chapter (5) Quantifying the influence of dynamic pulsed of wetting and drying on the
transformation and fate of synthetic wastewater pollutants in soil aquifer treatment

system

The best experimental replication with high mean and lower confidence interval is the

experimental replication 2.

Chapter (6) Synergistic and Competitive Pollutant Interactions in SAT System: Impact

of Synthetic Wastewater Chemical Variability
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e Low concentrations level through sand column

The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.

¢ High concentrations level through sand column

The best experimental replication with high mean and lower confidence interval is the

experimental replication 1.
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Annex (3): Spatial concentration simulation through sand column under different
infiltration rate (0.50 — 10) mL/min

The Figure shows how well the model aligns with the experimental data. The Root
Mean Square (RMS) values are used to quantify the differences between the two sets of
curves. Lower RMS values indicate a closer match between the model and experimental
data, indicating higher predictive accuracy. The calibration of synthetic wastewater
pollutants under a 0.5 mL/min infiltration flow rate demonstrates a high level of agreement
between the model and experimental observations. The RMS values, all below 0.50 for
every pollutant, signify a close match between the modeled and experimental values,
indicating accurate representation of pollutant behavior under the specified infiltration rate.
This close alignment confirms the model's capability to predict pollutant concentrations
accurately over time and depth with assures that model parameters and assumptions have
been appropriately adjusted. This level of calibration instills confidence in the model's ability
to simulate and predict pollutant transport in the SAT scenarios with similar infiltration rates.

Calibration curves for modeling pollutants breakthrough under 0.50 mL/min rate

NHs" - RMS = 0.062 POs* - RMS =0.27 S04* - RMS =0.10 Fe* - RMS =0.19
Cu?* - RMS = 0.03 Mn?* - RMS = 0.005 MoO.* - RMS = 0.06 Co** - RMS =0.16
BOs* - RMS =0.03 Zn?* - RMS = 0.05
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Simulation results for spatial concentration distributions and changes in pollutant
concentrations within the column depth at the calibrated 0.50 mL/min infiltration rate. These
simulations offer valuable insights into how pollutant concentrations are distributed and vary
within the sand media. Concentration gradients are observed, with higher levels near the
inflow boundary and lower levels near the outflow boundary. The specific concentration
profiles depend on pollutant characteristics and their interactions with the sand media.
Additionally, these simulations depict how pollutant concentrations change as they pass
through the sand media, capturing dynamic behaviors involving adsorption, dispersion, and
decay processes. This information is crucial for comprehending how pollutants move and
change within the SAT systems.

Pollutants spatial concentration over the column depth under 0.50 mL/min rate

N H4+ PO43' 8042' FeZ

Cu?* MnZ* MoO4* Co?*
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BOs*

Zn%

The simulation results, including spatial concentration distributions and changes in

pollutant concentrations across the column depth, under the accepted level of calibration

for the 10 mL/min infiltration rate.

In figure of the calibration curves and the Root Mean Square (RMS) values for each

pollutant are presented.

Calibration curves for modeling pollutants breakthrough under 10 mL/min rate

NH;* - RMS = 0.001

PO.,* - RMS =0.02

S04* - RMS =0.03

Fe?* - RMS =0.02

Cu?* - RMS = 0.06

Mn?* - RMS = 0.01

MoO,* - RMS = 0.013

Co?" - RMS = 0.014

BOs* - RMS = 0.007

Zn?* - RMS = 0.013
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Pollutants spatial concentration over the column depth under 10 mL/min rate

N H4+ PO43' 8042' F62+
Cu* Mn?* MoO4* Co?*
8033' Zn%*
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