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0 Abstract 

With the development of industrial and agricultural activities, groundwater pollution is 

becoming a more serious concern. The presence of contaminants in groundwater is known to 

significantly increase the occurrence of diseases, which constitutes a significant threat to 

physical health. Water is a substance necessary to the human body, as well as a natural carrier 

of contaminants. Thus, contaminants can transport in porous media with groundwater flow. 

Understanding the migration patterns of contaminants in groundwater aquifers can provide 

valuable information for solving groundwater pollution problems. In addition, although 

contaminants can dissolve or suspend in water and migrate with the water flow, they are more 

likely to bind strongly to porous media, allowing most contaminants to be retained in the porous 

media. Therefore, it is crucial to elucidate the interactions between environmental contaminants 

and porous media in order to reduce the potential risks of these contaminants to physical health. 

In this dissertation, typical and new emerging environmental contaminants, namely heavy 

metals, petroleum colloids, and nanoplastics, were chosen as study subjects. Column 

experiments were conducted to investigate the migration patterns of these contaminants in 

saturated porous media (quartz sand, sandy soil, iron oxyhydroxide coated sand, clay minerals) 

under different hydrochemical conditions (low-molecular-weight organic acids, pH, ionic 

strength, etc.). Meanwhile, batch experiments and numerical simulations were also carried out 

to comprehensively understand the interaction mechanisms between the pollutants and porous 

media. In total, 4 studies were addressed in the present dissertation. 

In study 1, the effects of low-molecular-weight organic acids (LMWOAs) and competing 

cations (Pb2+) on the transport of heavy metal (Cd2+) in saturated pure quartz sand under 

different pHs were discussed. At pH 5, LMWOAs inhibited the transport of Cd2+, and inhibition 

capacity decreased in the following sequence citric acid > tartaric acid > acetic acid, which 

depends on their molecular structures (i.e., amount and type of functional groups) and 

complexing strength with Cd2+. Contrastingly, at pH 7, LMWOAs promoted the transport of 

Cd2+ due to the formation of stable aqueous non-adsorbing Cd-organic acid complexes. Pb2+ 

promoted Cd2+ transport due to its stronger complex affinity to citric acid. Therefore, the effects 

of solution chemistry play an important role in the transport of heavy metal ions. 

In study 2, the transport of petroleum colloids in quartz sand and sandy soil was studied. More 

petroleum colloids were retained with increasing ionic strength (IS) as well as decreasing pH. 

This observation can be explained by the increase in hydrodynamic diameter of petroleum 

colloids under these conditions, resulting in apparent physical straining. On the other hand, the 

electrostatic repulsion between colloids and grain surfaces reduces. In addition, greater mobility 

of petroleum colloids was found in the sand rather than in soil. This can be ascribed to the 

unique physicochemical properties of soil, like containing a lot of metal oxides and clay 

minerals. Hence, the solution chemistry and the porous media characteristics greatly influence 

the migration of petroleum colloids. 

In study 3, the migration of polystyrene nanoplastics (PS-NPs) in iron oxyhydroxide coated
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quartz sand under different water chemistry conditions was investigated. The effect of iron 

oxyhydroxide coated sand on PS-NPs transport was greater than that in pure quartz sand under 

the same conditions. For most cases (pH < 9), the iron coating was positively charged, while 

PS-NPs were negatively charged. Thus, electrostatic attraction is the main reason for the 

weakened PS-NPs transport. In addition, solution chemistry changed the surface charge of PS-

NPs and uncoated quartz sand, resulting in changes in the interaction energy between them. 

Charge heterogeneity of porous media is crucial for PS-NPs transport. 

In study 4, the effects of porous media properties on PS-NPs transport were further investigated 

based on the findings of study 3. Different clay minerals were used to understand their influence. 

Compared with quartz sand, clay minerals have a relatively high surface charge, which results 

in PS-NPs being more easily deposited onto clay minerals. Thus, both kaolinite and illite 

inhibited the transport of PS-NPs. Except for the permanent negative charges, some variable 

charges on the edge of the clay mineral are sensitive to the water chemistry. The positive edge 

sites of kaolinite and negative edge sites of illite under experimental conditions (pH 5.9) led to 

a stronger inhibition on PS-NPs transport in kaolinite than illite. 

It can be seen that the transport of environmental contaminants is closely related to the 

properties of contaminant and porous media, as well as water chemistry conditions. In order to 

obtain a more precise understanding, all these factors need to be taken into account when 

evaluating contaminant transport in groundwater aquifers. 
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0 Zusammenfassung 

Die Zunahme der industriellen und landwirtschaftlichen Aktivitªt f¿hrte in der Vergangenheit 

zu einer ansteigenden Verschmutzung des Grundwassers. Grundwasser wird weltweit als 

primªre Trinkwasserquelle genutzt wird, weshalb sich die ansteigende Belastung des 

Grundwassers mit Schadstoffen direkt negativ auf die menschliche Gesundheit auswirkt. Im 

Grundwasser kontrollieren advektive und dispersive Prozesse den Transport bzw. die 

Mobilisierung von Schadstoffen. Interaktionen mit dem porºsen Medien kºnnen zu einer 

langfristigen oder temporªren Immobilisierung von Schadstoffen in Grundwasserleitern f¿hren. 

F¿r die Entwicklung effektiver MaÇnahmen, die dem zunehmenden Verschmutzungsgrad von 

Grundwasser entgegenwirken, ist deshalb ein prozessbasiertes Verstªndnis hinsichtlich der 

Wechselwirkung zwischen Schadstoffen und dem porºsen Medium von Grundwasserleitern 

notwendig. 

Als Teil dieser Dissertation wurden typische und in der Vergangenheit verstªrkt auftretende 

Schadstoffe in der Umwelt, wie Schwermetalle, Erdºlkolloide und Nanoplastik, auf ihre 

Transportverhalten in porºsen Medien hin untersucht. Das Mobilitªts- und 

Retartationsverhalten dieser Stoffe wurde als Teil von Sªulenexperimenten mit 

unterschiedlichen, umweltrelevanten porºsen Medien (Quarzsand, Sandbºden, mit Eisenoxid 

beschichteter Sand, Tonminerale) unter verschiedenen hydrochemischen Bedingungen 

(niedermolekulare organische Sªuren, pH-Wert, Ionenstªrke), untersucht. Ergªnzt wurden die 

Sªulenexperimente durch Batch-Versuche sowie modellgest¿tzte Simulationen, um so die 

Mechanismen der Wechselwirkung zwischen Schadstoff und porºsem Medien umfassend und 

mechanistisch zu erforschen. Die vorliegende Dissertation umfasst insgesamt 4 Studien. 

In Studie 1 wurde die Auswirkung von niedermolekularen organischen Sªuren (LMWOAs) 

sowie konkurrierender Kationen (Pb2+) auf den Transport von Schwermetall (Cd2+), in wasser-

gesªttigtem Quarzsand bei unterschiedlichen pH-Werten, untersucht. Bei niedrigen pH-Werten 

(pH 5) hemmten LMWOAs den Transport von Cd2+ deutlich, wobei die Hemmungskapazitªt 

entsprechend der Reihenfolge Zitronensªure > Weinsªure > Essigsªure abnahm. Die Abnahme 

der Hemmungskapazitªt konnte auf die molekulare Struktur der Sªuren (d.h. Menge und Art 

der funktionellen Gruppen) und der damit verbundeneren Komplexierungsstªrke mit Cd2+ 

zur¿ckgef¿hrt werden. Im Gegensatz dazu wird bei pH 7 die Mobilitªt von Cd2+, durch die 

Bildung stabiler wassergelºster und nicht-adsorbierender Cd-Sªurekomplexe, gefºrdert. Pb2+ 

fºrderte die Mobilitªt von Cd2+ aufgrund seiner stªrkeren Komplexaffinitªt zu Zitronensªure. 

Ergebnisse dieser Studie zeigen wie sehr die Zusammensetzung des Porenwassers sowie die 

darin ablaufenden lºsungschemischen Effekte den Transport von Schwermetallionen im 

porºsen Medium kontrollieren. 

In Studie 2 wurde das Transportverhalten von Erdºlkolloiden in Quarzsand sowie sandigen 

Bºden untersucht. Die Retention von Erdºlkolloiden nahm mit zunehmender Ionenstªrke (IS) 

sowie mit abnehmendem pH-Werten zu. Die abnehmende Mobilitªt lieÇ sich 1) durch die 

Zunahme der GrºÇe der Erdºlkolloiden bei niedrigeren pH-Werten bzw. hºheren IS und der 

damit verbundenen Zunahme des Ăphysical strainingñ Effekts bei dem Porenrªume blockiert
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werden, sowie 2) durch die Verringerung der elektrostatischen AbstoÇung zwischen Kolloiden 

und Kornoberflªchen des porºsen Mediums erklªren. Dar¿ber hinaus wurde eine generelle 

erhºhte Mobilitªt von Erdºlkolloiden im Sand im Vergleich zu sandigen Bºden festgestellt. 

Dies kann auf die besonderen physikochemischen Eigenschaften des benutzten Bodens 

zur¿ckgef¿hrt werden. Ebenso wie bereites in Studie 1 f¿r Schwermetallionen gezeigt werden 

konnte, spielt die geochemische Zusammensetzung des Porenwassers sowie die 

Oberflªcheneigenschaften des Porºsen Mediums eine zentrale Rolle bei der Mobilitªt von 

Erdºlkolloiden. 

In Studie 3 wurde das Migrationsverhalten von Polystyrol-Nanokunststoff-Partikeln (PS-NPs) 

in mit Eisenoxid beschichtetem Quarzsand, unter Ber¿cksichtigung verschiedener 

wasserchemischer Bedingungen, untersucht. Das Vorhandensein von Eisenoxiden hatte dabei 

einen groÇen Einfluss auf die Mobilitªt von PS-NP-Partikeln. Bei niedrigen pH-Werten war die 

Oberflªche der Eisenbeschichtung positiv geladen, wªhrend die PS-NPs negative 

Oberflªchenladung aufwies. Die sich daraus ergebenden elektrostatischen Anziehungskrªfte, 

zwischen PS-NPs und dem beschichteten porºsen Medium, wurde als Hauptursache f¿r die 

beobachtete hohe Retention bei niedrigen pH-Werten identifiziert. Die Oberflªchenladung der  

PS-NP Partikel sowie des Quartzsandes wurde dabei maÇgeblich von der chemischen 

Beschaffenheit der Porenwassers bestimmt, was sich direkt auf die Partikel-Matrix 

Wechselwirkungen auswirkte.  

In Studie 4 wurden die Auswirkungen der Eigenschaften porºser Medien auf den PS-NPs-

Transport, basierend auf den Ergebnissen von Studie 3 untersucht. Hier lag der Fokus auf dem 

Verhalten von PS-NPs in porºsen Medien mit unterschiedlichen Tongehalten und 

Tonmineralien  (Kaolinit und Illit). Im Vergleich zu Quarzsand haben Tonminerale eine hohe 

Oberflªchenladung mit einer hºheren Bindungsaffinitªt zu PS-NPs. Da die verwendeten 

Tonminerale unterschiedlich Ladungseigenschaften aufweisen, die stark von der chemischen 

Zusammensetzung des Porenwassers abhªngen, verhalten sich PS-NPs unterschiedlich bei 

Anwesenheit von Kaolinit und Illit. Die positiv geladenen Randstellen von Kaolinit f¿hrten 

unter den experimentellen Bedingungen (pH 5.9) zu einer verstªnkerten Retention von PS-NPs 

im Vergleich zu Illit. 

Zusammenfassend lªsst sich sagen, dass das Transportverhalten der untersuchten Schadstoffe  

1) von der oberflªchenladung des Schadstoffes, 2) den chemischen Bedingungen im 

Porenwasser und 3) der ladungsspezifischen Eigenschaften des porºsen Mediums kotolliert 

wird. Diese Aspekte m¿ssen ber¿cksichtigt werden, um den Transport dieser Schadstoffe in 

Grundwasserleitern besser bewerten zu kºnnen. 
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1 Introduction  

Since the twentieth century, the remarkable progress in science and technology as well as the 

development of productive forces enabled human beings to vastly increase fortune, accelerate 

the growth of civilization, and make brilliant achievements in the transformation of nature. At 

the same time, the mismanagement in the industrialization process, especially the irrational 

exploitation of natural resources, has caused global environmental pollution and ecological 

damage, which poses a severe threat to the survival and the development of human beings (Rao 

and Yan, 2020; Victor, 2017). At present, groundwater contamination has caused great harm to 

physical health (Baba and Tayfur, 2011). This is due to the fact that groundwater is an important 

drinking water source for people (Ross and Martinez-Santos, 2010). Long-term consumption 

of contaminated groundwater leads to various diseases; for example, fluoride and chloride in 

the groundwater do harm to human organs and induce cancer diseases (Mukherjee and Singh, 

2020). Heavy metals, such as arsenic, chromium, lead, and mercury, exceeding the limits in 

drinking water standards cause neurological disorders and digestive system diseases (Duruibe 

et al., 2007; Raikwar et al., 2008). Therefore, the urgent need to solve these problems has 

motivated more and more researchers to focus on groundwater pollution. 

To solve the groundwater pollution problem, the first thing is to figure out the migration patterns 

of contaminants in groundwater aquifers. The porous media in the groundwater aquifers, which 

can effectively adsorb and retain the pollutants, can be recognized as a natural and effective 

purification device (Stevik et al., 2004). As a result, studying the transport of environmental 

contaminants in the porous media provides the foundation for solving groundwater 

contamination issues. 

1.1 Mechanisms controlling contaminants transport in porous media  

The mechanisms introduced below are based on the transport of particles under the unfavorable 

condition, which means the surface charge of both particles and porous media are the same (e.g., 

the petroleum colloids and quartz sand are negatively charged, and there is an electrostatic 

repulsion between them).  

1.1.1 DerjaguinïLandauïVerweyïOverbeek (DLVO) theory 

DLVO theory is widely used to calculate the interaction energy between particles (e.g., colloids 

and nanoparticles) and porous media (Elimelech and O'Melia, 1990b; Tian et al., 2010). 

According to DLVO theory, the total interaction potential energy between particles and porous 

media depends on the Van der Waals attraction and electrostatic repulsion (Buschow et al., 

2001). As shown in Figure 1, when the particles are far away from the surface of the porous 

media, Van der Waals attractive force between them is dominant; thus, the total interaction 

potential energy is negative, and there exists the secondary minimum. Some particles will 

deposit at this location (Ryan and Elimelech, 1996). As the particles gradually approach the 

surface of the porous media, the electrostatic repulsion force begins to work. The total 
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interaction potential energy gradually becomes positive and reaches its maximum at a distance, 

constituting an energy barrier. When the particles are able to leap over the energy barrier, the 

total interaction potential energy decreases rapidly since Van der Waals attraction becomes 

dominant again. The total interaction potential energy will get negative again, resulting in the 

primary minimum (Shen et al., 2007). The particles that get across the energy barrier will 

deposit at this location. In addition, the deposition of particles resulting from the second 

minimum is called ñrapid depositionò, while the deposition caused by the primary minimum is 

called ñslow depositionò(Tufenkji and Elimelech, 2005). In general, the lower the secondary 

minimum, the easier particle deposition; conversely, the higher the energy barrier, the harder 

particle deposition. 

 

Figure 1. Schematic diagram of interaction potential energy versus distance described by the 

DLVO theory. 

1.1.2 Physical straining 

As presented in Figure 2, the term ñphysical strainingò refers to the fact that the particles are 

intercepted by the narrow pores in porous media consisting of small grains, resulting in partially 

clogged pores. Thus, particles are only able to transport through the larger continuous pores in 

the porous media (Bradford et al., 2006; Jaisi et al., 2008). Currently, a series of studies have 

proposed that when the ratio of dp/dc is above 0.002 (dp and dc represent the average diameter 

of particle and porous media, respectively. If the particles aggregate obviously, the dp refers to 

the hydrodynamic diameter of aggregated particles), physical straining has a noticeable 

influence (Liang et al., 2016). Conversely, if the ratio is below the critical value, the effect of 

physical straining can be ignored (Lu et al., 2021). Some research shows that physical straining 

plays a vital role in the transport of particles in porous media (Bradford et al., 2006; Qi et al., 

2014b). As a result, physical straining should be considered when analyzing the transport of 
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contaminants in porous media. 

 

Figure 2. Schematic diagram of physical straining. 

1.1.3 Steric hindrance 

In Figure 3, the steric hindrance refers to the phenomenon wherein particle A is inhibited from 

depositing to the porous media by the previously deposited particle B during its transportation 

(Zhu et al., 2014). Because of the interactions between particle A and particle B, particle B 

exerts strong repulsive forces on particle A, or particle B has a weak complexation ability to 

particle A, resulting in the reduction of deposition of particle A onto the porous media. When 

particle A is the same as particle B, the breakthrough curve of particle A usually presents a 

blocking phenomenon (Nascimento et al., 2006). In addition, particle B can be colloid, protein, 

organic acid, surfactant, ion, and so on (Dong et al., 2020; Wang et al., 2020a; Wang et al., 

2020b). 

 

Figure 3. Schematic diagram of steric hindrance. 
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1.1.4 Cation bridging effect 

The cation bridging effect usually takes place between cations and negatively charged oxygen-

containing functional groups on both particles and porous media (Wang et al., 2020a; Zhang et 

al., 2020). As described in Figure 4, the bridging agent (e.g., Ca2+, Ba2+) interacts with 

functionalities on the particle and porous media surface to form complexes, which enhances the 

deposition of contaminant particles onto porous media (Lu et al., 2021). 

 

Figure 4. Schematic diagram of cation bridging effect. 

1.1.5 Competition for deposition sites 

When the competing particles B coexist with particles A in the solutions (these particles can be 

ions, organic matters, colloids, etc.), particles A and particles B will compete against each other 

for the limited deposition sites on porous media. If particle B wins the competition, the limited 

deposition sites will be occupied by particle B, and the transport of particle A will be promoted 

(Cai et al., 2016; He et al., 2019). 

1.2 Current research progress in contaminants transport in porous media 

Up to now, a lot of studies have been conducted to investigate the transport of contaminants in 

porous media under various hydrochemical conditions (Dong et al., 2016; Kretzschmar and 

Sticher, 1998; Marino, 1974; Sen, 2011). In general, the fate of contaminants depends on their 

own properties (e.g., surface charge, particle size) (Shaniv et al., 2021), solution chemistry (e.g., 

pH, ionic strength) (Fang et al., 2013), and porous media types (e.g., pure sand, sandy soil) (Qi 

et al., 2014a). In addition, the solution chemistry can also affect the properties of contaminants 

and porous media (Lu et al., 2021). In the following part, the effects of different factors on the 

transport of contaminants are discussed separately. Note that in this section, we mainly consider 

the transport of negatively charged particles under unfavorable conditions. 

1.2.1 Effects of pH 

The pH of the solution plays an important role in the surface charge (zeta potential) of both 

contaminants and porous media due to the protonation/deprotonation of functional groups on 

their surface (Saka and Guler, 2006). Thus, according to the interaction energy calculated by 

DLVO theory, the energy barrier between particles and porous media is relatively low at a low 
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pH, which means the particles can overcome the energy barrier to deposit by the primary 

minimum; furthermore, the secondary minimum is also deeper at a lower pH; therefore the 

particles also deposit via the secondary minimum (Kamrani et al., 2018). Apart from the above-

mentioned aspect, the interaction energy between particles also depends on the pH (Ill®s and 

Tomb§cz, 2006). For instance, at low pH, the particles preferably form aggregates due to the 

weak electrostatic repulsion. When the hydrodynamic diameter of aggregated particles reaches 

dp/dc> 0.002, the physical straining works during the particle transport (Lin et al., 2010). 

1.2.2 Effects of ionic strength 

The effects of ionic strength (IS) on particle transport in porous media are mainly caused by 

two aspects. On the one hand, increasing IS compresses the electrical double layer, leading to 

an increase in the zeta potential (less negative) of particles and porous media (Hu et al., 2013). 

Thus, the electrostatic repulsion between particles and grain surfaces reduces. According to the 

DLVO theory, the energy barrier and secondary minimum between particles and collector 

decrease with increasing IS (Kuznar and Elimelech, 2007; Shen et al., 2011). As a consequence, 

more particles will deposit on the surface of the collector at higher IS. On the other hand, the 

aggregation of particles is promoted due to a reduction in the repulsive force between particles 

at high ionic strength (Liu et al., 2013). When the hydrodynamic diameter of aggregated 

particles exceeds the critical value, physical straining will be triggered to retain more particles 

in the porous media. 

1.2.3 Effects of divalent cations 

At present, a lot of studies have discussed the effects of divalent cations on particle transport 

(Fan et al., 2015; Grolimund and Borkovec, 2006). Compared with monovalent cations, 

divalent cations have a higher charge density due to the charge screening. As a result, the 

particles aggregate at a low concentration of divalent cations (Vermºhlen et al., 2000). For 

instance, the average hydrodynamic diameter of graphene oxide particles was 235 nm at 1.5 

mM NaCl, while at 0.3 mM CaCl2, it was 303 nm (Qi et al., 2014b). The first possible 

consequence caused by divalent cations is the physical straining due to the particlesô 

aggregation. In addition, apart from the interaction between particles, the presence of divalent 

cations also affects the surface charge of porous media (Cheng et al., 2016). The interaction 

potential energy between particles and porous media is strongly influenced by divalent cations. 

It has been reported that the strong and irreversible deposition of particles on the porous media 

has been found in the presence of divalent salt (Shen et al., 2012). In addition, divalent cations 

usually act as the bridge agents between particles and porous media via negatively charged 

functional groups (Li et al., 2019b). 

1.2.4 Effects of organic matters 

Organic matters like humic acid, fulvic acid, low-molecular-weight organic acids, etc., are 

widely used to study their influence on contaminant transport (Li et al., 2019a; Weng et al., 

2002; Yang et al., 2012). When these organic matters are adsorbed onto the contaminants, they 

lead to steric hindrance/electrostatic repulsion, promoting the contaminant dispersion and 

preventing aggregation (Yang et al., 2019). In these cases, the physical straining is usually 
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negligible. In addition, the organic acids will be adsorbed onto the surfaces of porous media 

(e.g., soil grains). The increased steric hindrance between particles and collectors enhances the 

contaminant transport in porous media (Franchi and O'Melia, 2003). Lastly, some organic 

matter can compete with the contaminants for deposition sites on porous media (Wu et al., 

2016). For example, Suwannee River humic acid in suspension might compete with bacteria 

for deposition sites on quartz sand, contributing to the enhanced transport of bacteria in quartz 

sand (Yang et al., 2016). 

1.2.5 Effects of different porous media 

Currently, most research on contaminant transport has focused on the influence of the solution 

chemistry on contaminant transport. In order to simplify the conditions, pure quartz sand is 

frequently chosen as the porous media (Akbour et al., 2002; Foppen et al., 2010). However, the 

characteristics of porous media also play an essential role in the transport of contaminants 

(Wang et al., 2014). Various porous media, like clay minerals, iron oxides, and rock sediments, 

can be ubiquitously found in the environment. Several studies have shown that different porous 

media affects pollutant transport to different extents. For example, in the studies of Wang et al. 

(2012), the positively charged iron oxyhydroxide attracted the negatively charged particles via 

electrostatic attraction. According to the research of Lu et al. (2017), clay minerals (kaolinite, 

montmorillonite, and illite) had positively charged edge sites on their crystalline structures, 

which provided favorable deposition sites for negatively charged colloids. Qi et al. (2014a) used 

Lula soil instead of pure quartz sand in their experiment and found that more graphene oxides 

were retained in the soil column because there were high contents of clay minerals and iron 

oxides in the soil, which provided more favorable deposition sites (positively charged) for 

negatively charged graphene oxide. Finally, the small size of soil components, such as clay 

minerals, results in narrow pore space and complex flow pathways, which dramatically 

enhances the importance of the physical straining effect on contaminant transport (Cornelis et 

al., 2014). 

1.3 Objectives and structure of the studies 

1.3.1 Objectives  

This dissertation aims to investigate the migration patterns of environmental contaminants in 

saturated porous media via a series of column experiments. In order to make the results more 

representative, we chose (i) three different contaminants (Cd2+ as a representative of heavy 

metals, petroleum colloids, and polystyrene nanoplastics (PS-NPs)) to study their transport in 

(ii) different porous media (quartz sand, sandy soil, iron oxyhydroxide coated sand, clay 

minerals) under (iii) various solution chemistries (e.g., different pH, different ionic strength, 

organic matters, different cation species). This dissertation will help us to analyze and predict 

the transport and fate of pollutants in saturated aquifers. 

The specific objectives of each study presented in this dissertation are the following: 

Study 1 focuses on the effect of solution chemistry on the transport of Cd2+ under favorable 

conditions. This study aims to investigate (i) the effect of different low-molecular-weight 
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organic acids (LMWOAs) on Cd2+ transport behaviors under acidic and neutral conditions and 

(ii) the effects of a competing ion (Pb2+) on Cd2+ transport in the presence of LMWOAs. 

Study 2 aims to investigate the effects of solution chemistry and porous media. In order to 

achieve the goals, the transport of petroleum colloids is studied by varying (i) solution 

chemistry conditions (different IS, divalent cations (Ca2+), different pH, and surfactants) and 

(ii) the porous medium (quartz sand and sandy soil). 

Studies 3 and 4 concentrate on the effect of porous media on the transport of polystyrene 

nanoplastic (PS-NPs) under unfavorable conditions. Study 3 aims to better understand the role 

of iron oxyhydroxide on PS-NPs transport under normal solution chemistry conditions 

(different ionic strength, different cation species, different pH). Study 4 aims to gain a more 

fundamental understanding of how the transport of PS-NPs is affected by clay minerals 

(kaolinite and illite) under regular solution chemistry (different IS and pH). Furthermore, the 

differences between kaolinite and illite are discussed to illustrate the influence of the structures 

of clay minerals. 

1.3.2 Structure of each study 

In order to help the readers better understand the structure of each study, the experimental ideas 

and settings are presented in Figures 5 to 8.  

 

  

Figure 5. The structure and key findings of study 1. 
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Figure 6. The structure and key findings of study 2. 

 

 

Figure 7. The structure and key findings of study 3. 

 

 

Figure 8. The structure and key findings of study 4. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Contaminants 

Study 1: 100 mg/L Cd(NO3)2 stock solution was diluted to 3 mg/L for the column experiments. 

Three low-molecular-weight organic acids (LMWOAs; acetic acid, tartaric acid, and citric acid) 

were added to obtain the Cd2+ solutions with 0.05 mM, 0.1 mM, and 0.5 mM LMWOAs. In 

addition, 0.1 M HCl and NaOH were used to adjust the pH of the solutions. 

Study 2: 30 mg/L petroleum colloid stock solution (the specific method for preparing stock 

solution could be found in study 2) was diluted to 10 mg/L for the column experiments. 0.1 M 

NaCl, 0.1 M CaCl2, and 50 mg/L sodium dodecyl sulfate (SDS) were added to prepare 

petroleum colloid suspension under different solution chemistry conditions. In addition, 0.1 M 

HCl and NaOH were used to adjust the pH of the solutions. 

Study 3 and 4: The desired concentrations of polystyrene nanoplastic (20 mg/L PS-NPs in study 

3 and 15 mg/L PS-NPs in study 4) were obtained by diluting the PS-NPs stock solution. 

Similarly, 0.1 M NaCl, 0.1 M KCl, 0.1 M CsCl, 0.1 M MgCl2, 0.1 M CaCl2, and 0.1 M BaCl2 

were used to change the suspensionôs chemical properties. In addition, 0.1 M HCl and NaOH 

were used to adjust the pH of the solutions. 

2.1.2 Porous media 

Study 1: Only quartz sand was used to fill the columns. 

Study 2: In addition to quartz sand, the sandy soil from the Yellow River Basin was utilized to 

fill the columns. 

Study 3: Iron oxyhydroxide coated sand was prepared to fill the columns. 

Study 4: Typical clay minerals (kaolinite and illite) were used to fill the columns. 

2.2 Column experiment 

As shown in Figure 9, the experimental setup comprised of a solution container, a peristaltic 

pump, a glass column, and an auto-sampler (in some studies, a syringe and a syringe pump were 

used, but the function was the same). Each part was connected by polytetrafluoro-ethylene tubes. 
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Figure 9. Schematic illustration of experimental apparatus of column tests. 

Solution container was used to preserve the prepared solutions for the four studies (the specific 

hydrochemical characteristics of solution refer to section 1.3.2). A peristaltic pump was utilized 

to control the flow speed to simulate the groundwater flow. The glass column was packed with 

different porous media according to the research purpose. Before starting the experiment, the 

packed column was flushed with CO2 gas to remove residual air in the sand column. Then, the 

column was rinsed with deionized water at a rate of 3 mL/h. Since CO2 gas can dissolve in 

water, it was easy to saturate the column using this method. Next, the column was flushed with 

background electrolyte solution (without contaminants) to achieve equilibrium of porous media 

in the column. Then the experiment was started by injecting the solution containing the 

contaminant into the column. During the experiment, the solution was upwardly pumped into 

the column. When the solution flowed out from the outlet of the column, the vials in the auto-

sampler collected the solution at a fixed time interval.  

After the column experiment, the collected water samples were measured to get the contaminant 

concentration via pre-established calibration lines (the measurements of different contaminants 

were different, so the specific method to obtain the calibration line can be found in the 

corresponding study). Then the breakthrough curve could be obtained. According to the 

different shapes of the breakthrough curves, the contaminant migration patterns in porous media 

were revealed. In addition, in some studies, the retention profile was obtained by dissecting the 

sand column, and the mass balance was within 90ï110% (the specific procedures can be found 

in study 2). 

Apart from the column experiment, in studies 1 and 2, a batch sorption experiment was also 

conducted to reveal the binding affinities of pollutants from another aspect. Since it is not the 

main content of this study, the specific methods are not introduced in detail here, which can be 

found in studies 1 and 2. 



Materials and methods 

15 

2.3 DLVO calculation 

The total interaction potential energy between particle and porous media (VTOT) can be 

calculated as the sum of the attractive van der Waals interaction (VVDW, Van der Waals attraction) 

and the repulsive electrostatic double layer interaction (VEDL, Electrostatic repulsion) (Hogg et 

al., 1966): 

  (1) 

The van der Waals interaction is calculated using the Hamaker approach and Gregoryôs 

formulation (Gregory, 1981): 

VVDW(h)=
ArNP

6h(1+
14h

ɚ
)
  (2) 

The electrical double layer interaction is calculated as below (Elimelech and O'Melia, 1990a; 

Hogg et al., 1966): 

VEDL(h)=ŕNPŮ0Ůr2•1•2ln
1+exp-əh

1-exp-əh
+•1

2+•2
2ln1-exp(-2əh)  (3) 

Where A is the Hamaker constant; rNP is the radius of the particle; h is the separation distance 

between the particle and porous media; ɚ is the characteristic wavelength; Ů0 is the vacuum 

permittivity; Ůr is the relative dielectric permittivity of water; ű1 denotes the measured zeta 

potential of the particle; ű2 corresponds to the zeta potential of porous media; ə is the Debye 

reciprocal length. 

2.4 Numerical simulation 

Numerical simulation can help to analyze the breakthrough curves (BTCs) of contaminants. In 

this dissertation, the two-site model considering attachment and straining was used to fit the 

BTCs in studies 1 and 2. The data could be perfectly matched by the model, which means that 

the adsorption of contaminants onto the collector and physical straining affect the transport of 

contaminants. Due to the fact that the numerical simulation is not a necessary part, the detailed 

descriptions are not introduced here.

TOT VDW EDLV V V= +
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3 Results and discussion 

3.1 How does the solution chemistry affect the transport of contaminants? 

3.1.1 Effects of LMWOAs on the transport of Cd2+ (study 1) 

We found that the LMWOAs inhibited the transport of Cd2+ under acidic conditions (see Fig. 1 

in study 1). There are two main reasons to explain it. On the one hand, the LMWOAs adsorbed 

onto the sand via hydrogen bonds can bring more negative charges to the sand (Huang et al., 

2003); thus, more positively charged Cd2+ ions were adsorbed. On the other hand, the adsorbed 

LMWOAs interact with Cd2+ to form LMWOAs-Cd complexes (Huang et al., 2010); therefore, 

the retention of Cd2+ increased in the sand column. In addition, different LMWOAs inhibited 

the Cd2+ transport to different extents, which followed the sequence of citric acid > tartaric acid > 

acetic acid. This is caused by the molecular structures (molecular weight and functional groups) 

of LMWOAs and the strength of LMWOAs-Cd complexes. Wu et al. (2011) proposed that the 

adsorbed LMWOAs with larger molecular weight had larger surface coverage on grains; thus, 

citric acid has the largest surface coverage on sand which can bind with more Cd2+ ions. In 

addition, the numbers of carboxylic and hydroxyl groups of LMWOAs play essential roles in 

the stability of LMWOAs-Cd complexes (Najafi and Jalali, 2015). The more carboxylic and 

hydroxyl groups, the more stable complexes. As a result, the citric acid-Cd complex is the most 

stable, and the acetic acid-Cd complex is the least stable. This could explain the strongest 

inhibition on Cd2+ transport in the presence of citric acid. Furthermore, the concentration of 

LMWOAs affected their inhibition effects. When the concentration of LMWOAs increased 

from 0.05 mM to 0.1 mM, the inhibition effects increased (see Fig. 1 (a, b) in study 1). However, 

when the concentration continued to increase to 0.5 mM, the inhibition effects decreased (see 

Fig. 1 (b, c) in study 1). The following reasons contribute to this phenomenon. With an increase 

in LMWOAs concentrations, the relatively limited amount of deposition sites on the sand 

surface will be occupied, resulting in more and more free LMWOAs in the solution. Before 

being fully occupied, the Cd2+ can be adsorbed to the sand surface or interact with adsorbed 

LMWOAs leading to the increased deposition. After full occupation, the free LMWOAs-Cd 

complexes which are unlikely to deposit on the sand surface are formed. Besides, the excessive 

LMWOAs and free LMWOAs-Cd complexes compete with Cd2+ for deposition sites (Hu et al., 

2007); therefore, less Cd2+ ions were retained in the sand column at the high concentration of 

LMWOAs. 

Interestingly, the LMWOAs enhanced the transport of Cd2+ under neutral conditions (see Fig. 

4 in study 1). The promoting effects of LMWOAs are attributed to the formation of stable non-

adsorbing LMWOAs-Cd complexes (Kong et al., 2018; Malandrino et al., 2006). These 

complexes reduce the free Cd2+ in the solution, which could deposit onto the sand. Additionally, 

the adsorption of LMWOAs-Cd complexes onto the sand would be inhibited because of the 

stronger repulsive force between them at pH 7, thus promoting the Cd2+ transport (Hizal et al., 

2009). In addition, Cd2+ transport enhancements by different LMWOAs were in the following 

order: citric acid > tartaric acid > acetic acid. Similar to the reasons mentioned above, this trend 
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is also dependent on the molecular structures and the complexing ability of LMWOAs. Among 

the three chosen LMWOAs, citric acid has the largest molecular weight, most negative surface 

charge and largest surface area and therefore exhibits the strongest ability to attract/chelate more 

Cd2+ ions; thus, a greater number of Cd2+ ions were present in the aqueous phase in the form of 

citric acid-Cd complexes, which facilitated the transport of Cd2+. 

3.1.2 Effects of pH on the transport of Cd2+, petroleum colloids, and PS-NPs (study 1ï4) 

The effects of pH on the transport of contaminants are achieved by changing the surface charge 

of both contaminants and porous media by ionization/deionization processes under different pH. 

Then the interaction potential energy between them will be modified, which will lead to the 

deposition of contaminants onto the porous media or the aggregation of contaminants resulting 

in physical straining. 

In study 1, the transport of Cd2+ was inhibited more significantly at pH 7 than at pH 5. With the 

increase in pH, the zeta-potential of sand is more negative due to the deionization of surface 

hydroxyl groups. Therefore, more positively charged Cd2+ ions could be adsorbed onto the sand 

through the stronger electrostatic attraction, inhibiting the Cd2+ mobility. 

In study 2, the transport of petroleum colloids in both sand and sandy soil was strongly 

promoted with increasing pH (5.0ï9.0) (see Fig. 5(a, b) in study 2). The mechanisms are as 

follows: on the one hand, due to the deprotonation of the acidic groups on petroleum colloids 

(Nenningsland et al., 2011), the surface charge of petroleum colloids is more negative at higher 

pH, resulting in stronger electrostatic repulsion. Therefore, the aggregation of petroleum 

colloids is significantly inhibited at higher pH, which could be proven by the decrease of 

hydrodynamic diameter of petroleum colloids (1.23 ɛm at pH 5.0, 1.05 ɛm at pH 7.0 and 0.92 

ɛm at pH 9.0). Thus the effect of physical straining becomes weak. On the other hand, the pH 

variation has an influence on the electrostatic interaction between petroleum colloids and 

porous media., the zeta potential values of sand and sandy soil were also more negative at a 

higher pH (see Fig. S10 in study 2). Thus, the electrostatic repulsion force between petroleum 

colloids and sand/ sandy soil plays a more dominant role in enhancing the transport of 

petroleum colloids at different pH. 

In study 3, the pH significantly influenced the transport of polystyrene nanoplastics (PS-NPs). 

PS-NPs showed high mobility at pH 9 and low mobility at pH 5 (see Fig. 3(a) in study 3). These 

retentions of PS-NPs can be explained from the following aspects: Firstly, the increase in pH 

affects the surface charge of iron oxyhydroxide coating. For example, at pH 9, iron 

oxyhydroxide coating was negatively charged; in contrast, at pH 7 and 5, the coating was 

positively charged (Wang et al., 2012). The PS-NPs were negatively charged over the analyzed 

pH range and their zeta potential decreased with increasing pH (-24.6 mV at pH 5, -32.7 mV at 

pH 7 and -42.6 mV at pH 9). Therefore, at pH 5 and 7, more negatively charged PS-NPs can be 

adsorbed onto the positively charged iron oxyhydroxide coatings via electrostatic attraction, 

while at pH 9, fewer PS-NPs deposit on the coatings due to the electrostatic repulsion. Secondly, 

similar to the above-mentioned reason, the zeta-potential value of uncoated sand is more 

negative with the increase in pH. The interaction energy between PS-NPs and uncoated sand 

was calculated by DLVO theory (see Fig. 3(b) in study 3). Both energy barrier and secondary 
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minimum are higher at higher pH, meaning that PS-NPs are more difficult to deposit onto the 

sand at higher pH. 

In study 4, pH exerted a significant impact on the transport behavior of PS-NPs in clay minerals 

(see Fig. 2 in study 4). For kaolinite, significant retention was observed at pH 5.9. With the 

increase of pH, retention of PS-NPs was gradually reducing. Similarly, for illite, the strongest 

retention of PS-NPs was found at pH 5.9. Interestingly, at pH 7.0 and 9.0, the breakthrough 

curves of PS-NPs were almost identical. This can be attributed to the surface charge (variable 

charge and permanent charge) of clay minerals affected by different pH. For example, the 

variable charge at the edge sites of kaolinite was positive at pH 5.9 but negative at pH 7.0 and 

9.0. In contrast, under all test conditions, the variable charge of illite was negative. Besides, the 

total surface charge of both kaolinite and illite became more negative at higher pH. Thus, the 

absolute values of the zeta potential of PS-NPs and clay minerals increased with increasing pH 

(see Table 2 in study 4), indicating that the deposition of PS-NPs becomes more difficult at 

higher pH. Results from the DLVO calculation also support this conclusion. 

3.1.3 Effects of ionic strength (IS) on the transport of petroleum colloids and PS-NPs (study 2ï

4) 

The effects of IS on the transport of contaminants mainly depend on its influence on the surface 

potential of both contaminants and porous media resulting from the compression of the 

electrical double layer at high IS. Accordingly, the changed interaction potential energy will 

contribute to the deposition of contaminants onto the porous media or the aggregation of 

contaminants which leads to physical straining. 

In study 2, the IS strongly inhibited the transport of petroleum colloids, especially at high IS 

(see Fig. 1 in study 2). Under the experimental conditions, the petroleum colloids and porous 

media are negatively charged. With increasing IS, the surface potential of petroleum colloids 

and porous media is less negative due to the compression of the electrical double layer (Ryan 

and Elimelech, 1996); for example, when IS increased from 10 mM to 50 mM NaCl, the zeta 

potential values of petroleum colloids and sand changed from -23.3 mV to -7.5 mV and from -

19.5 mV to -8.6 mV, respectively. The electrostatic repulsion between colloids and sand 

declines with increasing IS, enhancing petroleum colloid deposition onto the porous media as 

expected by DLVO theory. In addition, due to the decrease of the surface potential of petroleum 

colloids, significant aggregation occurs at high IS (from 0.76 ɛm at 10 mM NaCl to 1.56 ɛm at 

50 mM NaCl) (Gong et al., 2014). Physical straining gradually plays a vital role in the transport 

of petroleum colloids at high IS (Bradford et al., 2007). 

In study 3, the transport of PS-NPs was also inhibited at high IS. Like in study 2, IS affects PS-

NPs mobility by changing the surface charge of PS-NPs and porous media. For example, the 

zeta potential of PS-NPs and uncoated sand increased from -28.4 mV to -27.4 mV and from -

48.1 mV to -46.4 mV, respectively, when IS increased from 1 mM NaCl to 5 mM NaCl. As a 

result, based on DLVO theory, the energy barrier and secondary minimum are lower at the 

higher IS, indicating that the PS-NPs can easily deposit onto the uncoated sand by secondary 

minimum or primary minimum. Therefore, PS-NPs retention increases with increasing ionic 

strength. Note that the effect of IS on PS-NPs aggregation can be ignored because the 
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hydrodynamic diameter of PS-NPs was stable and close to the single PS-NP size. Physical 

straining could be overlooked in this research. 

In study 4, IS also played an important role in the transport of PS-NPs in clay minerals. The 

PS-NPs mobility decreased with increasing IS. For example, In the kaolinite group, increasing 

IS from 10 mM NaCl to 50 mM NaCl caused a drop in maximum breakthrough from 51.3% to 

~0%. The influence of IS on the surface charge of both PS-NPs and porous media is the 

dominant factor for the mobility of PS-NPs. For instance, as presented in Table 1 of study 4, 

changing IS from 10 mM over 30 mM to 50 mM NaCl caused an increase in zeta potential 

values: for PS-NPs from -78.9 mV over -69.4 mV to -61.7 mV and for kaolinite from -38.1 mV 

over -33.7 mV to -31.7 mV. The surface charge of both particles and porous media becomes 

less negative due to the compression of the electrical double layer with increasing IS (Ryan and 

Elimelech, 1996); thus, the electrostatic repulsion between PS-NPs and collector decreases at 

high IS, favoring the PS-NPs deposition. This mechanism also can be applied for the PS-NPs 

transport in illite. Moreover, even though the electrostatic repulsion between PS-NPs also 

decreased at high IS, no obvious aggregation happened among PS-NPs, indicating that physical 

straining did not work during their transport. 

3.1.4 Effects of cations on the transport of Cd2+, petroleum colloids, and PS-NPs (study 1ï3) 

In general, the effects of cations are mainly demonstrated in the following aspects: (1) cations 

can be competing ions to promote the contaminant transport; (2) the surface potentials of both 

contaminant and porous media will be modified to different extents by different cations; the 

interaction potential energy between contaminants and porous media may be in favor of 

contaminants deposition or the interaction between contaminants can be conducive to the 

aggregation of contaminants leading to physical straining; (3) the cations can interact with 

contaminants to form complexes, which may increase the retention of contaminants; (4) some 

cations, especially divalent cations, are bridging agents which can act as a bridge connecting 

the porous media and contaminant. 

In study 1, we investigated the effects of Pb2+ on the transport of Cd2+ in the presence /absence 

of citric acid (see Fig. 5 in study 1). The addition of Pb2+ could significantly promote the 

transport of Cd2+ irrespective of citric acid presence. This phenomenon is attributed to the 

intense competition between Cd2+ and Pb2+ for the deposition sites. The affinity of Pb2+ toward 

sand is stronger than that of Cd2+ (Fonseca et al., 2011); additionally, citric acid has a more 

remarkable complex ability with Pb2+ rather than Cd2+ (Kalmykova et al., 2008). Therefore, 

Pb2+ acting as a competing ion will do good to the Cd2+ transport. 

In study 2, the effects of Ca2+ on the transport of petroleum colloids were studied. In general, 

the retention of petroleum colloids in the porous media increased with the increase of Ca2+ 

concentration (see Fig. 4 in study 2). This behavior is caused by three main reasons: Firstly, due 

to the compression of the electrical double layer caused by increasing Ca2+ concentration, the 

surface charges of petroleum colloids and porous media are less negative (Ryan and Elimelech, 

1996). The decrease in electrostatic repulsion between colloids and porous media leads to more 

deposition of petroleum colloids. Secondly, the electrostatic repulsion between petroleum 

colloids is also reduced; their aggregation becomes obvious (from 0.81 ɛm at 0.1 mM CaCl2 to 
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1.18 ɛm at 1.0 mM CaCl2); thus, the physical straining exerts a significant influence on their 

mobility. Thirdly, Ca2+ is a typical bridging agent, which means Ca2+ can serve as a bridge 

between the colloids and porous media via connecting the carboxylic, hydroxyl functional 

groups on colloid and porous media surfaces (Yi and Chen, 2011). Therefore, with the increase 

in Ca2+ concentration, more petroleum colloids can be fixed in the porous media by the cation 

bridging effect. 

In study 3, the effects of monovalent cations and divalent cations on the transport of PS-NPs 

were analyzed. Overall, the mobility of PS-NPs decreased with increasing atomic number: Na+ > 

K+ > Cs+; Mg2+ Ó Ca2+ > Ba2+ (see Fig. 5 in study 3). Even though the concentrations of 

monovalent and divalent cations were maintained constant, different cations affected the 

surface potential of both PS-NPs and porous media to different extents (see Table 1 in study 3). 

DLVO theory provides the first explanation of this sequence. In addition, for the analyzed group 

of monovalent cations, unlike Na+ and K+, Cs+ can work as a bridging agent (Xia et al., 2017), 

more PS-NPs connect to the collector via Cs bridge. Furthermore, the positively charged cations 

are adsorbed onto the negatively charged uncoated sand; thereby, inhibiting the deposition of 

PS-NPs by steric hindrance which depends on the hydrated radius of the cation (Xia et al., 2015). 

Usually, the hydrated radius of monovalent cation is in the order of Na+ > K+ > Cs+ (Nightingale 

Jr, 1959); thus, Cs+ has the weakest steric hindrance resulting in the strongest deposition of PS-

NPs. For divalent cations, the mechanisms are similar; DLVO theory and cation bridging are 

responsible for the deposition of PS-NPs; and Ba2+ is a stronger bridging agent than Ca2+ and 

Mg2+ (Xia et al., 2017). Note that these cations seemed to have no significant effect on the 

hydrodynamic diameter of PS-NPs. Physical straining can be ignored. 

3.1.5 Effects of surfactant on the transport of petroleum colloids (study 2) 

The existence of sodium dodecyl sulfate (SDS), a model surfactant, could promote the transport 

of petroleum colloids (see Fig. 6 in study 2) via the following mechanisms. First, SDS has an 

amphiphilic nature which could facilitate the dispersion of petroleum colloids (Atta et al., 2014), 

avoiding physical straining during transport. Second, SDS can also be adsorbed onto porous 

media via hydrophobic bonding, ion exchange, ion pairing, etc. (Paria and Khilar, 2004), which 

can enhance the steric hindrance with petroleum colloids. 

3.2 How does the porous media affect the transport of contaminants? 

3.2.1 Effects of quartz sand on Cd2+ and petroleum colloids transport (study 1ï2) 

Quartz sand is the ideal porous media to study the transport of contaminants, especially for the 

studies focusing on effects of solution chemistry; because the size and surface properties of 

quartz sand are uniform and stable. Usually, the impact of quartz sand on the transport of 

contaminants is mainly dependent on its surface charge. Some studies also suggest the presence 

of metal oxides on the sand surface, which may provide additional deposition sites for 

contaminants (Lu et al., 2017; Qi et al., 2014b). 

In study 1, the positively charged Cd2+ ions were adsorbed by the negatively charged quartz 
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sand via electrostatic attraction. In addition, with the addition of LMWOAs, the surface charge 

of quartz sand was more negative resulting from the LMWOAs adsorption onto the sand (Huang 

et al., 2003). Thus, more Cd2+ deposited on quartz sand. 

In study 2, the surface charge of quartz sand became more negative with increasing pH due to 

the pH-dependent functional groups on quartz sand surface which can gain or lose protons at 

different pH (Jada et al., 2006). Furthermore, the surface charge of quartz sand was less negative 

with the increase in IS because of the compression of the electrical double layer (Ryan and 

Elimelech, 1996). Therefore, the transport of petroleum colloids was inhibited at low pH or 

high IS. 

3.2.2 Effects of sandy soil on petroleum colloids transport (study 2) 

Like quartz sand, the effects of sandy soil on petroleum colloid transport are also dependent on 

its surface charge. Certainly, sandy soil exhibits its own unique properties. For instance, there 

are many impurities, such as metal oxides, organic matter, and clays, in sandy soil, which could 

provide favorable deposition sites for petroleum colloids (Cornelis et al., 2013). In addition, the 

wide ranges of particle size distributions, the non-uniform and irregular shapes of the soil 

ingredients, as well as rough surfaces of grains can result in narrow pore throats and complex 

flow pathways in the sandy soil (Qi et al., 2014a), which caused enhanced physical straining. 

Therefore, the retention of petroleum colloids was stronger in sandy soil than in quartz sand 

under the same experimental condition. 

3.2.3 Effects of iron oxyhydroxide coated sand on PS-NPs transport (study 3) 

Iron oxyhydroxide coated sand also affected the transport of PS-NPs through its surface charges. 

We can divide iron oxyhydroxide coated sand into a coated part (iron oxyhydroxide) and an 

uncoated part (quartz sand) to analyze its effects. Because the point of zero charge (pHpzc) of 

iron oxyhydroxide is relatively high (Cornell and Schwertmann, 2003), the iron oxyhydroxide 

is positively charged for most cases; and the uncoated quartz sand is negatively charged. In 

addition, the surface charges of both iron oxide coatings and uncoated quartz sand are controlled 

by solution chemistry. For example, the surface charge of uncoated quartz sand was more 

negative at increasing pH; the surface charge of iron oxyhydroxide changed from positive at 

pH 5 and 7 to negative at pH 9 (pHpzc of iron oxyhydroxide is 8.5ï8.8). As a result, at low pH, 

not only is the electrostatic repulsion between PS-NPs and uncoated sand weak, but the 

positively charged iron oxyhydroxide also provides additional deposition sites via electrostatic 

attraction. Thus, the negatively charged PS-NPs had the strongest mobility at pH 9 and the 

weakest mobility at pH 5. 

3.2.4 Effects of clay minerals on PS-NPs transport (study 4) 

Kaolinite and illite showed significant effects on the transport of PS-NPs via their physical and 

chemical properties. For instance, compared with quartz sand, the zeta potentials of clay 

minerals were less negative under the experimental conditions; Besides, illite was more 

negative than kaolinite (see Table 2 in study 4). Thus, more PS-NPs deposited onto clay 

minerals rather than quartz sand, which was explained by DLVO theory. In addition, even 

though the net charges of these clay minerals are negative, there are some positive charges 
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resulting from protonation/deprotonation of some amphoteric sites, such as octahedral AlïOH 

sites, at broken edges, when the pH is higher than the pHpzc of clay minerals (Singh et al., 2014). 

For example, under the experimental condition (pH 5.9), the edge sites of kaolinite were 

positively charged (pHPZC of kaolinite is ~6.5); in contrast, the edge sites of illite were 

negatively charged (pHPZC of illite is ~2.5). Therefore, the negatively charged PS-NPs were 

adsorbed onto kaolinite via electrostatic attraction. Except for the influence of the surface 

charge of clay minerals, physical straining caused by the small size of clay minerals cannot be 

ignored. In this study, the average sizes of the clay minerals were much smaller compared to 

the quartz sand (d0.5 = 8.6 ɛm for kaolinite; 4.5 ɛm for illite and 292 ɛm for quartz sand) (see 

Fig. S1 in study 4). Thus, the clay minerals can alter the flow pathways by creating narrower 

pore throats and dead-end pores (Lu et al., 2017). Physical straining enhanced the retention of 

PS-NPs. At last, clay minerals usually contain some metal oxide impurities due to different 

degrees of weathering (Singer, 1984). It has been reported that even small amounts of metal 

oxides could significantly affect the transport behavior of negatively charged particles (Wu et 

al., 2020). 

3.3 How does the contaminant property affect the transport of contaminants? 

In this thesis, we chose three different contaminants. Overall, the surface charge of 

contaminants is the most crucial aspect affecting their mobility. Cd2+ is positively charged, 

whereas petroleum colloids and polystyrene nanoplastics are negatively charged. Because 

quartz sand, sandy soil, and clay minerals are negatively charged, the transport of Cd2+ is under 

favorable conditions; in contrast, the transport of petroleum colloid and the transport of 

polystyrene nanoplastics are under unfavorable conditions. Besides, the surface charge of 

petroleum colloids and polystyrene nanoplastics are under the control of solution chemistry; for 

instance, the zeta potential of these particles decreased (more negative) with the increase in pH, 

which facilitated their transport. Apart from chemical properties, these particles can form 

aggregation under some favorable conditions (like high IS and low pH), which will induce 

physical straining. As an illustration, in study 2, the petroleum colloids aggregated obviously at 

low pH (particle size: 1.23 ɛm at pH 5.0, 1.05 ɛm at pH 7.0, and 0.92 ɛm at pH 9.0). Thus, 

dp/dc (~0.003) was above the critical value of physical straining (0.002). 
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4 Conclusions and outlook 

4.1 Conclusions 

In order to comprehensively and systematically evaluate migration patterns of environmental 

contaminants in groundwater aquifers, the studies of contaminant transport in porous media 

were carried out from three fundamental aspects: the contaminant properties, the types of 

porous media, and the water chemistry conditions. For example, we set different clay mineral 

contents to model environmentally relevant soil conditions as well as different pH, IS, and 

organic matters to reveal groundwater hydrochemistry in the real environment. These factors 

are considered to gain insights into the interaction mechanisms between environmental 

contaminants, porous media, and solution chemistry. Combining the research contents and 

results from studies 1ï4, the following conclusions were drawn. 

(1) Cd2+, a positively charged ion, could be adsorbed onto the negatively charged quartz sand 

by electrostatic attraction. However, the transport of Cd2+ was significantly affected after 

the addition of LMWOAs, because Cd2+ can form complexes with these organic acids. At 

the same time, the organic acids are adsorbed onto the quartz sand through hydrogen bonds, 

which could change the surface charge of the quartz sand. Under acidic conditions, the 

addition of organic acids inhibited the transport of Cd2+: Firstly, the quartz sand adsorbed 

by organic acids becomes more negative, causing stronger electrostatic attraction between 

Cd2+ and sand. Secondly, the adsorbed organic acids form complexes with Cd2+. In addition, 

the inhibitory effects of different LMWOAs were in the following order: citric acid > 

tartaric acid > acetic acid, resulting from the structure of the organic acid and its affinity 

towards Cd2+. Interestingly, under neutral conditions, organic acids promoted the transport 

of Cd2+. Because high pH inhibits the adsorption of LMWOAs on quartz sand, and Cd2+ is 

more likely to form non-absorbing Cd-organic acid complexes with LMWOAs. When 

competing ions (Pb2+) were added, Pb2+ significantly facilitated the migration of Cd2+ due 

to its more pronounced ability to form complexes with organic acid than Cd2+. 

(2) The migration of petroleum colloids was enhanced with increasing pH, weakened by 

increasing ionic strength, and strengthened by the addition of SDS in both sand and sandy 

soil. The variation in the migration capacity of these colloids is mainly caused by the surface 

potentials of the porous media and colloids which vary with the water chemistry conditions. 

For instance, as the pH increased, the zeta potential of the porous media and colloid became 

more and more negative, leading to an increase in the electrostatic repulsion between them. 

Besides, the electrostatic repulsion between petroleum colloids also increased, which 

inhibited the aggregation of colloids. Physical straining is inhibited, which facilitates the 

transport of petroleum colloids. In addition, Ca2+ has a cation bridging effect and SDS has 

an amphiphilic nature, which also affected petroleum colloid migration. There were some 

differences in the transport of petroleum colloids in the sand and sandy soil due to the 

different physicochemical components in these two different porous media. Sandy soil 

usually contains metal oxides, clay minerals, and organic matter, which provide more 
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deposition sites for petroleum colloids. In addition, soil particles are smaller, finer, and more 

inhomogeneous than the sand, leading to thinner pore throats and more complicated flow 

pathways in the soil column. Therefore, physical straining was more significant in sandy 

soil during petroleum colloid transport. 

(3) The PS-NPs transport in iron oxyhydroxide coated sand was also influenced by the solution 

chemistry. The main reason is that the solution chemistry affects the surface charge of PS-

NPs and iron oxyhydroxide coated quartz sand. For example, under most experimental 

conditions (pH < 9), the iron oxyhydroxide coating was positively charged, which attracted 

the negatively charged PS-NPs and inhibited the migration of PS-NPs. However, when the 

solution pH increased to 9, the iron coatings became negatively charged, which weakened 

the adsorption of PS-NPs and enhanced the transport of PS-NPs. In addition, PS-NPs 

migration was more greatly influenced by divalent cations than monovalent cations. The 

effect of cations having the same valence on PS-NPs migration is dependent on their cation 

radius. The smaller the radius of the cation, the larger its hydration radius (hydration radius 

Na+ > K+ > Cs+, Mg2+ > Ca2+ > Ba2+). The cation with a larger hydration radius has a weaker 

ability to bind PS-NPs, which favored the lowest retention of PS-NPs in the presence of 

Na+. In addition, the bridging effect of divalent cations led to a stronger inhibition on PS-

NPs transport than monovalent cations. 

(4) Under different water chemistry conditions, clay minerals had a strong influence on PS-NPs 

transport due to the impacts of water chemistry on the surface charge of the clay minerals. 

For example, increasing IS and decreasing pH resulted in the less negative zeta potential of 

clay minerals, which enhanced PS-NPs deposition. In addition, the small size of the clay 

minerals led to significant physical straining which promoted PS-NPs retention in illite. 

Different clay minerals have different effects on PS-NPs migration. The inhibition on PS-

NPs transport was stronger in kaolinite than in illite. Clay minerals have a portion of 

variable charge on their surface which varies with the pH of the solution. pHpzc of kaolinite 

and illite are ~6.5 and ~2.5, respectively. Under experimental conditions (pH 5.9), more 

negatively charged PS-NPs were adsorbed onto kaolinite (with positive variable charges) 

than onto illite (with negative variable charges). 

4.2 Research outlook 

This dissertation has presented a preliminary study on the transport of environmental 

contaminants in saturated porous media. The relationships between contaminant properties, the 

types of porous media, and the water chemistry conditions were discussed. Although we have 

tried to consider a variety of factors in this work, there remain some shortcomings. Therefore, 

subsequent studies should be carried out in the following aspects. 

Firstly, the research scope of contaminants should be expanded. In this thesis, only three typical 

contaminants were selected. However, in nature, pollutants with different surface charges, 

binding capacities, particle sizes, shapes, etc., can be found in abundance. As this thesis has 

shown, different contaminant properties will significantly influence its migration capacity. In 

addition, the interaction mechanisms between two or more pollutants and the laws of co-
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transport of these pollutants need to be studied in detail. 

Secondly, more diversification in the choice of investigated porous media is needed. Different 

types of soils and rock sediments can be collected. For example, soil containing metallic 

minerals such as iron ore, aluminum ore, and manganese ore can be chosen as the porous media 

to fill the columns. Experiments with porous media that have been extracted from nature will 

enhance the applicability of the research findings to realistic environmental conditions. 

Finally, more efforts should be put into the development of mathematical models. The two-site 

model used in this thesis only considers the attachment and straining processes, which restricts 

its application in more complex conditions, like the co-transport of two contaminants in natural 

soil. The establishment of mathematical models suitable for describing different pollutants, 

different types of porous media, and various water chemistry conditions is essential for 

accurately predicting the migration of contaminants. 
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