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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 Aktivität führte in der Vergangenheit 

zu einer ansteigenden Verschmutzung des Grundwassers. Grundwasser wird weltweit als 

primäre 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 porösen Medien können zu einer 

langfristigen oder temporären Immobilisierung von Schadstoffen in Grundwasserleitern führen. 

Für die Entwicklung effektiver Maßnahmen, die dem zunehmenden Verschmutzungsgrad von 

Grundwasser entgegenwirken, ist deshalb ein prozessbasiertes Verständnis hinsichtlich der 

Wechselwirkung zwischen Schadstoffen und dem porösen Medium von Grundwasserleitern 

notwendig. 

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

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

Transportverhalten in porösen Medien hin untersucht. Das Mobilitäts- und 

Retartationsverhalten dieser Stoffe wurde als Teil von Säulenexperimenten mit 

unterschiedlichen, umweltrelevanten porösen Medien (Quarzsand, Sandböden, mit Eisenoxid 

beschichteter Sand, Tonminerale) unter verschiedenen hydrochemischen Bedingungen 

(niedermolekulare organische Säuren, pH-Wert, Ionenstärke), untersucht. Ergänzt wurden die 

Säulenexperimente durch Batch-Versuche sowie modellgestützte Simulationen, um so die 

Mechanismen der Wechselwirkung zwischen Schadstoff und porösem Medien umfassend und 

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

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

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

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

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

entsprechend der Reihenfolge Zitronensäure > Weinsäure > Essigsäure abnahm. Die Abnahme 

der Hemmungskapazität konnte auf die molekulare Struktur der Säuren (d.h. Menge und Art 

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

zurückgeführt werden. Im Gegensatz dazu wird bei pH 7 die Mobilität von Cd2+, durch die 

Bildung stabiler wassergelöster und nicht-adsorbierender Cd-Säurekomplexe, gefördert. Pb2+ 

förderte die Mobilität von Cd2+ aufgrund seiner stärkeren Komplexaffinität zu Zitronensäure. 

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

darin ablaufenden lösungschemischen Effekte den Transport von Schwermetallionen im 

porösen Medium kontrollieren. 

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

Böden untersucht. Die Retention von Erdölkolloiden nahm mit zunehmender Ionenstärke (IS) 

sowie mit abnehmendem pH-Werten zu. Die abnehmende Mobilität ließ sich 1) durch die 

Zunahme der Größe der Erdölkolloiden bei niedrigeren pH-Werten bzw. höheren IS und der 

damit verbundenen Zunahme des „physical straining“ Effekts bei dem Porenräume blockiert
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werden, sowie 2) durch die Verringerung der elektrostatischen Abstoßung zwischen Kolloiden 

und Kornoberflächen des porösen Mediums erklären. Darüber hinaus wurde eine generelle 

erhöhte Mobilität von Erdölkolloiden im Sand im Vergleich zu sandigen Böden festgestellt. 

Dies kann auf die besonderen physikochemischen Eigenschaften des benutzten Bodens 

zurückgeführt werden. Ebenso wie bereites in Studie 1 für Schwermetallionen gezeigt werden 

konnte, spielt die geochemische Zusammensetzung des Porenwassers sowie die 

Oberflächeneigenschaften des Porösen Mediums eine zentrale Rolle bei der Mobilität von 

Erdölkolloiden. 

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

in mit Eisenoxid beschichtetem Quarzsand, unter Berücksichtigung verschiedener 

wasserchemischer Bedingungen, untersucht. Das Vorhandensein von Eisenoxiden hatte dabei 

einen großen Einfluss auf die Mobilität von PS-NP-Partikeln. Bei niedrigen pH-Werten war die 

Oberfläche der Eisenbeschichtung positiv geladen, während die PS-NPs negative 

Oberflächenladung aufwies. Die sich daraus ergebenden elektrostatischen Anziehungskräfte, 

zwischen PS-NPs und dem beschichteten porösen Medium, wurde als Hauptursache für die 

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

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

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

Wechselwirkungen auswirkte.  

In Studie 4 wurden die Auswirkungen der Eigenschaften poröser 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 porösen Medien mit unterschiedlichen Tongehalten und 

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

Oberflächenladung mit einer höheren Bindungsaffinität zu PS-NPs. Da die verwendeten 

Tonminerale unterschiedlich Ladungseigenschaften aufweisen, die stark von der chemischen 

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

Anwesenheit von Kaolinit und Illit. Die positiv geladenen Randstellen von Kaolinit führten 

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

im Vergleich zu Illit. 

Zusammenfassend lässt sich sagen, dass das Transportverhalten der untersuchten Schadstoffe  

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

Porenwasser und 3) der ladungsspezifischen Eigenschaften des porösen Mediums kotolliert 

wird. Diese Aspekte müssen berücksichtigt werden, um den Transport dieser Schadstoffe in 

Grundwasserleitern besser bewerten zu können. 
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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 Derjaguin–Landau–Verwey–Overbeek (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 “rapid deposition”, while the deposition caused by the primary minimum is 

called “slow deposition”(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 “physical straining” 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 (Illés and 

Tombácz, 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 (Vermöhlen 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 particles’ 

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 suspension’s 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 90–110% (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. 
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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 Gregory’s 

formulation (Gregory, 1981): 

VVDW(h)=
ArNP

6h(1+
14h

λ
)
  (2) 

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

Hogg et al., 1966): 

VEDL(h)=πrNPε0εr {2𝜑1𝜑2 ln [
1+exp(-κh)

1-exp(-κh)
]+(𝜑1

2+𝜑2
2) ln[1-exp(-2κh)]}  (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; λ is the characteristic wavelength; ε0 is the vacuum 

permittivity; εr is the relative dielectric permittivity of water; φ1 denotes the measured zeta 

potential of the particle; φ2 corresponds to the zeta potential of porous media; κ 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 1–4) 

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 (5.0–9.0) (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 μm at pH 5.0, 1.05 μm at pH 7.0 and 0.92 

μm 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 



Results and discussion 

19 

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 2–

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 μm at 10 mM NaCl to 1.56 μm 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 1–3) 

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 μm at 0.1 mM CaCl2 to 
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1.18 μm 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+ ≥ 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 1–2) 

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 8.5–8.8). 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 Al–OH 

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 μm for kaolinite; 4.5 μm for illite and 292 μm 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 μm at pH 5.0, 1.05 μm at pH 7.0, and 0.92 μm 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 1–4, 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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S1. Determination of the pHpzc of quartz sand 

The pH of zero charge (pHpzc) was measured by the salt addition method (Benjamin et al., 

1996; Abdelwaheb et al., 2019). In 6 different beakers, known amounts of sand were mixed 

with 100 mL of sodium chloride (0.1 M). A pH value was adjusted for each beaker (from 2 to 

12) by adding the necessary amounts of nitric acid or potassium hydroxide. After 24 h of stirring 

at room temperature, the pH was measured again and plotted as a function of the initial pH. The 

intersection of this curve with the straight-line pHi = pH corresponds to pHpzc (Kavitha and 

Thambavani, 2014). 
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S2. Determination of the CEC of quartz sand 

The cation exchange capacity (CEC) of sand was measured by the following the previously 

reported method (Ollat and Combeau, 1960; Abdelwaheb et al., 2019). In brief, 500 mL of 

CaCl2 (1eq/L) are injected from bottom to top through a column filled with 10 g of sand. Then, 

150 mL of CaCl2 (0.05 eq/L) is injected followed by 500 mL of KNO3 (1eq/L). The percolate 

is collected in 500 mL flask and the total calcium was titrated with EDTA (0.02eq/L) at pH 12 

using the Eriochrome Black T as indicator. At the same time, the chloride is titrated with AgNO3 

(0.05eq/L) using the K2CrO4 as indicator. The CEC is given by: 

CEC (meq /100g) = 2v-5V 

where v is the volume (mL) of EDTA required for calcium titration and V the volume 

(mL) of AgNO3 required for chlorides titration.  
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S3. Determination of the ζ-potential of quartz sand 

In order to characterize the electro-kinetic properties of the porous medium, the streaming 

potential of quartz sand was determined using an electro-kinetic analyzer (Anton Paar, Graz, 

Austria) (Kim et al., 2009; Wang et al., 2010). The sand was packed into a cylindrical cell (1.5 

cm inside diameter × 3 cm length) and flushed with the background electrolyte solution for 

approximately 20 min. For each packed cell, four streaming potential readings were obtained 

after the system reached steady-state conditions. Three cell experiments were performed for 

sand to obtain an average streaming potential, which was converted to a zeta potential using the 

Helmholtz-Smoluchowski equation (Childress and Elimelech, 1996):  

0

1V L

P A R







=


 

Where ζ is the zeta potential (V), V is the streaming potential (V), P is the pressure (Pa), 

μ is the solution dynamic viscosity (M L−1 t−1), ε is the relative dielectric constant of the solution 

(–), ε0 is the permittivity of a vacuum, L is the cell length (L), A is the cross-sectional area of 

the cell (L2), and R is the channel resistance (Ω). The results are listed in Table S4. 
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S4. Adsorption studies of LMWOAs onto sand 

Adsorption studies were conducted to determine the adsorption capacity of LMWOAs 

onto sand under different pH conditions. Frist, approximately 5 g quartz sand and 20 mL of 

organic acid solutions (0.1 mM) were added to each of a series of 20-ml amber glass vials. Then, 

the vials were equilibrated for 10h by horizontally shaking (the duration equal to the transport 

experiment). Then, the vials were centrifuged at 5000 rpm for 20 min and the supernatants were 

withdrawn. The concentration of LMWOAs was analyzed by a total organic carbon analyzer 

from Shimadzu Scientific (Columbia, MD, USA). The adsorbed LMWOAs were then 

determined by the difference between the initial and final LMWOA concentrations in the 

aqueous phase. All experiments were run in triplicate. The test results are presented in Table S3. 

  



Study 1 Supplementary material 

56 

Table S1. Experimental protocols of column tests 

Column 

No. 
Background solution 

Competing 

Cation 
pH 

porosity 

(-) 

density 

Bulk 

(g/cm3) 

1 0.5 mM NaCl / 5.0 0.41 1.55 

2 0.5 mM NaCl + 0.05 mM acetic acid / 5.0 0.42 1.53 

3 0.5 mM NaCl + 0.05 mM tartaric acid / 5.0 0.40 1.55 

4 0.5 mM NaCl + 0.05 mM citric acid / 5.0 0.41 1.57 

5 0.5 mM NaCl + 0.1 mM acetic acid / 5.0 0.42 1.54 

6 0.5 mM NaCl + 0.1 mM tartaric acid / 5.0 0.41 1.53 

7 0.5 mM NaCl + 0.1 mM citric acid / 5.0 0.40 1.57 

8 0.5 mM NaCl + 0.5 mM acetic acid / 5.0 0.41 1.53 

9 0.5 mM NaCl + 0.5 mM tartaric acid / 5.0 0.41 1.56 

10 0.5 mM NaCl + 0.5 mM citric acid / 5.0 0.4 1.56 

11a 
0.5 mM NaCl, 0.1 mM citric acid saturated 

column 
/ 5.0 0.41 1.57 

12a 
0.5 mM NaCl, 0.5 mM citric acid saturated 

column 
/ 5.0 0.42 1.55 

13 0.5 mM NaCl / 7.0 0.41 1.53 

14 0.5 mM NaCl + 0.1 mM acetic acid / 7.0 0.4 1.54 

15 0.5 mM NaCl + 0.1 mM tartaric acid / 7.0 0.41 1.53 

16 0.5 mM NaCl + 0.1 mM citric acid / 7.0 0.42 1.57 

17 0.5 mM NaCl + 0.5 mM acetic acid / 7.0 0.41 1.55 

18 0.5 mM NaCl + 0.5 mM tartaric acid / 7.0 0.41 1.56 

19 0.5 mM NaCl + 0.5 mM citric acid / 7.0 0.40 1.54 

20 0.5 mM NaCl 3 mg/L Pb2+ 5.0 0.41 1.53 

21 0.5 mM NaCl + 0.1 mM citric acid 3 mg/L Pb2+ 5.0 0.41 1.55 

22 0.5 mM NaCl + 0.5 mM citric acid 3 mg/L Pb2+ 5.0 0.41 1.53 

a Column was pre-saturated with citric acid before injecting Cd2+ solution. 
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Table S2. Comparison of experimentally obtained and fitted Kd values of Cd2+ to sand 

No. Background solution Competing cation pH 
Kd (L/kg) 

Columna Batchb 

1 0.5 mM NaCl / 5.0 1.48 1.42 ± 0.08 

2 0.5 mM NaCl + 0.05 mM acetic acid / 5.0 1.47 1.45 ± 0.03 

3 0.5 mM NaCl + 0.05 mM tartaric acid / 5.0 1.54 1.62 ± 0.09 

4 0.5 mM NaCl + 0.05 mM citric acid / 5.0 1.67 1.71 ± 0.15 

5 0.5 mM NaCl + 0.1 mM acetic acid / 5.0 1.60 1.50 ± 0.20 

6 0.5 mM NaCl + 0.1 mM tartaric acid / 5.0 1.99 1.77 ± 0.24 

7 0.5 mM NaCl + 0.1 mM citric acid / 5.0 2.11 2.30 ± 0.24 

8 0.5 mM NaCl + 0.5 mM acetic acid / 5.0 1.41 1.39 ± 0.03 

9 0.5 mM NaCl + 0.5 mM tartaric acid / 5.0 1.75 1.78 ± 0.03 

10 0.5 mM NaCl + 0.5 mM citric acid / 5.0 1.80 1.86 ± 0.06 

11 0.5 mM NaCl / 7.0 3.56 3.85 ± 0.18 

12 0.5 mM NaCl + 0.1 mM acetic acid / 7.0 3.23 3.09 ± 0.04 

13 0.5 mM NaCl + 0.1 mM tartaric acid / 7.0 2.52 3.83 ± 0.13 

14 0.5 mM NaCl + 0.1 mM citric acid / 7.0 2.15 2.04 ± 0.14 

15 0.5 mM NaCl + 0.5 mM acetic acid / 7.0 2.07 2.02 ± 0.23 

16 0.5 mM NaCl + 0.5 mM tartaric acid / 7.0 1.30 1.42 ± 0.06 

17 0.5 mM NaCl + 0.5 mM citric acid / 7.0 1.21 1.18 ± 0.23 

18 0.5 mM NaCl 3 mg/L Pb2+ 5.0 1.13 1.05 ± 0.03 

19 0.5 mM NaCl + 0.1 mM citric acid 3 mg/L Pb2+ 5.0 1.84 1.91 ± 0.05 

20 0.5 mM NaCl + 0.5 mM citric acid 3 mg/L Pb2+ 5.0 1.70 1.87 ± 0.03 

a Calculated from the fitted R value using Equation 6; R was obtained by fitting the transport data with two-

site nonequilibrium transport model. 

b Measured in batch sorption experiments. 
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Table S3. Adsorption amount of LMWOAs onto sand under different pH conditions. Error bars represent 

standard deviations from replicate experiments (n=3) 

LMWOAs Electrolyte solution pH q (mmol-LMWOAs/kg-sand) 

0.1 mM acetic acid 0.5 mM NaCl 5.0 0.19 ± 0.02 

0.1 mM tartaric acid 0.5 mM NaCl 5.0 0.21 ± 0.01 

0.1 mM citric acid 0.5 mM NaCl 5.0 0.27 ± 0.03 

0.5 mM acetic acid 0.5 mM NaCl 5.0 0.24 ± 0.03 

0.5 mM tartaric acid 0.5 mM NaCl 5.0 0.27 ± 0.01 

0.5 mM citric acid 0.5 mM NaCl 5.0 0.32 ± 0.03 

0.1 mM acetic acid 0.5 mM NaCl 7.0 0.07 ± 0.05 

0.1 mM tartaric acid 0.5 mM NaCl 7.0 0.09 ± 0.02 

0.1 mM citric acid 0.5 mM NaCl 7.0 0.13 ± 0.03 

0.5 mM acetic acid 0.5 mM NaCl 7.0 0.09 ± 0.01 

0.5 mM tartaric acid 0.5 mM NaCl 7.0 0.14 ± 0.02 

0.5 mM citric acid 0.5 mM NaCl 7.0 0.17 ± 0.02 
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Table S4. ζ-potential of sand under different solution chemistry conditions 

No. Background solution  pH 

ζ-potential of 

 sand a 

(mV) 

1 0.5 mM NaCl 5.0 -35.6 ± 1.1 

2 0.5 mM NaCl + 0.05 mM acetic acid 5.0 -36.3 ± 0.9 

3 0.5 mM NaCl + 0.05 mM tartaric acid 5.0 -38.1 ± 0.5 

4 0.5 mM NaCl + 0.05 mM citric acid 5.0 -40.2 ± 0.8 

5 0.5 mM NaCl + 0.1 mM acetic acid 5.0 -36.9 ± 1.5 

6 0.5 mM NaCl + 0.1 mM tartaric acid 5.0 -37.9 ± 0.6 

7 0.5 mM NaCl + 0.1 mM citric acid 5.0 -39.2 ± 1.4 

8 0.5 mM NaCl + 0.5 mM acetic acid 5.0 -37.5 ± 0.3 

9 0.5 mM NaCl + 0.5 mM tartaric acid 5.0 -38.7 ± 0.2 

10 0.5 mM NaCl + 0.5 mM citric acid 5.0 -41.5 ± 1.3 

11 0.5 mM NaCl 7.0 -40.2 ± 0.8 

12 0.5 mM NaCl + 0.1 mM acetic acid 7.0 -42.3 ± 0.7 

13 0.5 mM NaCl + 0.1 mM tartaric acid 7.0 -43.5 ± 1.6 

14 0.5 mM NaCl + 0.1 mM citric acid 7.0 -45.9 ± 1.8 

15 0.5 mM NaCl + 0.5 mM acetic acid 7.0 -43.7 ± 2.5 

16 0.5 mM NaCl + 0.5 mM tartaric acid 7.0 -46.1 ± 2.1 

17 0.5 mM NaCl + 0.5 mM citric acid 7.0 -49.6 ± 0.7 
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Fig. S1. The change of pH values in effluents in comparison to the respective pH in influents 

under different pH conditions: pH 5.0 (a and b, Columns 5, 7, 8, and 10) and pH 7.0 (c and d, 

Columns 14, 16, 17 and 19). 
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Fig. S2. The representative breakthrough curve of conservative tracer (Br-). The line was 

plotted by fitting the breakthrough data with the one-dimensional steady-state advection–

dispersion equation. 
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(b) 0.5 mM citric acid , pH 7.0
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Fig. S3. The effects of dissolved CO2 on the transport of Cd2+ (3 mg/L) in the presence of 

LMWOAs (using citric acid as the model organic acid) under different pH conditions: (a) pH 

5.0 and (b) pH 7.0. Filled triangle (): the injection solution was carried out under magnetic 

stirring and pre-saturated N2 was bubbled through the solution in order to exclude CO2 inside 

(Derikvand et al., 2013; De Stefano et al., 2014). Hollow triangle (): the injection solution 

was not treated with N2 before injection.  
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(a) 0.1 mM organic acid
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Fig. S4. Effects of low-molecular-weight organic acids on the transport of Cd2+ (1 mg/L) 

under acidic conditions: (a) 0.1 mM organic acid; and (b) 0.5 mM organic acids. Symbols are 

experimental data and lines are plotted by curve-fitting experimental data with the two-site 

nonequilibrium transport model. 
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Fig. S5. Fitted parameters of two-site nonequilibrium transport model from breakthrough 

results of column experiments under different solution chemical conditions: (a) the fraction of 

Type 1 sites; (b) the fraction of instantaneous retardation to the total retardation; and (c) the 

first-order rate for kinetics at Type 2 sites. 
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(a) tartaric acid

PV

0 3 6 9 12 15

C
/C

0
_
C

d
2

+

0.0

.2

.4

.6

.8

1.0

without organic acid 

0.05 mM organic acid

0.1 mM organic acid

0.5 mM organic acid

(b) citric acid

PV

0 3 6 9 12 15

C
/C

0
_
C

d
2

+

0.0

.2

.4

.6

.8

1.0

 

Fig. S6. Effects of low-molecular weight organic acids on the transport of Cd2+ (3 mg/L) at pH 

5.0: (a) tartaric acid (columns 3, 6, and 9); and (b) citric acid (columns 4, 7, and 10).  
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Fig. S7. Transport of Cd2+ (3 mg/L) in saturated porous media at different pH (columns 1 and 

13).  
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(a) 0.1 mM organic acid
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Fig. S8. Effects of low-molecular-weight organic acids on the transport of Cd2+ (1 mg/L) under 

neutral conditions: (a) 0.1 mM organic acid; and (b) 0.5 mM organic acids. Symbols are 

experimental data and lines are plotted by curve-fitting experimental data with the two-site 

nonequilibrium transport model. 
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(a) acetic acid 
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Fig. S9. Effects of low-molecular weight organic acids on the transport of Cd2+ (3 mg/L) at pH 

7.0: (a) acetic acid (columns 13, 14, and 17); (b) tartaric acid (columns 13, 15, and 18); and (b) 

citric acid (columns 13, 16, and 19).  
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Fig. S10. Transport of Cd2+ with or without 3 mg/L Pb2+ at pH 5.0 (columns 1 and 20). 

  



Study 1 Supplementary material 

70 

PV

0 5 10 15 20 25

C
/C

0

0.0

.2

.4

.6

.8

1.0

Cd
2+

Pb
2+

 

Fig. S11. Transport of Cd2+ and Pb2+ in sand columns in the absence of low-molecular weight 

organic acids at pH 5.0. 
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Fig. S12. Effects of citric acid on the transport of Pb2+ in the presence of 3 mg/L Cd2+ at pH 

5.0 (columns 20–22).  
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S1. Procedures used to remove impurities from petroleum 

First, a small amount of original petroleum was dissolved in 100 mL of petroleum ether 

(boiling range, 30–60 °C), and then the supernatant was withdrawn to a beaker. Then, the 

solvent containing petroleum was drained through a funnel containing a filter paper and 10 g 

anhydrous sodium sulphate to remove moisture. Afterward, the solvent was poured into an 

evaporating dish and placed in an incubator to remove residual petroleum ether at 40 °C for 

12 h. The final materials were used as petroleum standard samples in this study. 
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S2. Determination of petroleum colloid concentrations  

The concentrations of petroleum colloids in the influent (C0) and effluent (C) were 

determined by using a previously developed solvent exchange method.[1] Briefly, the 

collected sample was transferred to a 20-mL separatory funnel, followed by 1 mL H2SO4 (1:1) 

and 5 mL tetrachloromethane, respectively. Then the funnel was shaken vigorously for 3 min 

and stood for a few minutes. Organic layer was separated from the aqueous phase. Next, the 

aqueous phase was transferred into the original sample container. The rest was drained 

through a funnel containing a filter paper and 10 g anhydrous sodium sulphate to remove 

moisture before the concentration determination. The aqueous layer and some remaining 

emulsion were recombined in the separatory funnel and extracted followed previous method. 

The filtrate was made up to 50 ml with tetrachloromethane. Then the mixture was stirred with 

sufficient silica gel to remove fatty matter before the absorbance measurement from 3200 

cm−1 to 2700 cm−1 by infrared spectrophotometry (Affinity-1, Shimadzu Scientific 

Instruments). The final reading was then compared with the absorbance of the petroleum 

standard samples as mentioned in S1. [2, 3] 
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S3. Procedures used to obtain the retention profiles of petroleum colloids in the column 

To obtain the retention profiles of petroleum colloids in the column at the end of the 

transport experiments, the columns were dissected into 10 layers of 1-cm segments. First, 10 

mL of tetrachloromethane was added to the vials, then agitating for 3 h on an oscillating 

shaker (KS 260 Basic, IKA). Afterward, the mixture was sonicated for 1 h. Then, the mixture 

was transferred to a centrifugation tube, and was centrifuged at 3000 rpm for 30 min. The 

tetrachloromethane supernatant was withdrawn to measure the concentration of petroleum 

colloids by infrared spectrophotometry method described above. The sand/soil segments were 

oven-dried at 90 °C overnight to obtain the dry weight of the porous media in each segment. 
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S4. Sensitivity analyses of various fitting parameter  

To investigate the effect of various fitting parameters on model results, we conducted a 

sensitivity analysis. Critical parameters such as Katt, Smax, and Kstr were selected to analyze the 

model behavior. Other parameters were left unchanged unless otherwise specified. The ranges 

of rate constants depend on the surface characteristics of colloids and/or porous medium. The 

results are showed in Fig S5. 
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Table S1. Summary of column properties. 

Column 

No. 

porous 

media 

Column properties 

Length 

(cm) 
Bulk density (g/cm3) 

Porosity 

(-) 

1 sand 10.0 1.55 0.42 

2 sand 10.3 1.53 0.42 

3 sand 10.2 1.51 0.41 

4 sand 10.0 1.50 0.43 

5 soil 10.1 1.42 0.47 

6 soil 9.9 1.45 0.48 

7 soil 10.0 1.39 0.49 

8 soil 10.2 1.42 0.47 

9 sand 10.1 1.56 0.41 

10 sand 10.1 1.54 0.42 

11 sand 10.0 1.53 0.40 

12 soil 10.2 1.43 0.49 

13 soil 10.1 1.40 0.49 

14 soil 9.9 1.42 0.48 

15 sand 10.0 1.53 0.42 

16 sand 10.1 1.52 0.43 

17 soil 10.2 1.39 0.48 

18 soil 10.3 1.42 0.46 

19 sand 10.0 1.51 0.43 

20 soil 10.1 1.39 0.47 
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Table S2. Mass balance expressed as percentage of effluent mass, eluted mass during each 

flushing step, and mass recovered from column 

Column 

No. 

porous 

media 

Background 

solution 
pH 

Effluent 

Mass 

(%) 

Eluted 

mass 

(%) 

Mass 

recovered 

from 

column 

(%) 

Mass 

balance a 

(%) 

1 sand 10 mM NaCl 5.0 58.2 2.2 30.6 91.0 

2 sand 20 mM NaCl 5.0 53.8 0.7 41.2 95.7 

3 sand 30 mM NaCl 5.0 48.3 0.1 42.2 90.6 

4 sand 50 mM NaCl 5.0 42.8 1.0 52.1 95.8 

5 soil 10 mM NaCl 5.0 52.0 4.5 42.4 98.9 

6 soil 20 mM NaCl 5.0 35.4 1.4 60.8 97.7 

7 soil 30 mM NaCl 5.0 26.3 1.0 71.5 98.8 

8 soil 50 mM NaCl 5.0 8.8 0.1 88.2 97.2 

9 sand 0.1 mM CaCl2 5.0 50.8 1.2 45.5 97.6 

10 sand 0.5 mM CaCl2 5.0 42.1 2.0 55.2 99.3 

11 sand 1.0 mM CaCl2 5.0 35.1 1.1 62.0 98.2 

12 soil 0.1 mM CaCl2 5.0 34.9 2.0 55.7 92.7 

13 soil 0.5 mM CaCl2 5.0 30.8 1.5 60.7 93.0 

14 soil 1.0 mM CaCl2 5.0 14.1 1.1 75.4 90.6 

15 sand 30 mM NaCl 7.0 59.2 1.9 36.7 97.8 

16 sand 30 mM NaCl 9.0 71.6 2.8 24.1 98.5 

17 soil 30 mM NaCl 7.0 29.3 2.6 62.5 94.3 

18 soil 30 mM NaCl 9.0 46.3 4.0 42.3 92.7 

19 sand 
30 mM NaCl 

+10 mg/L SDS 
5.0 53.9 1.0 43.1 98.0 

20 soil 
30 mM NaCl 

+10 mg/L SDS 
5.0 39.6 1.1 53.0 93.8 

a Mass balance was calculated as: (effluent mass + eluted mass + mass recovered from 

column)/mass injected. 

  



Study 2 Supplementary material 

94 

Table S3. List of petroleum colloids attachment isotherm parameters 

No. sorbent Background solution pH 
Kd 

(L/Kg) 
r2 

1 sand 10 mM NaCl 5.0 5.68 0.952 

2 sand 20 mM NaCl 5.0 7.13 0.961 

3 sand 30 mM NaCl 5.0 8.41 0.985 

4 sand 50 mM NaCl 5.0 13.6 0.990 

5 soil 10 mM NaCl 5.0 54.6 0.973 

6 soil 20 mM NaCl 5.0 87.1 0.991 

7 soil 30 mM NaCl 5.0 127.8 0.986 

8 soil 50 mM NaCl 5.0 157.4 0.987 

9 sand 0.1 mM CaCl2 5.0 9.29 0.968 

10 sand 0.5 mM CaCl2 5.0 14.2 0.985 

11 sand 1.0 mM CaCl2 5.0 19.4 0.969 

12 soil 0.1 mM CaCl2 5.0 83.3 0.927 

13 soil 0.5 mM CaCl2 5.0 93.2 0.918 

14 soil 1.0 mM CaCl2 5.0 205.2 0.959 

15 sand 30 mM NaCl 7.0 3.85 0.981 

16 sand 30 mM NaCl 9.0 3.46 0.956 

17 soil 30 mM NaCl 7.0 93.7 0.985 

18 soil 30 mM NaCl 9.0 59.5 0.939 

19 sand 30 mM NaCl +10 mg/L SDS 5.0 5.93 0.989 

20 soil 30 mM NaCl +10 mg/L SDS 5.0 91.5 0.953 
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Table S4. Fitted parameters of two-site transport model from breakthrough results of column 

experiments 

Column 

No. 

porous 

media 
Background solution pH 

Parameters of two-site transport 

model 

Katt 

(h-1) 

Smax 

(mg/kg) 

Kstr 

(h-1) 
r2 

1 sand 10 mM NaCl 5.0 3.83 0.199 18.7 0.957 

2 sand 20 mM NaCl 5.0 8.69 0.162 23.4 0.956 

3 sand 30 mM NaCl 5.0 17.6 0.192 26.8 0.981 

4 sand 50 mM NaCl 5.0 27.5 0.191 30.9 0.989 

5 soil 10 mM NaCl 5.0 18.2 1.67 23.2 0.990 

6 soil 20 mM NaCl 5.0 23.3 1.85 33.7 0.989 

7 soil 30 mM NaCl 5.0 28.6 1.91 38.5 0.990 

8 soil 50 mM NaCl 5.0 42.9 1.29 67.6 0.988 

9 sand 0.1 mM CaCl2 5.0 8.06 0.183 25.7 0.968 

10 sand 0.5 mM CaCl2 5.0 10.2 0.235 32.8 0.978 

11 sand 1.0 mM CaCl2 5.0 17.3 0.269 38.5 0.979 

12 soil 0.1 mM CaCl2 5.0 11.7 0.479 32.3 0.963 

13 soil 0.5 mM CaCl2 5.0 13.6 0.468 43.1 0.988 

14 soil 1.0 mM CaCl2 5.0 27.3 0.485 57.8 0.972 

15 sand 30 mM NaCl 7.0 11.5 0.486 16.2 0.972 

16 sand 30 mM NaCl 9.0 4.33 0.339 9.57 0.985 

17 soil 30 mM NaCl 7.0 18.5 1.50 29.6 0.986 

18 soil 30 mM NaCl 9.0 7.66 2.69 18.5 0.991 

19 sand 
30 mM NaCl +10 mg/L 

SDS 
5.0 10.7 0.305 20.1 0.997 

20 soil 
30 mM NaCl +10 mg/L 

SDS 
5.0 12.8 0.811 20.2 0.990 
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Fig. S1 Intensity-weighted particle size distribution of petroleum colloids in stock petroleum 

suspensions. 
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Fig. S2 Schematic illustration of experimental apparatus of column tests. 
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Fig. S3 Procedures used to obtain attachment isotherms of petroleum colloids to sand or soil. 
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Fig. S4 Representative breakthrough curve of conservative tracer (Br-): (a) sand; and (b) soil. 

The line was plotted by fitting the breakthrough data with the one-dimensional steady-state 

advection–dispersion equation. 
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Fig. S5 Sensitivity analyses of various fitting parameter (Column 7): (a) Katt; (b) Smax; and (c) 

Kstr. 
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Fig. S6 Changes of petroleum colloid size in effluents of column experiments (Columns 3, 7, 

10 and 13). 
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Fig. S7 The attachment of petroleum colloids onto sand (a, c and e) and soil (b, d and f) under 

different solution chemistry conditions. The solid lines on the two panels are the Linear model 

fitting results. 

  



Study 2 Supplementary material  

103 

(a)

Ca
2+

 concentration (mM)

0.0 .1 .2 .3 .4 .5 .6

K
a
tt

 (
h

-1
)

0

10

20

30

40

50

60
(b)

Ca
2+

 concentration (mM)

0.0 .1 .2 .3 .4 .5 .6

S
m

a
x

 (
m

g
/k

g
)

0.0

.2

.4

.6

.8

1.0

(c)

Ca
2+

 concentration (mM)

0.0 .1 .2 .3 .4 .5 .6

K
s
tr
 (

h
-1

)

0

10

20

30

40

50

60

Sand

soil

R
2 = 0.953

R
2 = 0.967

R
2 = 0.992

R
2 = 0.996

 

Fig. S8 Correlations between fitted parameters of two-site transport model (based on 

breakthrough data of columns 9–14) and Ca2+ concentrations. 
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Fig. S9 Correlations between fitted parameters of two-site transport model (based on 

breakthrough data of columns 3, 7, 15–18) and pH. 
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Fig. S10 Zeta potential of quartz sand, soil and petroleum colloids as affected by pH. 
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Calculation of interaction energy between particles and the pore walls using DLVO theory 

The total interaction energy between particle and collector (VTOT) can be defined as the 

sum of two interactions, the attractive van der Waals interaction (VVDW) and the repulsive 

electrostatic double layer interaction (VEDL) (Hogg et al., 1966): 

               (1) 

We assumed that the contribution of the ferric oxide coating to the repulsive forces is 

neglectable in all experiments due to their generally positive or neutral surface charges at the 

experimental pH values. Therefore the interaction energy calculated for the porous medium 

considered only the quartz grains. This assumption may no longer hold at pH 9 and will be 

explicitly discussed later in the text. 

The van der Waals interaction was calculated using the Hamaker approach and Gregory’s 

formulation (Gregory, 1981): 

VVDW(h)=
ArNP

6h(1+
14h

λ
)
               (2) 

Where A is the Hamaker constant for the system polystyrene-water-quartz sand 

(9.25×10-21 J, cf. Supplementary Material for its derivation); rNP is the radius of PS-NPs (~ 50 

nm, cf. Table 1); h is the separation distance between PS-NPs and quartz surface; λ is the 

characteristic wavelength (λ = 100 nm).  

The electrical double layer interaction was calculated as (Elimelech et al., 1990; Hogg et 

al., 1966):  

VEDL(h)=πrNPε0εr {2𝜑1𝜑2 ln [
1+exp(-κh)

1-exp(-κh)
]+(𝜑1

2+𝜑2
2) ln[1-exp(-2κh)]}    (3) 

  

TOT VDW EDLV V V= +
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where ε0 is the vacuum permittivity (8.85×10-12 C2/Jm), εr is the relative dielectric 

permittivity of water (78.4), 𝜑1 denotes the measured zeta potential of the PS-NPs; 𝜑2 

corresponds to the zeta potential of quartz sand. These values were obtained by Tufenkji’s 

method (cf. Supplementary Material) (Tufenkji & Elimelech, 2004) and are listed in Table S2. 

The Debye reciprocal length κ can be calculated as (Russel et al., 1989): 

𝜅=√
2NAe2I

ε0εrKBT
           (4) 

where NA is the Avogadro number (6.02×1023 mol-1), e is the electron charge (-1.60×10-19 

C), I is the ionic strength of the background electrolyte, KB is Boltzmann constant (1.38×1023 

J/K), and T is Kelvin temperature (298 K) 
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To obtain the zeta potential from electrostatic mobility 

Based on the equation proposed by Henry (1948) as follows: 

𝜇 =
2𝜀𝑟𝜀0𝜁

3𝜂
𝑓(𝑘𝛼)                 (S1) 

Where μ is the electrostatic mobility, ζ is the zeta potential,η is the viscosity of 

electrolyte solution, ε0 is the vacuum permittivity (8.85×10-12 C2/Jm), εr is the relative 

permittivity(78.4), f(kα) is the Henry equation. 

When kα is approaching 0, namely the ratio of particle radius to electric double layer 

thickness is much smaller than 1, this particle can be regarded as a point charge, and f(kα) =1 

can be obtained, similar to Hückel equation (Hückel, 1924) 

When kα is approaching ∞, namely the ratio of particle radius to electric double layer 

thickness is much larger than 1, f(kα) =1.5 can be obtained, similar to Smoluchowski equation 

(Smoluchowski, 1921) 

In this research, considering that the Smoluchowski equation is usually used to calculate 

zeta potentials of dispersed colloidal systems containing spherical particles, and the PS-NPs 

are spherical particles. As a result, f(ka) is 1.5 
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To obtain the Hamaker constant for polystyrene-water-quartz sand 

The Hamaker constant for polystyrene-water-quartz sand (A) is calculated by equation S2: 

𝐴 = (√𝐴11 − √𝐴33)(√𝐴22 −√𝐴33)           (S2) 

Where A11 is the Hamaker constant of polystyrene (7.85×10-20 J) (Henry, 2004); A22 is 

the Hamaker constant of quartz sand (8.86×10-20 J) (Lu et al., 2017); A33 is the Hamaker 

constant of water (3.7×10-20 J) (Israelachvili, 1992) 
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To obtain the electrokinetic properties of quartz sand 

10 g clean quartz sand was sonicated for 30 min in 50 mL DI water by an ultrasonic 

device (Bandelin Sonorex, Rangendingen, Germany). After sonication, the supernatant of 

samples was collected and adjusted based on different experimental conditions. After stirring 

for 30 min, the electrophoretic mobility of each sample was measured by a Malvern Zetasizer 

Nano ZS (Malvern Instruments Ltd, UK). ̇ 
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Table S1. Experiment settings 

Groups 
Iron oxyhydroxide 

-coated sand content 

PS-NPs 

concentration 
pH Ionic strength Cation species 

Effects of 

differernt 

contents of 

iron coatings 

0 25 mg/L 5.8 1 mM NaCl - 

0.15 25 mg/L 5.8 1 mM NaCl - 

0.3 25 mg/L 5.8 1 mM NaCl - 

0.45 25 mg/L 5.8 1 mM NaCl - 

Effects of pH 

0.15 25 mg/L 5.0 1 mM NaCl - 

0.15 25 mg/L 7.0 1 mM NaCl - 

0.15 25 mg/L 9.0 1 mM NaCl - 

Effects of IS 

0.15 25 mg/L 5.8 1 mM NaCl - 

0.15 25 mg/L 5.8 3 mM NaCl - 

0.15 25 mg/L 5.8 5 mM NaCl - 

0.15 25 mg/L 5.8 0.1 mM CaCl2 - 

0.15 25 mg/L 5.8 0.3 mM CaCl2 - 

0.15 25 mg/L 5.8 0.5 mM CaCl2 - 

Effects of 

cation 

species 

0.15 25 mg/L 5.8 - 3 mM NaCl 

0.15 25 mg/L 5.8 - 3 mM KCl 

0.15 25 mg/L 5.8 - 3 mM CsCl 

0.15 25 mg/L 5.8 - 0.3 mM MgCl2 

0.15 25 mg/L 5.8 - 0.3 mM CaCl2 

0.15 25 mg/L 5.8 - 0.3 mM BaCl2 
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Table S2. Calculated maximum energy barriers (Φmax), secondary energy minimum depth 

(Φsec), and the respective separation distances of particle–collector DLVO interaction energy 

profiles 

Minerals  

Background solution   

potential 

(mV) 

Φmax  Φsec 

IS pH 
height 

(KBT) 

distance 

(nm) 
 

depth 

(KBT) 

distance 

(nm) 

Quatz sand 

1 mM NaCl 5.8 
-48.1 ± 

0.6 
35.5 2.4  -0.012 100 

1 mM NaCl 5 
-42.7 ± 

1.2 
26.4 2.7  -0.013 95 

1 mM NaCl 7 
-53.6 ± 

0.8 
45.1 2.1  -0.011 100 

1 mM NaCl 9 
-58.5 ± 

0.9 
71.8 1.5  -0.009 110 

3 mM NaCl 5.8 
-46.9 ± 

0.9 
42.3 2.9  -0,003 220 

5 mM NaCl 5.8 
-46.4 ± 

0.5 
31.1 1.5  -0.046 45 

0.1 mM CaCl2 5.8 -24.1 ±0.5 14.4 5.4  -0.001 340 

0.3 mM CaCl2 5.8 
-24.8 ± 

1.1 
13,7 3,9  -0,004 180 

0.5 mM CaCl2 5.8 
-22.8 ± 

0.4 
8.1 4.4  -0.007 130 

3 mM KCl 5.8 
-44.6 ± 

1.2 
28,1 4,2  -0,003 200 

3 mM CsCl 5.8 
-42.9 ± 

0.7 
23,2 4,6  -0,003 200 

0.3 mM MgCl2 5.8 
-24.7 ± 

0.5 
11,6 4,4  -0,004 180 

0.3 mM BaCl2 5.8 
-22.5 ± 

0.9 
6,0 6,5  -0,004 170 
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Table S3. The hydrated radii of monovalent and divalent cations 

Cation species Hydrated Radii (Å) 

(Nightingale, 1959) 

Na+ 3.58 

K+ 3.31 

Cs+ 3.29 

Mg2+ 4.28 

Ca2+ 4.12 

Ba2+ 4.04 
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Fig. S1 Schematic illustration of experimental apparatus of column tests. 

  



Study 3 Supplementary material 

133 

Concentration (mg/L)

0 5 10 15 20 25 30

In
te

n
s
it

y
 

0

200

400

600

800

1000

y=31.087x+20.563

R
2
=0.999

 

Fig. S2 Calibration curves as the intensity at the excitation wavelength of 441 nm and an 

emission wavelength of 486 nm versus concentration of PS-NPs in suspension. 
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 11 

Abstract 12 

Clay minerals are important constituents of porous media. To date, only little is known 13 

about the transport and retention behavior of nanoplastics in such clay-containing sediments. 14 

In order to investigate the effects of clay minerals on the mobility of nanoplastic particles in 15 

saturated porous media, polystyrene nanoplastic particles (PS-NPs) at different pH and ionic 16 

strengths (IS) were pumped through columns packed with sand and clay minerals (kaolinite 17 

and illite). In general, the retention of PS-NPs resulting from the increasing clay contents was 18 

attributed to physical straining effects (the smaller pore throat and more complex flow 19 

pathways). In addition, the varying pH and IS altered the surface charges of both PS-NPs and 20 

porous media and thus affecting the interaction energy. For example, when the IS increased 21 

from 10 mM to 50 mM NaCl, the zeta potential of PS-NPs and porous media became less 22 

negative, and the maximum energy barrier and secondary minimum decreased. Thus, the 23 

maximum C/C0 ratio decreased from ~51% to ~0% (pH 5.9, 3% kaolinite). Among the two 24 

clay minerals, kaolinite showed a stronger inhibitory effect on PS-NPs transport compared to 25 

illite. For instance, at the same condition (3% clay content, pH 5.9, 10 mM NaCl), the 26 

(C/C0)max of PS-NPs in kaolinite was ~51%, while that in illite was ~77%. The difference in 27 

transport inhibition was mainly attributed to amphoteric sites on the edges of kaolinite which 28 

served as favorable deposition sites at pH 5.9 (pHpzc-edge is ~2.5 for illite and ~6.5 for 29 

kaolinite). Results and conclusions from the study will provide some valuable insights to 30 

better understand the fate of NPs in the soil-aquifer system. 31 

 32 

Keywords: Polystyrene nanoplastic; Transport; Clay minerals; Amphoteric edge sites 33 

 34 

Introduction 35 

Plastic polymers are widely used materials that can be found in many different products 36 

such as electronic devices, cosmetics, packaging materials, and medical products (da Costa et 37 

al., 2016). In 2017 plastic production was reported to surpass 8300 million metric tons (Geyer 38 

et al., 2017). Increasing production and usage of plastic products is associated with an 39 

increase in plastic pollution and improper release into the environment. Larger plastic 40 

fragments are affected by natural degradation and fragmentation processes such as abrasion, 41 

weathering, and UV/photo-oxidation (Silva et al., 2018; Yousif and Haddad, 2013), processes 42 
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that eventually produce nano-scale plastic particles (<100 nm, NPs) (Dawson et al., 2018; 43 

Gigault et al., 2018). Distribution and transport mechanisms as well as hazardous effects of 44 

NPs in the environment are only poorly understood and recently have become a major focus 45 

for environmental research (Chae and An, 2017; Koelmans et al., 2015; Yu and Flury, 2021). 46 

Transport characteristics of NPs in saturated porous media in the past have been 47 

addressed by various experimental as well as modeling studies (Dong et al., 2020; Mitzel et 48 

al., 2016; Quevedo and Tufenkji, 2012; Shaniv et al., 2021; Wu et al., 2020). Most of these 49 

studies primarily focus on how NPs mobility was influenced by pore water chemistry (e.g., 50 

pH, ionic strength, and ionic species) using pure quartz sand as the porous media (Franchi and 51 

O'Melia, 2003; Mitzel et al., 2016; Quevedo and Tufenkji, 2012). Pure quartz sand seldomly 52 

can be found in natural subsurface environments such as soils, streambeds, lake sediments or 53 

aquifers. In these systems, clay minerals, metal oxides, and soil organic matter are abundant 54 

materials which are known to interact differently with NPs compared to pure quartz sand (Lu 55 

et al., 2021; Wu et al., 2020). For example, Lu et al. (2021) observed that the presence of iron 56 

oxides strongly reduces the mobility of NPs by electrostatic attraction processes. Wu et al. 57 

(2020) proposed that the charge heterogeneity caused by iron oxides and clay minerals in 58 

different soils exerted significant inhibition on NPs transport. 59 

Clay minerals are typically characterized by permanent and variable charge components 60 

(Schoonheydt and Johnston, 2006). The permanent charge is caused by the isomorphous 61 

substitution in the lattice structure of sheet silicates (e.g., Al3+ for Si4+ in silicon-oxygen 62 

tetrahedrons; Mg2+ and Fe2+ for Al3+ in aluminum-oxygen octahedra) of the clay minerals; 63 

and variable charge results from broken edges of silicate minerals (Singh et al., 2014). 64 

Variable charge components in clay minerals are more easily affected by the composition of 65 

pore water chemistry (Van Alfen, 2014). The variable surface charge results in a large number 66 

of potential amphoteric exchange sites under environmentally relevant conditions (pH values 67 

between 4.5–9.0) (Marazuela and García-Fresnadillo, 2020; Mc Bride, 1989; Shivangi et al., 68 

2020), which in turn provide favorable deposition sites to negatively charged or positively 69 

charged nanoparticles. Lu et al. (2017) found that at pH 5 the variable charges of kaolinite and 70 

montmorillonite were positive, as the point of zero charge at edge sites was around pH~6.5, 71 

leading to apparent inhibition of graphene oxide transport. Clay minerals have different 72 

degrees of isomorphic substitution on the basal plane as well as different 73 

protonation/deprotonation ability at the edge sites, which can result in the various surface 74 

charges of clay minerals (Murray, 2000). The surface charge of 2:1 (one octahedral sheet to 75 

two tetrahedral sheets) clay minerals (e.g., montmorillonite and illite) is dominated by 76 

permanent negative charges, whereas that of 1:1 (one tetrahedral sheet to one octahedral 77 

sheet) clay minerals (e.g., kaolinite) is mainly governed by variable charges (Bergaya and 78 

Lagaly, 2013). Consequently, different clay minerals are likely to exert non-uniform 79 

influences on NP transport in porous media. To date, only little is known about the effects of 80 

clay minerals on the transport of NPs. In the study of Li et al. (2020), it was shown that PS-81 

NPs formed heteroaggregates with kaolinite colloids due to the surface chemical 82 

heterogeneity of kaolinite, significantly affecting the mobility of NPs resulting from the 83 

formation of clusters with kaolinite. 84 

The main purpose of this study is to gain a more fundamental understanding on how the 85 

transport of NPs is affected by the presence of clay minerals (kaolinite (1:1 type) and illite 86 
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(2:1 type)). The columns packed with a mixture of quartz sand and variable contents of clay 87 

minerals were prepared for the experiment under the different pH and IS conditions. 88 

Breakthrough curves of the NPs were obtained and evaluated to quantify NPs retention. 89 

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory was applied to estimate particle-porous 90 

media interaction energies to understand the retention tendency of NPs under non-uniform pH 91 

and IS. The following research hypotheses were formulated: 1) Due to the different types of 92 

surface charges (permanent and variable charge components), the 1:1 and 2:1 clay minerals 93 

affect the mobility of NPs to different degrees. As the variable charge is more easily 94 

influenced by pore water chemistry, the effect of 1:1 clay mineral on the retention of NPs is 95 

more significant. 2) The pH and IS of the pore water affect the transport and retention of NPs 96 

by modifying the surface charge and interaction energies of both NPs and clay minerals. 3) 97 

Physical straining exerts a significant impact on the mobility of NPs due to the small size of 98 

clay minerals. 99 

 100 

Materials and methods 101 

Materials 102 

Polystyrene nanoplastic particles (PS-NPs), modified with a layer of carboxylate groups 103 

to improve their suspension performance (Huge Biotechnology Co., Ltd, China), were used as 104 

model NPs. The PS-NPs were spheres with an average diameter of 100 nm and a density of 105 

1.05 g cm-3. The stock solution (100 g L-1) was diluted by Milli-Q water to achieve the 106 

suspension with a concentration of 15 mg L-1. 107 

Quartz sand with a mean diameter of 0.29 mm was obtained from Minerals Trading Co., 108 

Ltd (Huangshi, China). The sand was cleaned to remove metal oxides and organic impurities 109 

before use (described in supplementary material). Kaolinite and illite were obtained from 110 

Junhong New Materials Co., Ltd (Datong, China) and montmorillonite was purchased from 111 

Macklin Biochemical Co., Ltd (Shanghai, China). The particle size distribution of the clay 112 

minerals was measured using a particle size analyzer (Mastersizer-2000, Malvern Instruments 113 

Ltd, UK); the size distributions can be found in Figure S1.  114 

 115 

Column experiments 116 

Detailed experimental protocols are provided as part of the supplementary material (see 117 

Table S1). Column experiments were conducted using borosilicate glass columns (Shanghai 118 

SuKe Industrial Co., Ltd.) with an inner diameter of 1.6 cm and a length of 20 cm, with 119 

stainless-steel screens on both ends. The columns were operated vertically using syringe 120 

pumps (TYD02, Lead Fluid Technology, Co., Ltd). Kaolinite and illite powders were mixed 121 

with the quartz sand to achieve clay contents in the range of 1–5% (wt:wt) of the porous 122 

media. The mixture was dry-packed into the columns to achieve a uniform distribution of clay 123 

minerals. Each column contained approximately 21 g of porous media with an effective 124 

length of 6.0  0.1 cm. The packed columns were saturated and equilibrated from bottom to 125 

top by sequentially flushing with 50 mL Milli-Q water at a flow rate of 3.0 mL h-1 followed 126 

by 100 mL background electrolyte solution. All influents were prepared immediately before 127 

each column experiment. The pH was adjusted with 0.1 M HCl or 0.1 M NaOH, and the IS 128 

was adjusted by 0.1 M NaCl. During the column experiments, the influent was pumped into 129 

the column using a 100-mL glass syringe (Shanghai Bolige Industry & Trade Co.), followed 130 
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by a PS-NPs-free background electrolyte solution (until the effluent concentration of PS-NPs 131 

was below the detection limit) at a flow rate of 10 mL h-1. Column effluent samples were 132 

collected by the automatic fraction collector (BSZ-40, Shanghai Qingpu Huxi Instrument 133 

Factory) with glass vials at predetermined time intervals. A UV spectrophotometer (UV-8000, 134 

Shanghai Metash Instruments Co., Ltd) was used to measure the absorbance of PS-NPs at 220 135 

nm. The concentrations of PS-NPs were determined based on a pre-established calibration 136 

curve (see Figure S2). All column experiments were repeated 2 times to ensure data 137 

reliability. 138 

Electrophoretic mobility (EPM) and hydrodynamic diameter (Dh) of PS-NPs in the 139 

influents were measured with a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, UK). 140 

Zeta potentials of the PS-NPs were derived from electrophoretic mobility using the 141 

Smoluchowski equation considering the spherical shape of the PS-NPs; the values are 142 

provided in the supplementary material (Table S2). The particle–collector interaction energy 143 

profiles were calculated using the DLVO theory (detailed equations are provided in the 144 

supplementary material). The calculated profiles are shown in Figures S3 and S4. The values 145 

of the maximum energy barriers and secondary minimum depth are listed in Table 1. 146 

 147 

Results and discussion 148 

Effects of clay minerals on the transport of PS-NPs 149 

When mixed with quartz sand, kaolinite and illite showed significant effects on the 150 

transport of PS-NPs, where the extent of particle retention depended on the specific clay 151 

mineral and the clay contents (Figure 1). For pure quartz sand (Column 1, Table S1), a 152 

breakthrough of ~90% (i.e., C/C0 is the ratio of effluent PS-NPs concentration, C, to influent 153 

PS-NPs concentration, C0) of the injected PS-NPs was reached after ~2 Pore volumes (PV), 154 

indicating that only little PS-NPs were retained in the column. For this reference experiment, 155 

the zeta potentials of PS-NPs and quartz sand were both negative (Table 2). Given the large 156 

values for the secondary minimum (Φsce) and maximum energy barriers (Φmax) (Table 1), 157 

limited deposition of PS-NPs onto the surface of the quartz sand and, in turn, high mobility of 158 

NPs was as expected. This observation is also consistent with findings from other literature 159 

(Pradel et al., 2020). The presence of kaolinite minerals in the quartz sand resulted in 160 

significantly increased retention of PS-NPs. For a kaolinite content of 1%, the gradient of the 161 

breakthrough curve (Figure 1(a)) was much lower than the reference experiment with pure 162 

quartz sand. Further, the observed maximum C/C0 ratio ((C/C0)max) of the breakthrough curve 163 

only reached ~73% after 7 PV. Even higher retentions of PS-NPs were observed for 3% and 164 

5% kaolinite contents, and more PV were needed for PS-NPs breaking through the column 165 

(Figure 1(a)). For the content of 5% kaolinite, no breakthrough of PS-NPs could be observed 166 

at the outlet by the end of the experiment. The presence of illite also resulted in inhibited 167 

transport of PS-NPs; however, the effects were less pronounced compared to kaolinite with 168 

(C/C0)max ~ 34% at 5% illite content (Figure 1(b)). 169 

To understand why there is a significant difference in inhibition of PS-NPs for the two 170 

different clay minerals, the interaction energy profiles between PS-NPs and each of the clay 171 

minerals were calculated and compared to the pure quartz sand (Figure 1(c)). For kaolinite, 172 

the zeta potentials of kaolinite and quartz sand were -38.1 mV and -63.4 mV, respectively, and 173 

the maximum energy barrier (Φmin = 142 KBT) and the secondary minimum depth (Φsec = -0.10 174 
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KBT) indicated that the deposition tendency of PS-NPs onto the surface of the kaolinite 175 

minerals is higher compared to pure quartz sand. As a result, the increase in kaolinite contents 176 

is associated with higher retention of PS-NPs. Interestingly, for illite, the Φmin (351 KBT) and 177 

Φsec (-0.09 KBT) were higher compared to those of quartz sand (Φmin = 318 KBT and Φsec = -178 

0.10 KBT). The zeta potential of illite with -67.7 mV was more negative compared to those 179 

estimated for quartz sand with -63.4 mV, indicating that the PS-NPs should deposit 180 

preferentially onto the sand grains rather than the illite minerals. Given the interaction 181 

energies and zeta potentials, a different mechanism is necessary to explain the observed 182 

retention of PS-NPs in the experiments with illite minerals. 183 

For 2:1 type clay mineral, such as illite, the permanent charge dominates the particle-184 

mineral interactions, while for 1:1 type minerals (kaolinite), the interaction is controlled by 185 

the variable charge. The variable charge resulting from amphoteric sites, such as octahedral 186 

Al–OH sites at broken edges and exposed hydroxyl-terminated planes of crystalline structures 187 

(Keren and Sparks, 1995; Kriaa et al., 2009; Tombácz and Szekeres, 2006), depend on the pH 188 

of the pore water solution due to the protonation/deprotonation of these functional groups 189 

(Kim et al., 2012; Tombácz and Szekeres, 2006). The pHPZC values of the edge sites for 190 

kaolinite lie at ~6.5 (Tombácz and Szekeres, 2006) but only at ~2.5 for illite (Hussain et al., 191 

1996). Since the experiments were conducted at pH 5.9, it is reasonable to propose that a 192 

significant fraction of the edge sites of kaolinite were positively charged (even though the net 193 

charges of these clay minerals were still negative). These positively charged sites provide 194 

favorable deposition sites for the negatively charged PS-NPs. For increasing kaolinite 195 

contents, more positively charged edge sites were available, resulting in increased retention of 196 

PS-NPs. In comparison, the edge sites of illite were negatively charged under pH 5.9. 197 

Consequently, the observed retention of PS-NPs for experiments performed with illite 198 

minerals cannot be explained by edge site interactions.  199 

Another retention mechanism, associated with the presence of clay minerals, could be 200 

the blockage or narrowing of pores inhibiting the mobility of PS-NPs in the porous media. 201 

The average sizes of the clay minerals (d(0.5)= 8.6 μm and d(0.9)= 28.7 μm for kaolinite; 202 

d(0.5)= 4.5 μm and d(0.9)= 13.9 μm for illite) were much smaller compared to quartz sand 203 

(d(0.5)= 292 μm and d(0.9)= 451 μm) (Figure S1). Thus, the clay minerals may alter the flow 204 

pathways by creating narrower pore throats and dead-end pores (Lu et al., 2017; Qi et al., 205 

2014). This enhances the retention of PS-NPs through physical straining effects. In addition, 206 

clay minerals under environmentally relevant conditions can contain metal and metal oxide 207 

impurities due to different degrees of weathering (Bayat et al., 2015; Singer, 1984). It has 208 

been reported that even small amounts of metal oxides can significantly affect the transport 209 

behavior of negatively charged particles (Wu et al., 2020; Yang et al., 2011). However, due to 210 

the high quality of the clay minerals used in this study, the retention of PS-NPs associated 211 

with the presence of impurities played only a minor role, and physical straining effects for 212 

illite were identified as the major mechanism to explain observed retention. 213 

 214 

pH-dependent transport-inhibition effects of different clay minerals 215 

For the two clay minerals, pH had a significant influence on the transport behavior of 216 

PS-NPs (Figure 2). For kaolinite, significant retention was observed at pH 5.9; the (C/C0)max 217 

was ~51% at ~8 PV. With the increase of pH, retention of PS-NPs gradually became lower, 218 
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and at pH 9.0, the (C/C0)max reached 80.4% after ~8 PV. Similarly, for illite, the strongest 219 

retention of PS-NPs was found at pH 5.9 ((C/C0)max = 77% at ~9 PV). Interestingly, at pH 7.0 220 

and 9.0, the breakthrough curves of PS-NPs were almost identical, where (C/C0)max with 221 

~95% was achieved after only 2 PV. 222 

For kaolinite, considering the pHPZC-edge value of kaolinite which lies around ~6.5 223 

(Tombácz and Szekeres, 2006), the edge sites of kaolinite are positively charged at pH 5.9 but 224 

negatively charged at pH 7.0 and 9.0. Consequently, retention of PS-NPs is significantly 225 

diminished at pH > 7.0. Absolute values of the zeta potential for both PS-NPs and clay 226 

minerals increased with increasing pH (Table 2). For example, zeta potentials for kaolinite 227 

were -38.1 mV, -49.2 mV, -69.6 mV at pH 5.9, 7.0, and 9.0, respectively, indicating that 228 

deposition of PS-NPs is becoming more difficult at higher pH. Results from the DLVO 229 

calculation (Figure S3(a)) also support this conclusion. For illite, much weaker pH 230 

dependencies were observed. Under all test conditions, the edge sites of illite were still 231 

negatively charged due to the low pHpzc-edge of ~2.5. The permanent charge of illite seems to 232 

be more critical for the transport of PS-NPs. At pH 5.9, the zeta potential of illite was -67.7 233 

mV (Table 2), while the one of quartz sand was -63.4 mV. Thus, it seemed that the PS-NPs 234 

more easily deposited onto the surface of quartz sand compared to illite, which also can be 235 

seen by the energy interaction profiles shown in Figure S3(b, c). As a result, at pH 5.9, most 236 

of the PS-NPs deposited onto the sand surface resulting in lower C/C0 values. While at pH 7.0 237 

and 9.0, the zeta potential values of illite were -75.2 mV and -75.4 mV, which were less 238 

negative than those of quartz sand (-77.2 mV at pH 7.0; -88.8 mV at pH 9.0). Hence, PS-NPs 239 

preferentially deposited onto illite rather than quartz sand. Due to the similar zeta potentials 240 

and interaction energies (see Figure S3(b)), the breakthrough curves of PS-NPs in the 241 

presence of illite essentially overlapped over a pH range of 7.0 and 9.0. 242 

For all tested pH values, the magnitude of PS-NPs retention for kaolinite exceeded that 243 

of illite. At low pH (5.9), the transport-inhibiting effects of the clay minerals were mainly 244 

attributable to the existence of positively charged edge sites. Kaolinite contained positively 245 

charged edge sites, while the edge sites of illite were negatively charged. To further illustrate 246 

the importance of edge site charge effects, we performed a column experiment with 3% 247 

montmorillonite at pH 5.9 (see Figure 3(a)). Although the zeta potential of montmorillonite 248 

was more negative than that of kaolinite at pH 5.9 and the interaction energy between PS-NPs 249 

and montmorillonite was higher compared to PS-NPs and kaolinite, the mobility of PS-NPs in 250 

montmorillonite seemed to be similar to that observed for kaolinite (Figure 3(b)). Further, the 251 

particle size distribution of montmorillonite was almost identical to kaolinite (Figure S1). We 252 

propose that the edge sites charge of montmorillonite exerted a dominant influence on the 253 

mobility of PS-NPs. The pHPZC-edge value of montmorillonite is ~6.5 (Tombacz and Szekeres, 254 

2004), which is similar to that of kaolinite. At pH 5.9, the edge sites of montmorillonite are 255 

positively charged causing similar retention of PS-NPs.  256 

At pH 7.0, the (C/C0)max of PS-NPs was 72% in kaolinite and 95% in illite; the difference 257 

between the (C/C0)max values was 23%. In comparison, the (C/C0)max was 80% in kaolinite and 258 

96% in illite at pH 9.0; a difference of 16%. With increasing pH, the difference becomes 259 

smaller. As the surface charges of 1:1 clay mineral are mainly composed of the variable 260 

charge which depends on the pH, the zeta potential of kaolinite varies remarkably at different 261 

pH values (-38.1 mV at pH 5.9; -49.2 mV at pH 7.0; -69.6 mV at pH 9.0). However, the 262 
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surface potentials of 2:1 clay mineral are mainly related to the permanent charge that is 263 

insensitive to pH variations. Unlike kaolinite, the zeta potential of illite were relatively stable 264 

(-67.7 mV at pH 5.9; -75.2 mV at pH 7.0; -75.4 mV at pH 9.0). Despite this, the surface 265 

potential of illite was still more negative than that of kaolinite at the same pH, which led to 266 

less inhibition of PS-NPs transport in illite. 267 

 268 

Ionic strength-dependent transport-inhibition effects of different clay minerals 269 

As shown in Figure 4, at a pH value of 5.9, IS played an important role in the transport 270 

of PS-NPs in the columns. For kaolinite, the (C/C0)max decreased with increasing IS. At an IS 271 

of 10 mM NaCl, the (C/C0)max was ~51% and by increasing the IS to 50 mM NaCl the 272 

corresponding (C/C0)max dropped to ~ 0% (Figure 4(a)). A similar tendency also was found for 273 

illite (Figure 4(b)). As the clay content and pH were kept constant, edge site charge effects 274 

and physical straining can be ignored in the same clay mineral columns. Consequently, the 275 

influence of IS on the surface charge of both PS-NPs and the porous media was the 276 

controlling factor for the mobility of PS-NPs. The zeta potentials of PS-NPs were -78.9, -69.4, 277 

and -61.7 mV at 10, 30, and 50 mM NaCl (Table 1) while the zeta potentials of kaolinite were 278 

-38.1, -33.7 and -31.7 mV at 10, 30 and 50 mM NaCl, respectively. The surface charge of 279 

both particles and porous media became less negative due to the compression of the double 280 

layer with increasing IS. This mechanism could also be applied for illite. At higher IS, it is 281 

more favorable for PS-NPs to deposit on the surface of the clay minerals and sand. This is 282 

also supported by the DLVO theory in Figure S4.  283 

For all tested IS, retention effects were generally higher for kaolinite compared to illite. 284 

At pH 5.9, the pHPZC-edge value for kaolinite was ~6.5 and 2.5 for illite; thus the edge sites of 285 

kaolinite were positively charged and those of illite were negative. The positively charged 286 

edge sites of kaolinite provided favorable deposition sites for the negatively charged PS-NPs. 287 

Furthermore, the zeta potentials of illite are more negative compared to kaolinite at the same 288 

IS (Table 1). In addition, by comparing the PS-NPs-clay mineral interaction energy profile 289 

(Figure S4), both Φmax and Φmin of PS-NPs-illite were higher compared to PS-NPs-kaolinite at 290 

the same IS. Due to the similar size distribution of kaolinite and illite minerals, flow routes 291 

(pore-throat and dead-volume) can be considered as identical (i.e., physical straining effects 292 

can be ignored). 293 

 294 

Conclusion 295 

Clay minerals are important components of natural sediments. The findings here 296 

demonstrated how significantly transport and retention of NPs are controlled by the specific 297 

type and content of clay minerals, which are ubiquitous in natural subsurface environments. 298 

Variable charge sites, preferentially located at the edge sites of clay minerals and controlled 299 

by the pH of the pore water solution, provide favorable deposition sites for NPs. Apart from 300 

NPs, clay minerals are also widely used as adsorbents for environmental contaminants due to 301 

their unique charge properties. They can provide favorable deposition sites for various 302 

pollutants such as heavy metals and graphene oxide via electrostatic interactions (Uddin, 303 

2017). In addition, different clay minerals have different variable charges resulting in different 304 

extents of deposition. With the exception of variable charges, the permanent surface charge of 305 

clay minerals also depends on pore water chemistry (e.g., pH, IS), which affects the overall 306 
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particle–collector interaction energy. Natural sediments at the interface between the surface 307 

and subsurface flow domain (e.g., shallow aquifers or streambed sediments) often represent 308 

regions of sharp transitions in (bio-)geochemical and mineralogical properties (pH, IS, and 309 

redox potential). As the surface charge of clay minerals is controlled by the pH and IS, a non-310 

stationary condition in pore water chemistry will also affect the retention efficiencies for NPs 311 

of clay containing sediments. A sudden increase of the pH value or the solution IS, associated 312 

with fluctuations of the local groundwater level, may lead to the situation where previously 313 

adsorbed NPs are released into the pore water. Understanding the impact of such non-314 

stationary effects on the retention efficiencies of NPs in clay containing sediments is very 315 

important to better assess the transport behavior of NPs under environmentally relevant 316 

conditions and should be addressed in detail as part of future research. 317 

The small size of clay minerals results in narrow and complex flow pathways and 318 

contributes significantly to the physical straining in NPs transport; in particular, the porous 319 

media in the natural environment consists of clay mineral mixtures. Therefore, more studies 320 

are still needed to comprehensively understand how the complex interplay of porous media 321 

heterogeneity (e.g., clay minerals, iron oxides, and mineral sediments), particle 322 

physicochemical properties (e.g., surface charge), and solution chemistry (e.g., different ions 323 

species and natural organic matter) will affect the transport of NPs. 324 

 325 
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Table 1. Calculated maximum energy barriers (Φmax), secondary energy minimum depth 430 

(Φsec), and the respective separation distances of particle–collector DLVO interaction energy 431 

profiles 432 

Minerals  

Solution  

 

Φmax  Φsec 

pH IS 
height 

(KBT) 

distance 

(nm) 
 

depth 

(KBT) 

distance 

(nm) 

Quartz sand 

5.9 10 mM NaCl  318 0.5  -0.10 32 

5.9 30 mM NaCl  257 0.5  -0.44 15 

5.9 50 mM NaCl  162 0.5  -0.75 10 

7.0 10 mM NaCl  469 0.4  -0.10 32 

9.0 10 mM NaCl  625 0.4  -0.10 30 

Kaolinite 

5.9 10 mM NaCl  142 1.1  -0.10 30 

5.9 30 mM NaCl  116 0.8  -0.42 14 

5.9 50 mM NaCl  84 0.7  -0.72 10 

7.0 10 mM NaCl  239 0.8  -0.09 30 

9.0 10 mM NaCl  461 0.5  -0.09 32 

Illite 

5.9 10 mM NaCl  351 0.5  -0.09 32 

5.9 30 mM NaCl  314 0.4  -0.36 16 

5.9 50 mM NaCl  210 0.4  -0.62 11 

7.0 10 mM NaCl  459 0.4  -0.09 32 

9.0 10 mM NaCl  516 0.4  -0.09 32 

Montmorillonite 5.9 10 mM NaCl  273 0.6  -0.09 32 

  433 
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Table 2. Summary of  potential values of clay minerals and PS-NPs  434 

Solution chemistry   potential (mV) 

IS pH  Kaolinite Montmorillonite Illite Quartz sand PS-NPs 

10 mM NaCl pH 5.9  -38.1± 1.6 -56.5± 2.1 -67.7± 1.5 -63.4± 1.3 -78.9± 1.3 

10 mM NaCl pH 7.0  -49.2 3.7 -- -75.2 1.3 -77.2 1.6 -89.3 0.6 

10 mM NaCl pH 9.0  -69.6 1.0 -- -75.4 0.4 -88.8 3.6 -92.2 2.2 

30 mM NaCl pH 5.9  -33.7 0.9 -- -63.3 0.8 -55.7 2.6 -69.4 5.0 

50 mM NaCl pH 5.9  -31.7 0.1 -- -55.6 0.8 -47.6 0.1 -61.7 2.0 

Note: values after  sign represent the standard deviation of triplicates. -- mean not applicable. 

  435 
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436 

Figure 1. Effect of clay contents on the transport of PS-NPs in saturated porous media: (a) 437 

kaolinite (Table S1 Columns 2–4); (b) illite (Table S1 Columns 5–7) and (c) Derjaguin-438 

Landau-Verwey-Overbeek (DLVO) particle–collector interaction profiles. All BTCs were 439 

obtained under the conditions of 10 mM NaCl and pH 5.9.  440 
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 441 

Figure 2. pH-dependent transport-inhibition effects of different types of clay minerals: (a) 442 

kaolinite (Table S1 Columns 3, 8, and 9), and (b) illite (Table S1 Columns 6, 10, and 11); All 443 

BTCs were obtained under the conditions of 10 mM NaCl and constant clay mineral content 444 

(3%).  445 
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 446 

Figure 3. Effects of edge site charge on the PS-NPs transport: (a) breakthrough curves of PS-447 

NPs in columns packed with 3% montmorillonite or 3% kaolinite (Table S1 Columns 3 and 448 

16); the experiments were conducted under pH 5.9 and 10 mM NaCl; (b) particle–collector 449 

interaction profiles calculated by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.  450 
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 451 
Figure 4. Ironic strength-dependent transport-inhibition effects of different types of clay 452 

minerals: (a) kaolinite (Table S1 Columns 3, 12, and 13), and (b) illite (Table S1 Columns 6, 453 

14, and 15). All BTCs were obtained under the conditions of pH 5.9 and constant clay mineral 454 

content (3%).455 
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The procedures to clean quartz sand 

The sand was thoroughly washed by soaking in 0.1 M HCl for 3 h and then in 5 wt.% H2O2 

for 3 h. The sand was rinsed by Milli-Q (18.2 MΩ) water until the pH returned to that of Milli-

Q water. The washed sand was dried at 105°C for 24 h and stored for future use. 
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Calculation of DLVO interaction energy 

According to the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, the total 

interaction energy between particle and collector (VTOT) can be defined as the sum of two 

interactions, the attractive van der Waals interaction (VVDW) and the repulsive electrostatic 

double layer interaction (VEDL) (Hogg et al., 1966): 

TOT VDW EDLV V V= +                 (S1) 

The van der Waals interaction is calculated using the Hamaker approach and Gregory’s 

formulation (Gregory, 1981): 

14
6 1

NP
VDW

Ar
V

h
h



= −
 
+ 

 

            (S2) 

where A is the Hamaker constant for PS-NPs nanoparticles (9.25×10-21 J in quartz sand; 

8.15×10-21 J for clay minerals ) (Bayat et al., 2015), rNP is the radius of PS-NPs nanoparticles, 

h is the separation distance between PS-NPs and quartz sand surface or between PS-NPs and 

clay mineral surface, and λ is the characteristic wavelength of PS-NPs (λ = 100 nm). 

With the assumption of constant potential at the surface, the electrical double layer 

interaction can be calculated as (Elimelech and O'Melia, 1990):  

 2 2

0 1 2 1 2

1 exp( )
2 ln ( ) ln 1 exp( 2 )

1 exp( )
EDL NP r

h
V r h

h


      



  + −
= + + − −  

− −  
    (S3) 

where ε0 is the vacuum permittivity (8.85×10-12 C2/Jm), εr is the relative dielectric permittivity 

of water (78.4), 1 denotes the measured zeta potential of the PS-NPs; 2 corresponds to the 

zeta potential of quartz sand and clay minerals. These values were obtained by Tufenkji’s 

method (Tufenkji and Elimelech, 2004) and are listed in Table 2. κ is the Debye reciprocal 

length and can be calculated as (Russel et al., 1991): 
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where NA is the Avogadro number (6.02×1023 mol-1), e is the electron charge (-1.60×10-19 

C), I is the ionic strength of the background electrolyte, KB is Boltzmann constant (1.38×1023 

J/K), and T is Kelvin temperature (298 K). 
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To obtain the Hamaker constant for polystyrene-water-quartz sand (clay minerals) 

The Hamaker constant for polystyrene-water-quartz sand (A) is calculated by equation S2: 

𝐴 = (√𝐴11 − √𝐴33)(√𝐴22 −√𝐴33)           (S2) 

Where A11 is the Hamaker constant of polystyrene (7.85×10-20 J) (Henry, 2004); A22 is 

the Hamaker constant of quartz sand (8.86×10-20 J) and clay minerals (8.13×10-20 J) (Lu et al., 

2017); A33 is the Hamaker constant of water (3.7×10-20 J) (Israelachvili, 2011) 
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Table S1. Experimental protocols of column tests 

Column 

No. 
 

Column properties  Influent properties  

Porous media a 
Porosity 

(-) 

 
Background 

solution 
pH 

PS-NPs 

conc. 

(mg/L) 

1  Quartz sand 0.47  10 mM NaCl 5.9 16.1 

2  Quartz sand+1% kaolinite 0.47  10 mM NaCl 5.9 15.1 

3  Quartz sand+3% kaolinite 0.46  10 mM NaCl 5.9 15.1 

4  Quartz sand+5% kaolinite 0.45  10 mM NaCl 5.9 15.1 

5  Quartz sand+1% illite 0.47  10 mM NaCl 5.9 15.4 

6  Quartz sand+3% illite 0.46  10 mM NaCl 5.9 15.5 

7  Quartz sand+5% illite 0.45  10 mM NaCl 5.9 15.1 

8  Quartz sand+3% kaolinite 0.48  10 mM NaCl 7.0 16.0 

9  Quartz sand+3% kaolinite 0.46  10 mM NaCl 9.0 15.2 

10  Quartz sand+3% illite 0.47  10 mM NaCl 7.0 15.0 

11  Quartz sand+3% illite 0.48  10 mM NaCl 9.0 15.0 

12  Quartz sand+3% kaolinite 0.47  30 mM NaCl 5.9 15.7 

13  Quartz sand+3% kaolinite 0.46  50 mM NaCl 5.9 14.5 

14  Quartz sand+3% illite 0.46  30 mM NaCl 5.9 15.7 

15  Quartz sand+3% illite 0.47  50 mM NaCl 5.9 15.0 

16  Quartz sand+3% mont 0.45  10 mM NaCl  5.9 15.1 
a mont represents montmorillonite. 

  



Study 4 Supplementary material 

159 

Table S2. Hydrodynamic diameter (Dh) and electrophoretic mobility of PS-NPs as affected by 

pH and IS 

Solution chemistry 
Dh a 

(nm) 

EPM b 

(10-8 m2/V·s) 

10 mM NaCl, pH 5.9 112.4 -6.19 ± 0.10 

10 mM NaCl, pH 7.0 114.5 -7.00 ± 0.04 

10 mM NaCl, pH 9.0 124.7 -7.23 ± 0.17 

30 mM NaCl, pH 5.9 134.8 -5.44 ± 0.39 

50 mM NaCl, pH 5.9 129.2 -4.84 ± 0.15 

a Hydrodynamic diameter of PS-NPs nanoparticles based on DLS analysis. 
b Values after  sign represent standard deviation of three replicates. 
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Figure S1. Particle size distributions of different clay minerals 
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Figure S2. Calibration curves as absorbance at the wavelength of 220 nm versus PS-NPs 

concentration in suspension. 
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Figure S3. Comparison of particle–collector interaction energy profiles among different 

porous media at different pH: (a) kaolinite, (b) illite, and (c) quartz sand. 
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Figure S4. Comparison of particle–collector interaction energy profiles among different 

porous media at different IS: (a) kaolinite, (b) illite, and (c) quartz sand. 
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