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Abstract 

I 

Abstract 

The information on transport and retention behavior of functionalized multi-

walled carbon nanotubes (MWCNTs) in porous media is essential for environmental 

protection and remediation due to the wide applications of MWCNTs and lack of 

disposal regulations. The aim of this study is therefore to investigate: i) the attachment, 

transport, retention and remobilization of 
14

C-labeled functionalized MWCNTs in 

different porous media (quartz sand (QS), goethite-coated quartz sand (GQS), and 

soil), ii) co-transport of pollutants (chlordecone (CLD) and sulfadiazine (SDZ)) by 

MWCNTs, and iii) the role of surfactant on MWCNTs transport as a modeled soil 

remediation process, based on column and batch experiments at the environmentally 

relevant concentrations under various physiochemical conditions. The breakthrough 

curves (BTCs) and retention profiles (RPs) were determined and simulated based on 

advective- dispersive equation by using different numerical models that considered 

both time- and depth- dependent blocking functions.  

The effect of goethite coating on MWCNTs transport was conducted in 

mixtures of negatively charged QS and positively charged GQS. The linear 

equilibrium sorption model provided a good description of batch results, and the 

distribution coefficients (KD) drastically increased with the GQS fraction that was 

electrostatically favorable for retention. Similarly, retention of MWCNTs increased 

with the GQS fraction in packed column experiments. However, calculated values of 

KD on GQS were around two orders of magnitude smaller in batch than packed 

column experiments due to differences in lever arms associated with hydrodynamic 

and adhesive torques at microscopic roughness locations. Furthermore, the fraction of 

the chemically heterogeneous sand surface area that was favorable for retention was 

much smaller than the GQS fraction, presumably because nanoscale roughness 

produced shallow interactions that were susceptible to removal. These observations 

indicated that only a minor fraction of the GQS was favorable for MWCNT retention. 

These same observations held for several different sand sizes.  

In the saturated soil column experiments, BTCs for MWCNTs exhibited 

greater amounts of retardation and retention with increasing solution ionic strength 

(IS) or in the presence of Ca
2+

 in comparison to K
+
, and RPs for MWCNTs were 

hyper-exponential in shape. Fitted values of the retention rate coefficient and the 

maximum retained concentration of MWCNTs were higher with increasing IS and in 



 

II 

the presence of Ca
2+

 in comparison to K
+
.  Significant amounts of MWCNTs and soil 

colloids release was observed with a reduction of IS due to expansion of the electrical 

double layer, especially following cation exchange (when K
+
 displaced Ca

2+
) that 

reduced the zeta potential of MWCNTs and the soil. Analysis of MWCNTs 

concentrations in different soil size fractions revealed that >23% of the retained 

MWCNTs mass was associated with water-dispersible colloids (WDCs), even though 

this fraction was only a minor portion of the total soil mass (around 2.4%). More 

MWCNTs were retained on the WDC fraction in the presence of Ca
2+

 than K
+
.  These 

findings indicated that some of the released MWCNTs by IS reduction and cation 

exchange were associated with the released clay fraction, suggesting the potential for 

facilitated transport of MWCNTs by WDCs.  

The sorption and mobility of two 
14

C-labeled contaminants, the hydrophobic 

CLD and the readily water-soluble SDZ, in the absence or presence of MWCNTs 

were investigated by applying in the column studies at different injected times. The 

experimental results indicated that the presence of mobile MWCNTs facilitated 

remobilization of previously deposited CLD and its co-transport into deeper soil 

layers, while retained MWCNTs enhanced SDZ deposition in the topsoil layers due to 

the increased adsorption capacity of the soil. The modeling results then demonstrated 

that the mobility of MWCNTs in the soil and the high affinity and entrapment of 

contaminants to MWCNTs were the main reasons for MWCNT-facilitated 

contaminant transport. On the other hand, immobile MWCNTs had a less significant 

impact on the contaminant transport, even though they were still able to enhance the 

adsorption capacity of the soil. 

An outlook study about the effect of surfactant on the transport of MWCNTs 

in QS and GQS was conducted in the presence of the sodium 

dodecylbenzenesulfonate (SDBS, anionic surfactant) or Triton
®

 X-100 (TX100, 

nonionic surfactant). The adsorption of TX100 and SDBS on QS and GQS followed 

the order GQS > QS due to the higher surface area and surface charge of GQS. High-

affinity type adsorption isotherms of TX100 and SDBS on MWCNTs were found. 

Transport results indicated that the mobility of MWCNTs was highly sensitive to the 

type of surfactant, the input concentration of surfactant, and the properties of porous 

media.  

In conclusion, all results mentioned above provided important insight into 

MWCNTs mobility in the subsurface environment. 



Zusammenfassung 

III 

Zusammenfassung 

Aufgrund des breiten Anwendungsbereiches von funktionalisierten 

mehrwandigen Kohlenstoffnanoröhrchen (MWCNTs), sowie Lücken in der 

Regulierung in der Entsorgung ist es für den Umweltschutz und die Sanierung von 

essentieller Bedeutung, Erkenntnisse über den Transport und die Retention von 

MWCNTs in porösen Medien zu gewinnen. Ziel dieser Arbeit ist es i) die Anlagerung, 

Transport, Retention und Remobiliserung von 
14

C radioaktiv-markierten MWCNTs in 

unterschiedlichen porösen Medien (Quarzsand (QS), goethit-beschichteten Quarzsand 

(GQS) und Boden), ii) den Kotransport von Schadstoffen (Chlordecon (CLD) und 

Sulfadiazin (SDZ)) durch MWCNTs und iii) den Einfluss von Tensiden auf den 

Transport von MWCNTs in einem Modell-Bodensanierungsprozess zu untersuchen. 

Hierfür wurden Säulen- und Batchexperimente mit umweltrelevanten MWCNTs- 

Konzentrationen bei verschiedenen physikochemischen Bedingungen durchgeführt. 

Die experimentellen Durchbruchskurven (DBK) und Retentionsprofile (RP) wurden 

basierend auf der Advektions-Dispersionsgleichung durch Anwendung von 

verschiedenen numerischen Modellen, welche die zeit- als auch tiefenabhängige 

„Blocking“- Funktion berücksichtigen, simuliert. 

Der Einfluss von Goethit auf den Transport von MWCNTs wurde in einer 

Mischung aus negativ geladenen QS und positiv geladenen GQS durchgeführt. Die 

Batchergebnisse konnten mit dem verwendeten linearen Gleichgewichts-

Sorptionsmodell gut beschrieben werden. Mit zunehmender GQS- Fraktion, welche 

elektrostatisch günstig für Retention war nahm der Verteilungskoeffizient (KD) 

drastisch zu. Auch in gepackten Säulen nahm die MWCNTs- Retention in mit 

steigender Goethit- Fraktion zu. Jedoch waren in Batchversuchen verglichen mit den 

Säulenversuchen die berechneten Werte von KD bei GQS um zwei Größenordnungen 

kleiner, basierend auf  unterschiedlichen hydrodynamischen und adhäsiven 

Drehmomenten an mikroskopisch rauen Stellen der Kollektoroberfläche. Zudem war 

im gemischten porösen Medium die Oberfläche, welche günstig für Retention war 

viel kleiner als die Goethit- Fraktion. Vermutlich löst die nano- skalige Rauigkeit der 

Sandoberfläche Interaktionen aus, welche die Retention von MWCTs kontrollieren. 

Diese Beobachtungen liefern Hinweise, dass nur eine geringe Fraktion des GQS für 

die Retention von MWCNTs günstig war. Gleiches konnte für verschiedene Sand-

Korngrößen beobachtet werden.  
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DBKs von MWCNTs zeigten in gesättigten Bodensäulenversuchen größere 

Retardation und Retention mit zunehmender Ionenstärke (IS) oder in der Anwesenheit 

von Ca
2+

 im Vergleich zu K
+
. RPs von MWCNTs zeigten ein hyper-exponentielles 

Tiefenprofil. Die simulierten Werte des Retentionsrate Koeffizienten und die 

maximale zurückgehaltene Konzentration an MWCNTs waren mit zunehmender IS 

und in Anwesenheit von Ca
2+

 im Vergleich zu K
+
 höher. Eine signifikante Menge an 

freigesetzten MWCNTs und Bodenkolloiden wurde bei der Reduzierung der IS und 

die dadurch verursachte Erweiterung der elektrischen Doppelschicht beobachtet, 

besonders nach einem Kationenaustausch (K
+
 ersetzte Ca

2+
), welches das 

Zetapotential von MWCNTs und dem Boden reduzierte. Analysen der MWCNTs- 

Konzentrationen in verschiedenen Bodengrößen-Fraktionen ergaben, dass >23% der 

zurückgehaltenen MWCNTs mit wasser- dispergierbaren Kolloiden (WDCs) 

assoziiert waren, obwohl diese Fraktion nur einen geringen Anteil des Bodens 

ausmachte (ca. 2.4%). Mehr MWCNTs wurden an der WDC Fraktion zurückgehalten 

in Anwesenheit von Ca
2+

 als in Anwesenheit von K
+
. Diese Ergebnisse zeigen, dass 

ein Teil der durch IS Reduzierung und Kationenaustausch freigesetzten MWCNTs mit 

der freisetzten Tonfraktion assoziiert waren und so ein Potential für den erleichterten 

Transport von MWCNTs durch WDC vermuten lassen.  

Die Sorption und Mobilität von zwei 
14

C-markierten Schadstoffen (das 

hydrophobe CLD und das wasserlösliche SDZ) wurden in An- und Abwesenheit von 

MWCNTs in Säulenversuchen bei verschiedenen Injektionsreihenfolgen untersucht. 

Die experimentellen Ergebnisse zeigten, dass die Anwesenheit von mobilen 

MWCNTs die Remobiliserung von zuvor angelagerten CLD fördern und dessen 

Kotransport in tiefere Bodenschichten aufgrund der zunehmenden 

Adsorptionskapazität des Bodens erleichtern. Dagegen verstärken die verbleibenden 

MWCNTs die Deposition von SDZ in den oberen Bodenschichten aufgrund der 

zunehmenden Adsorptionskapazität des Bodens. Die modellierten Ergebnisse 

demonstrieren, dass die Mobilität von MWCNTs im Boden und die hohe Affinität 

von Schadstoffen zu MWCNTs sowie deren Einschluss durch MWCNTs der 

Hauptgrund für den durch MWCNTs erleichterten Schadstoff-Kotransport war. 

Andererseits hatten immobile MWCNTs weniger signifikanten Einfluss auf den 

Schadstofftransport, obwohl sie in der Lage sind die Adsorptionskapazität des Bodens 

zu verstärken. 
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Vorversuche mit Natriumdodecylbenzolsulfonat (SDBS, anionisches Tensid) 

und Triton
®

 X-100 (TX100, nicht ionisches Tensid) in QS und GQS wurden 

durchgeführt, um den Effekt von Tensiden auf den MWCNTs Transport zu 

untersuchen. Die Adsorption von TX100 und SDBS an QS und GQS folgte der Reihe 

GQS > QS > aufgrund der größeren Oberfläche und Oberflächenladung von GQS. Für 

TX100 und SDBS an MWCNTs wurde ein Hochaffinität- Adsorptionsisotherme 

gefunden. Die Transportergebnisse wiesen darauf hin, dass die Mobilität von 

MWCNTs stark sensitiv bezogen auf den Tensidtyp und –konzentration, sowie die 

Eigenschaften des porösen Mediums war. 

Zusammenfassend zeigen alle oben genannten Ergebnisse einen wichtigen 

Einblick auf die Mobilität von MWCNTs in der Umwelt. 
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Introduction 

1 

1. Introduction
1
 

In nanotechnology, manufactured or engineered nanoparticles (ENPs), which 

are generally sized between 1 and 100 nanometers, had dramatically increasing 

applications in the last decade. Due to the unique electronic, chemical, and physical 

properties by their fine size, ENPs are widely used in various applications such as 

cosmetics, medical devices, environmental remediation, electronics and plastics 

(Åkerman et al. 2002, Harris et al. 2006, Lowry and Casman 2009, Nowack and 

Bucheli 2007). Considering their wide use and lack of disposal regulations, ENPs are 

expected to ultimately lead to the release into the environment (Boxall et al. 2007, 

Gottschalk et al. 2009). Thus, understanding their fate, mobility, toxicity and 

bioavailability is needed. In this study, transport, co-transport and retention of 

functionalized multi-walled carbon nanotubes (MWCNTs) in different porous media 

were conducted to assess their fate in the environment. 

 

1.1 Carbon nanotubes and their applications 

Carbon nanotubes (CNTs) are allotropes of carbon with a needle-shaped 

nanostructure (Iijima 1991, Mauter and Elimelech 2008). CNTs are members of 

the fullerene structural family and are categorized as single-walled CNTs (SWCNTs), 

which are individual graphene tubes, and multi-walled CNTs (MWCNTs), which 

consist of more than two graphene tubes. The schematic illustrations of SWCNT 

(Figure 1.1a) and MWCNT (Figure 1.1b) are shown in Figure 1.1. 

 

                                                 
1
 Contains parts from “Resubmitted to Environmental Pollution, Miaoyue Zhang, Irina Engelhardt, 

Jirka Šimůnek, Scott A. Bradford, Daniela Kasel,  Anne E. Berns, Harry Vereecken, Erwin Klumpp, 

Co-transport of chlordecone and sulfadiazine in the presence of functionalized multi-walled carbon 

nanotubes in soils, 2016”,  “In press in Environmental Science & Technology, Miaoyue Zhang, Scott 

A. Bradford, Jirka Šimůnek, Harry Vereecken, and Erwin Klumpp, Do Goethite Surfaces Really 

Control the Transport and Retention of Multi-Walled Carbon Nanotubes in Chemically Heterogeneous 

Porous Media?, 2016”, and “Under revision in Water Research, Miaoyue Zhang, Scott A. Bradford, 

Jirka Šimůnek, Harry Vereecken and Erwin Klumpp, Roles of Cation Valance and Exchange on the 

Retention and Colloid-Facilitated Transport of Functionalized Multi-walled Carbon Nanotubes in a 

Natural Soil, 2016 ”.     

http://en.wikipedia.org/wiki/Nanotechnology
http://en.wikipedia.org/wiki/Allotropes_of_carbon
https://en.wikipedia.org/wiki/Fullerene
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Figure 1.1 Schematic illustrations of a single-walled carbon nanotube (a) and a multi-

walled carbon nanotube (b). Reprinted from Tan et al. (2011). 

 

 Structures, properties and applications 

  Unlike most spherical ENPs, CNTs have the cylindrical nanostructure, and 

exhibit high surface areas and a high aspect ratio even up to 132,000,000:1 (Jaisi et al. 

2008, Wang et al. 2009). Similar to the graphite, CNTs are composed entirely of sp
2 

bonds, which provide their unique and high specific strength up to 48,000 kN·m·kg
-1

 

(Das 2013, Eatemadi et al. 2014, Maynard 2007). CNTs have been utilized in 

numerous commercial applications due to their unique properties (Gannon et al. 2007, 

Gohardani et al. 2014, Liu et al. 2009b). The low weight of CNTs can result in 

significantly improved mechanical properties and electrical conductivity in 

biodegradable polymer composites (Chahine et al. 2014, Lalwani et al. 2013, 

Newman et al. 2013, Penza et al. 2004). Due to the extraordinary thermal conductivity 

and electrical properties, CNTs can form carbon nanotube field-effect transistors, 

electrical cables and wires (Janas et al. 2014, Postma et al. 2001). CNTs have also 

been used for other promising applications in batteries due to their exciting electronic 

properties (de las Casas and Li 2012), solar cells because of strong UV/Vis-NIR 

absorption characteristics (Guldi et al. 2005), hydrogen storage (Jones and Bekkedahl 

1997) and radar absorption (Lin et al. 2008, Liu et al. 2007). Except that, CNTs 

exhibit strong sorption capacities of heavy metals, radionuclides, and organic 

compounds. Therefore they can be considered as absorbents for environmental 

remediation and water treatment (Camilli et al. 2014, Mauter and Elimelech 2008, 

Pan and Xing 2012, Zhang et al. 2010). 
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Surface modification 

For the increasing applications of CNTs, stable CNT suspensions are required. 

However, CNTs are generally with hydrophobic surface, which undoubtedly hinder 

their dispersion in solvents. Thus, surface modification/functionalization of CNTs by 

oxidation with strong acids (e.g., HNO3, HNO3/H2SO4, or H2O2), adsorbing surfactant, 

or adding polymers (Liu 2005, Moore et al. 2003, Smith et al. 2009, Sun et al. 2002) 

is generally applied for facilitating the formation of well-dispersed CNT suspensions. 

The surface oxidation with strong acids was also used for purification of CNTs to 

remove amorphous carbon and metal impurities (Peng and Liu 2006, Xing et al. 

2005) . 

After functionalization/oxidation with strong acid, more oxygen-containing 

functional groups onto CNTs were observed. This process is summarized in Figure 

1.2. The oxidation process does not significantly change the physical/structural 

characteristics of CNTs (Cho et al. 2008), but result in a few effects on the chemical 

composition of CNTs. Consequently, the zeta potential, water solubility, and 

aggregation state of CNTs in water change (Chen et al. 2004, Saltiel et al. 2005, Wu 

et al. 2013). In addition, oxidized CNTs have lower sorption capacity of hydrophobic 

organic substances such as naphthalene and natural organic matter which are 

determined by hydrophobic π-π interactions (Cho et al. 2008, Smith et al. 2012) and 

stronger sorption capacity of divalent cations such as Zn
2+

 and Cd
2+

 due to the 

interaction with the negatively charged surface oxides (Cho et al. 2010). Thus, surface 

oxidation of CNTs will undoubtedly influence the transport and retention behavior of 

CNTs in porous media.  

 

Figure 1.2 Oxidation of carbon nanotubes (CNTs). Modified from Grassian (2008). 

 

Another method for surface modification of CNTs is addition of surfactants or 

polymers. Moore et al. (2003) used a series of anionic, cationic, and nonionic 

surfactants and polymers to test the ability of suspending CNTs. The results showed 
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that sodium dodecylbenzenesulfonate (SDBS) had the most well resolved spectral 

features for the ionic surfactant especially for anionic surfactants, and the size of the 

hydrophilic group and molecular weight of nonionic surfactants or polymers 

determined the CNTs suspended. In addition, surfactants also influence the transport 

behavior of CNTs in porous media, and the interactions between clay minerals and 

CNTs (Han et al. 2008, Lu et al. 2013, Lu et al. 2014).  

 

Toxicity and risk management 

The toxicity and risk management of ENPs like CNTs have been an important 

issue for nanotechnology applications due to the widespread use and lack of disposal 

regulations. Available literature indicates that CNTs are biologically non-degradable, 

and they are therefore expected to be very persistent in the environment (Lam et al. 

2004). Several potential health risks of CNTs in environmental ecosystems have been 

identified (Farré et al. 2009, Lam et al. 2006). An understanding of factors that 

influence the transport and fate of CNTs in soils and groundwater is needed to assess 

the potential risks that CNTs pose to humans and ecosystems.   

Current studies indicated that parameters such as structure, size distribution, 

surface area, surface charge and aggregation state as well as the purity of CNTs have 

considerably affected the ecotoxicity of CNTs. Generally, the cellular uptake 

mechanism used for the toxic studies of CNTs is affected by physicochemical 

properties (e.g., structure, size, surface area and aggregation).  Kam et al. (2006) 

found that short SWCNTs with various functionalizations can easily transport proteins 

and oligonucleotides into living cells. Wick et al. (2007) suggested that the 

cytotoxicity of CNTs were affected by the degree and kind of agglomeration of CNTs. 

Cheng and Cheng (2012) found that the length of CNTs and sonication time for CNTs 

dispersed influenced their toxicity in zebrafish embryos. Kang et al. (2008) 

demonstrated that the diameter of CNTs influenced the cytotoxicity of CNTs, and 

SWCNTs were more toxic to bacteria than MWCNTs. Surface charge of CNTs can 

affect their size distribution, aggregation state and the adsorption capacity of ions (Chi 

et al. 2016, Simon-Deckers et al. 2009). For example, acid-functionalized SWCNTs 

exhibited greater toxicity and cytotoxicity to embryo than pristine SWCNTs (Saxena 

et al. 2007). Mouchet et al. (2016) indicated that the toxicity of different aquatic 

organisms may be due to physiological effects in relation to the ingestion of CNTs. 

Based on the cellular uptake mechanism, the environmental exposure of CNTs may 
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result in toxic effects to animals and plants (Grubek-Jaworska et al. 2006, Schwab et 

al. 2011, Smith et al. 2007).  

 

1.2  Transport of engineered nanoparticles especially carbon 

nanotubes in porous media 

ENPs may release into the environment like subsurface by via injection wells, 

leaking, and landfills during their manufacture, transport, application, and disposal 

(Grassian 2008). To date, numerous studies investigated the fate and transport 

behavior of ENPs in different porous media, indicating that the transport and retention 

of ENPs was sensitive to the structure of ENPs (O’Carroll et al. 2013, Wang et al. 

2012d), ionic strength (IS) (Han et al. 2014, Tian et al. 2012c), Darcy velocity (Liang 

et al. 2013b, O’Carroll et al. 2013), grain size of the porous media (Kasel et al. 2013a, 

Mattison et al. 2011), in the presence of surfactant (Lu et al. 2013, Lu et al. 2014), 

organic matter  (Wang et al. 2012b, Yang et al. 2013),  and/or clay particles (Cai et al. 

2014, Liang et al. 2013a). However, investigations on CNTs transport in chemically 

heterogeneous porous media (goethite coated quartz sand or soil), remobilization of 

retained CNTs, and the association with soil colloids still have limited attention.  

The stability and aggregation of CNTs plays an important role in their fate and 

transport behavior in the subsurface. The stabilization of CNTs could be affected by 

the solution chemistry, surface oxidation, in the presence of surfactant, organic matter, 

and clay minerals, which could alter the surface charge of CNTs and influence 

electrostatic repulsive forces (Han et al. 2008, Jaisi and Elimelech 2009, Jaisi et al. 

2008, Lu et al. 2013, Smith et al. 2009, Smith et al. 2012, Tian et al. 2012b). Tian et al. 

(2012a) found that SWCNTs exhibited high mobility in the saturated and unsaturated 

porous media by all three surface modified (oxidation, surfactant coating, and humic 

acid coating). Jiasi et al. (2008) showed that SWCNTs retention was sensitive to the 

IS, cation valence, and the retention of SWCNTs increased as IS increased or by 

addition of calcium ions. Lu et al. (2013, 2014) demonstrated that the CNTs stabilized 

by different surfactants such as SDBS, octyl-phenolethoxylate (TX100) and 

cetylpyridinium chloride (CPC) exhibited different mobility. Enhanced mobility of 

CNTs was also observed when the CNTs suspension was in the presence of humic 

acid (Jaisi et al. 2008, Wang et al. 2008). Han et al. (2008) found that clay minerals 
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(kaolinite and montmorillonite) could influence the stability of surfactant stabilized 

MWCNTs suspensions, but this effect also depended on the type of surfactant. 

In general, the structure, morphology and size of CNTs would influence their 

physicochemical properties such as surface area, adsorption affinity, and straining 

process in porous media. Wang et al. (2012d) investigated MWCNTs with the same 

diameter and different lengths, and found that the retention of MWCNTs was 

increased as the length of MWCNTs increased. O´ Carroll et al. (2013) suggested that 

smaller diameter of MWCNTs were less mobile in comparison to the larger ones, 

which was likely due to the enhanced Brownian motion leading to more collisions 

between the MWCNTs and the porous media. The properties of porous media also 

influence the mobility and retention of CNTs. CNTs exhibited higher retention in the 

finer textured sand due to a greater number of retention sites (Kasel et al. 2013a, 

Mattison et al. 2011). 

The flow rate during the colloid transport behavior also plays an important role, 

which influence the hydrodynamic conditions and mass transfer rate between solid 

phase and liquid phase during the transport (Bradford et al. 2011a, Bradford et al. 

2011b). Liu et al. (2009a) found the mobility of CNTs increased significantly as the 

flow rate increased.  

To date, most studies on CNTs transport mentioned above were performed in 

model soil systems such as quartz sand or glass beads, which do not reflect the full 

complexity and heterogeneity of natural soils (e.g. complex grain size distribution and 

pore structure, surface roughness, and chemical heterogeneity). Kasel et al. (2013b) 

found limited transport of functionalized MWCNTs in undisturbed and unsaturated 

soils. Fang et al. (2013) showed that the mobility of CNTs suspended in a nonionic 

surfactant solution varied with the size of soil particles and the soil's sand content, and 

was negatively correlated to the soil's clay content. However, the number of 

investigations on CNTs transport in soil is still limited. No research studies have 

systematically examined the influence of soil chemical heterogeneities on the 

transport and fate of functionalized CNTs. Furthermore, the detachment or release of 

retained engineered nanoparticles (ENPs) like CNTs from the solid phase is also 

important for predicting the ultimate fate and transport of ENPs in the subsurface, but 

has received little research attention. There are even fewer studies on the effects of 

CNTs on the mobility of other solutes and compounds, such as organic and inorganic 

contaminants, and surfactant in porous media. In addition, most of studies on CNTs 
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transport only determine the breakthrough curves (BTCs). The information on 

retention profiles (RPs) in the solid phase is scarce. RP also provides important 

information on the transport and retention mechanisms for ENPs transport (Bradford 

and Bettahar 2005). More research is needed for a better understanding on the 

transport and retention of CNTs in different porous media under various conditions. 

 

1.3 Co-transport of chemicals by engineered nanoparticles in 

porous media 

In general, colloids (e.g., suspended nanoparticles, clay particles, and metal 

oxides) in the subsurface can act as carriers for contaminants or other chemicals 

because of their mobility and large sorption capacity. This process is often defined as 

“colloid-facilitated contaminant transport” (co-transport) (Bradford and Kim 2010, 

Šimůnek et al. 2006, Šimůnek et al. 2012). Many studies have demonstrated that 

contaminants were transported not only in the dissolved form, but also as sorbed to 

the mobile colloids (Grolimund et al. 1996, Mansfeldt et al. 2004, Šimůnek et al. 2006, 

Thiele‐Bruhn 2003, Von Gunten et al. 1988). This information is important for 

environmental protection and risk assessment for both contaminants and colloids. 

However, only very few studies have investigated the co-transport between 

ENPs and contaminants (Hofmann and Von der Kammer 2009, Zhang et al. 2011). 

These studies reported that ENPs affect the contaminant transport if nanoparticles 

have a strong mobility in porous media, a high adsorption capability, or if they are 

present in high concentrations. These studies used a mixture of ENPs and 

contaminants or assumed that the sorption equilibrium was reached. However, it is 

relatively unlikely that ENPs and contaminants are simultaneously released into the 

environment or are in sorption equilibrium before being released. Recent studies have 

additionally reported that various organic or inorganic contaminants such as pesticides, 

antibiotics, and heavy metals can sorb to and be transported by CNTs (Jośko et al. 

2013, Kim et al. 2014, Luo et al. 2013, Ren et al. 2011). An important implication of 

the CNTs presence in the environment is that they may significantly affect the fate of 

various contaminants and that they may potentially be used for their remediation. To 

the best of our knowledge, there has been no soil columns experimental and numerical 

analysis concerning the fate and transport of CNTs and contaminants that were not 

released simultaneously. Such studies could simulate a possible soil remediation 
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scenario when CNTs are released, either on purpose or accidentally, into an initially 

contaminated soil.   

 Surfactants are often used for CNTs stabilization. Lu et al. (2013, 2014) 

demonstrated that surfactant could significantly influence the transport of CNTs in 

porous media, which also can be seen as a co-transport process. However, these 

studies were performed at a higher input concentration of CNTs with a lower 

concentration of surfactant. The total concentration of surfactants that discharges in 

municipal sewer is about 20-70 mg L
-1

 (Matthijs et al. 1999), which is much greater 

than the discharged concentration of MWCNTs as predicted (Gottschalk et al. 2009). 

Surfactants at these concentrations could be efficient enough to stabilize CNT 

suspension when both surfactant and CNT release into environment due to their 

applications. The effect of surfactant with a higher input concentration than CNTs on 

CNTs transport has limited attention. 

 

1.4 The role of soil colloids for engineered nanoparticles transport 

Soil colloids play an important role for ENPs transport, retention, and 

remobilization. Liang et al. (2013a) suggested the potential for soil colloids to 

facilitate silver nanoparticles transport in undisturbed and unsaturated soil due to the 

IS reduction and cation exchange. Cai et al. (2014) found the clay particles (bentonite 

and kaolinite) could enhance the titanium dioxide nanoparticles (nTiO2) breakthrough 

in quartz sand in both NaCl and CaCl2 solutions, and the attachment of nTiO2 onto 

clay particles were observed under all experimental conditions. Han et al. (2008) also 

found that the clay minerals could affect the stability of the CNTs suspension 

modified by surfactants. Water-dispersible colloids (WDCs) are indicators for mobile 

soil colloids (de Jonge et al. 2004); e.g., WDCs are particles from the soil clay 

fraction that are less than 2 µm in size that are easily dispersible from soil with 

aqueous solution (Jiang et al. 2012, Jiang et al. 2014).  Knowledge of the interaction 

and association between ENPs and WDCs is therefore important for better 

understanding the fate of ENPs in soil. However, the effects of perturbations in 

solution chemistry on the release and colloid-facilitated transport of MWCNTs in soil 

have not yet been studied; let alone the association between MWCNTs and soil 

colloids. 
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Clay particles also play an important role on ENPs retention in porous media 

(Wang et al. 2012a, Wang et al. 2013). Iron (Fe) and aluminum (Al) oxyhydroxides 

are the most common source of surface charge heterogeneity in natural aquatic 

environments. Both Fe and Al oxyhydroxides are amphoteric minerals that have 

relatively high points of zero charge. The zero point of charge for Fe and Al 

oxyhydroxides is reported to be 7.5 and 9 (Parks 1965), respectively. These minerals 

adsorb protons and acquire a net positive surface charge in aquatic environments that 

are below their zero point of charge. In contrast, common silica minerals exhibit a net 

negative surface charge at ambient pH values because of their lower zero point of 

charge (Alvarez-Silva et al. 2010). Natural porous media therefore often exhibit 

surface charge heterogeneity. An electrostatic interaction of functionalized CNTs is 

expected to be “favorable” on positively charged Fe and Al hydroxyoxides and 

“unfavorable” on negatively charged silica minerals under neutral pH conditions. In 

addition, a number of experimental and theoretical studies have demonstrated the 

important role of roughness on colloid and nanoparticle retention (Bradford and 

Torkzaban 2015, Torkzaban and Bradford 2016). Nanoscale roughness on 

macroscopically “unfavorable” surfaces locally reduces the energy barrier height to 

create regions where particle interaction in a primary minimum is “favorable” 

(Bradford and Torkzaban 2013, Bradford and Torkzaban 2015). The combination of 

nanoscale roughness and Born repulsion on a macroscopically “favorable” surface 

also creates a shallow primary minimum where interacting particles are susceptible to 

diffusive or hydrodynamic removal (Bradford and Torkzaban 2013, Bradford et al. 

2015). Consequently, the question arises whether iron oxide coated surfaces are truly 

favorable to CNT retention. No research studies have systematically examined the 

influence of soil chemical heterogeneities on the transport and fate of functionalized 

CNTs.  

 

1.5 Chlordecone and sulfadiazine 

Chlordecone (CLD, C10Cl10O), which is also known as kepone, is a highly 

chlorinated pesticide. Although almost 20 years after the prohibition, the residual 

CLD still contaminate soils, fresh and coastal waters, aquatic biota, and crops due to 

its long-term application (Cabidoche and Lesueur-Jannoyer 2012). CLD, is a known 

persistent organic pollutants (POP) related to Mirex and 
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dichlorodiphenyltrichloroethane (DDT) (Metcalf 2000). The molecular structure of 

CLD is shown in Figure 1.3. 

 

 
 

Figure 1.3 Structural formula of chlordecone.  

 

Antibiotics widely used in animal and human medicine lead to their release 

into the environment (Pailler et al. 2009, Sun et al. 2014, Tamtam et al. 2008). The 

major risk of antibiotics in environment is the development and spreading of resistant 

pathogens that can reach the food chain via drinking water or the root uptake by 

plants (Dolliver et al. 2007, Kemper 2008). Sulfadiazine (SDZ, 4-amino-N-pyrimidin-

2-yl-benzenesulfonamide) is a widely used sulfonamide antibiotic (Sittig et al. 2014, 

Unold et al. 2009, Wehrhan et al. 2007). The molecular structure of sulfadiazine is 

shown in Figure 1.4. 

 

 

Figure 1.4 Molecular structure of sulfadiazine. Reprinted from Wehrhan et al. 

(2007). 
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1.6 Objectives of the thesis 

This study aims to gain important insights into the transport and co-transport 

behavior of functionalized MWCNTs at environmentally relevant concentrations in 

different porous media. Both breakthrough curves (BTCs) and retention profiles (RPs) 

were determined and simulated. The objectives of the thesis included: 

Transport and retention of carbon nanotubes in goethite coated quartz 

sand - In order to understand the mechanism of MWCNTs transport in heterogeneous 

porous media, the attachment, transport, and retention of MWCNT at low 

concentration in both batch and column experiments in a chemically heterogeneous 

porous medium with different mass ratios of quartz sand (QS) and goethite coated 

quartz sand (GQS) were investigated (Chapter 4.1). Several different sand grain sizes 

were applied in these experiments. Measured and simulated BTCs and RPs provided 

an improved understanding of MWCNT retention in chemically heterogeneous porous 

media, especially on the role of electrostatically “favorable” surfaces. 

Transport and retention of carbon nanotubes in soil - To better understand roles of 

soil colloids, solution IS, and cation type on the transport, retention and release 

behavior of functionalized MWCNTs (1 mg L
-1

) in a natural soil, both BTCs and RPs 

for MWCNTs were determined in column experiments, and a numerical model was 

employed to simulate their fate in soil (Chapter 4.2). The retained concentration of 

MWCNTs was subsequently determined for different soil size fractions (e.g., sand, 

silt, and water dispersible colloids (WDCs)) in order to investigate the interaction or 

association between soil colloids and MWCNTs. Furthermore, experiments were 

conducted to study the release of soil colloids and MWCNTs due to perturbations in 

solution chemistry (e.g., IS reductions and cation exchange).  

Co-transport of chlordecone and sulfadiazine in soils in the presence of carbon 

nanotubes – In order to investigate the sorption and mobility of both contaminants in 

the absence and presence of functionalized MWCNTs, the transport behavior of 

MWCNTs in combination with the contaminants was studied by analyzing adsorption 

isotherms, as well as BTCs and RPs (Chapter 4.3). The column data were analyzed 

using the C-Ride module (Šimůnek et al. 2012) of HYDRUS-1D (Šimůnek et al. 

2016), which accounts for advective-dispersive transport of both colloids and 

contaminants, attachment, detachment and straining of colloids, and kinetic sorption 

of contaminants to both soil and colloids.  
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Influence of surfactant on carbon nanotubes transport in porous media – To 

better understand the role of surfactant for MWCNTs transport in porous media, the 

adsorption isotherms of sodium dodecylbenzenesulfonate (SDBS, anionic surfactant) 

and Triton
®

 X-100 (TX100, nonionic surfactant) on QS, GQS, and MWCNTs were 

determined (Chapter 4.4). The transport behavior of MWCNTs in QS or GQS was 

investigated determining BTCs of MWCNT, TX100, and SDBS. The results provided 

important insights into the potential of surfactants to facilitate the transport of 

MWCNTs in the subsurface environment. 
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2. Theoretical background
2
 

2.1 Transport of engineered nanoparticles in saturated porous 

media 

The mass transfer process of colloids/ENPs from water phase to solid phase 

involves two major mechanisms: solid-water interface attachment and pore straining 

(Grassian 2008). The solid-water interface attachment includes particle-solid 

(particle-surface) interactions such as electrostatic, van der Waals, and hydrophobic 

interactions, and colloidal movement by Brownian diffusion, sedimentation, and 

interception (Grassian 2008).  

 

2.1.1 Stability and aggregation of engineered nanoparticles  

 Similar to colloids, the transport behavior of ENPs also strongly depends on 

their stability and aggregation behavior. This stability and aggregation behavior of 

ENPs is controlled by the electrostatic interactions including particle-particle and 

particle-surface interactions. Generally, both colloids/ENPs and porous media have 

charged surface in water and therefore attract the counter ions, resulting in an electric 

double layer (Stern layer and diffuse layer) and creating the potential for solid-water 

interface attachment (Grassian 2008). Zeta potential is the electric potential at the 

boundary between the Stern and diffuse layers in colloidal suspensions, which has a 

strong impact on the stability and mobility of ENPs in porous media (Grassian 2008).  

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Grassian 2008, Petosa 

et al. 2010) can be used to describe the stability of colloids/ENPs suspension by 

calculating the total potential energy. The total potential energy (Wtpe) is described as 

the sum of the electrical double layer repulsion energy (Wedl, repulsion potential) and 

the van der Waals attraction energy (Wvdw, attraction potential). The schematic 

depiction of DLVO theory is presented in Figure 2.1, which shows the total potential 

energy as a function of distance of particle-particle or particle-surface. The primary 

                                                 
2 Contains parts from “Resubmitted to Environmental Pollution, Miaoyue Zhang, Irina Engelhardt, 

Jirka Šimůnek, Scott A. Bradford, Daniela Kasel,  Anne E. Berns, Harry Vereecken, Erwin Klumpp, 

Co-transport of chlordecone and sulfadiazine in the presence of functionalized multi-walled carbon 

nanotubes in soils, 2016”,  “In press in Environmental Science & Technology, Miaoyue Zhang, Scott 

A. Bradford, Jirka Šimůnek, Harry Vereecken, and Erwin Klumpp, Do Goethite Surfaces Really 

Control the Transport and Retention of Multi-Walled Carbon Nanotubes in Chemically Heterogeneous 

Porous Media?, 2016”, and “Under revision in Water Research, Miaoyue Zhang, Scott A. Bradford, 

Jirka Šimůnek, Harry Vereecken and Erwin Klumpp, Roles of Cation Valance and Exchange on the 

Retention and Colloid-Facilitated Transport of Functionalized Multi-walled Carbon Nanotubes in a 

Natural Soil, 2016 ”.     
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minimum happens when the attractive forces overpower the repulsive forces at lower 

molecular distances, resulting in coagulating and irreversible aggregation for particles. 

The second minimum happens at greater molecular distances in comparison to the 

primary minimum, but the attractive forces still can induce particle flocculation. The 

energy barrier is the repulsive region between the primary and secondary minima. 

 

 

Figure 2.1 Schematic depiction of the classical DLVO theory. Adapted from Faraudo 

et al. (2013). 

  

 As mentioned above, both zeta potential and the total potential energy are 

influenced by the chemical conditions of transport system such as IS, pH, and in the 

presence of surfactant or humic acid. The increasing IS will increase the adhesive 

force for ENPs on collector surface due to compression of the double layer thickness 

and zeta potential decreasing (Jaisi et al. 2008, Tian et al. 2012c). However, the 

classical DLVO theory sometimes is weak to evaluate the experimental observations 

(Salerno et al. 2006). For example, the extended DLVO could explain other impacts 

on ENPs deposition such as surface roughness due to IS effect or in the presence of 

organic matter, which is neglected in the classical DLVO theory (Tong and Johnson 

2007). In addition, the DLVO theory is developed for spherical colloids. For non-

spherical colloids such as CNTs, the DLVO theory is therefore used to describe 
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semiquantitatively the stability and interactions between functionalized CNTs and 

collector surface (Derjaguin 1941, Liao et al. 2008).  

 

2.1.2 Colloid filtration theory  

 The processes of colloid/ENP transport in porous media are shown in Figure 

2.2, the colloidal movement by Brownian diffusion, sedimentation, and interception 

brings the colloids/ENPs into contact with the solid-water interface. As shown in 

Figure 2.2, Brownian diffusion (a) is the dominant mechanism for the movement of 

smaller colloids due to thermal effects. Interception (b) and gravitational 

sedimentation (c) are the mainly mechanism for the larger colloids movement. The 

contact between the colloids suspended in fluid streamlines and the solid surface 

results in interception. If the density of the colloids/ENPs is greater than the density of 

water, colloids/ENPs could transport vertically out of the fluid streamlines and move 

toward the solid surface (gravitational sedimentation) (Grassian 2008). The classical 

colloid filtration theory (CFT) that bases on the one-dimensional advection-dispersion 

equation (ADE) is generally used to help understanding the transport mechanism, 

which can be written as (Tufenkji and Elimelech 2004, Tufenkji et al. 2003): 

 

                                 𝜃
𝜕𝐶

𝜕𝑡
+ 𝜌

𝜕𝑆

𝜕𝑡
= 𝜃𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑞
𝜕𝐶

𝜕𝑥
                                                     (2.1) 

 

                                          𝜌
𝜕𝑆

𝜕𝑡
=  𝜃𝑘𝑎𝑡𝑡𝐶                                                                  (2.2) 

 

where 𝜃 is volumetric water content [L
3
L

-3
; where L denotes units of length], 𝐶 is 

colloid/ENPs concentration in liquid phase [NL
-3

; where N denotes number], t is the 

time [T; where T denotes units of time], S  is the total solid phase concentration (NM
-

1
),  𝜌 is the bulk density of the porous matrix [ML

-3
; where M denotes units of mass], 

x is the spatial coordinate [L], 𝐷  is the hydrodynamic dispersion coefficient for 

colloids/ENPs [L
2
T

-1
], 𝑞 is the Darcy velocity [LT

-1
], 𝑘𝑎𝑡𝑡  is the first-order particle 

attachment rate coefficient [-], which can be given as: 

 

                                             𝑘𝑎𝑡𝑡 =  
3(1−𝜃)𝑞

2𝑑50
𝜂                                                            (2.3) 
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where 𝑑50 is the median diameter of the porous media [L], 𝜂 is the single collector 

efficiency [-, porous medium], is commonly related to the theoretical (maximum) 

collector efficiency, 𝜂0, such as 𝜂 = 𝛼𝜂0, α is the attachment or collision efficiency. 

The theoretical collector efficiency (𝜂0) is the sum of the contributions by diffusion, 

interception, and sedimentation.  

 

 

Figure 2.2 Schematic depictions of colloid/engineered nanoparticle (ENP) transport 

in porous media by Brownian diffusion (a), interception (b), gravitational 

sedimentation (c), straining (d), and blocking (e). The dotted lines and solid lines 

represent the fluid streamlines and colloid/ENP paths, respectively. Adapted from Lin 

et al. (2010) and Grassian (2008). 

 

 However, CFT could not fully predict all the observed transport behavior of 

colloids/ENPs in porous media. CFT assumes an exponential RP as a fuction of depth 

of colloids/ENPs retained in the solid phase, which is consistent with the favorable 

attachment conditions for colloids/ENPs (Tufenkji and Elimelech 2005a), whereas 

other RPs with a hyper-exponential or nonmonotonic shape have been found 

(Bradford et al. 2006b, Bradford et al. 2011a, Kasel et al. 2013a, Kasel et al. 2013b, 

Liang et al. 2013b). In addition, CFT also assumes to predict the spherical colloids in 
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spherical collector, which is therefore limited to predict non-spherical colloids such as 

CNTs or bacteria.  

 

2.1.3 Extension of colloid filtration theory  

 As mentioned above, CFT are available for favorable attachment conditions.  

In order to describe other mechanism during colloids/ENPs transport especially for 

unfavorable attachment conditions, additional numerical model should be involved, 

which summarized as follows (Gargiulo et al. 2007), 

 

                                                 𝜌
𝜕𝑆

𝜕𝑡
= 𝜃𝜓𝑘𝑠𝑤𝐶 − 𝜌𝑘𝑟𝑠 𝑆                                         (2.4) 

 

where 𝑘𝑠𝑤 [T
-1

] is the first-order retention rate coefficients (including all the retention 

mechanism), 𝑘𝑟𝑠  [T
-1

] is the first-order release rate coefficients, and 𝜓  is 

dimensionless functions that account for time or depth-dependent retention. When 𝜓 

= 1, Equation (2.4) is the CFT that assumes only attachment and detachment during 

the colloids/ENPs transport. 

Site-blocking (Figure 2.2) is the mechanism that accounts for time-dependent 

retention, which describes the breakthrough of colloids/ENPs increases with injection 

over time due to the available retention locations filled over time. The time-dependent 

Langmuirian blocking by setting 𝜓 of Equation (2.4) equal to: 

 

                                                     𝜓1 = 1 −
𝑆

𝑆𝑚𝑎𝑥
                                                       (2.5) 

 

where 𝑆𝑚𝑎𝑥 [NM
-1

] is the maximum solid phase concentration. 

For unfavorable attachment condition, pore straining is additional dominant 

mechanism for colloids/ENPs attachment during transport in porous media (Grassian 

2008, Šimůnek et al. 2008). Pore straining (Figure 2.2) is the process of fine particles. 

When particles transport in down-gradient by fluid, they are trapped or constricted in 

the pore space that are too small to admit them to pass, which depends on both 

particle size and pore size distributions (Bradford et al. 2004, Bradford et al. 2003, 

Bradford et al. 2006b). 

In this case, the value of 𝜓 of Equation (2.4) was defined as: 
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                                                        𝜓2 = (
𝑑50+𝑥

𝑑50
)−𝛽                                                  (2.6)                                      

where 𝛽 [-] is a fitting parameter which controls the shape of the RP, which helps to 

describe the hyper-exponential RP (Bradford and Bettahar 2006).  

 

2.2 Colloid-facilitated contaminant transport in saturated porous 

media 

The co-transport process includes contaminant transport, colloid transport, and 

the interactions among colloids and contaminants. All of these complex processes 

result in more flexible transport models for co-transport description than regular 

solute or colloid transport. Numerical models simulating co-transport are generally 

based on the mass balance equations for both colloids and contaminants and account 

for various interactions between the colloids, contaminants, and soil. They consider 

various equilibrium and kinetic models such as the first-order sorption of 

contaminants to soil, the first-order kinetic attachment of colloids (Corapcioglu and 

Jiang 1993, Jiang and Corapcioglu 1993), irreversible nonlinear kinetic attachment of 

colloids (Saiers and Hornberger 1996), and competitive Langmuir kinetic sorption of 

contaminants on colloids (van de Weerd and Leijnse 1997).  

In this study, i) only two phases (water phase and solid phase) are considered 

for the saturated system, ii) only one type of colloids exist in the system, and iii) 

colloids/ENPs are stable in the liquid phase. Based on the colloid transport mentioned 

above, the time- dependent blocking function and depth-dependent retention of 

colloids/ENPs during transport are also considered in the following model (Šimůnek 

et al. 2012). The schematic process of co-transport is shown in Figure 2.3. As shown 

in Figure 2.3, colloids can exist in water phase as mobile colloids, the rest are 

immobile colloids that retain in water-solid interface by straining or other attachment 

process. This process has been introduced in Chapter 2.1. The process for 

contaminants including: i) dissolved in water phase, ii) sorbed to soil by instantaneous 

and kinetical sorption process, iii) sorbed to mobile colloids, and iv) sorbed to 

immobile colloids. These processes are reversible.  
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Figure 2.3 Schematic of colloids-facilitated solute transport in saturated porous media. 

Adapted from  Šimůnek et al. (2012). 

 

Contaminant transport in porous media is described using the advection-

dispersion equation, which is given as: 

 

                                𝜃
𝜕𝐶𝑐

𝜕𝑡
+ 𝜌

𝜕𝑆𝑐

𝜕𝑡
= 𝜃𝐷𝑐

𝜕2𝐶𝑐

𝜕𝑥2 − 𝑞
𝜕𝐶𝑐

𝜕𝑥
                                  (2.7) 

 

where 𝐶𝑐  is the contaminant concentration in the liquid phase [ML
-3

], 𝐷𝑐  is the 

hydrodynamic dispersion coefficient for contaminant [L
2
T

-1
], 𝑆𝑐  is the contaminant 

concentration sorbed to the solid phase [MM
-1

]. Sorption of contaminant was 

described using a two-site adsorption-desorption model  as follows (van Genuchten 

and Wagenet 1989): 

 

                                                 𝑆𝑐 = Se + Sk                                                             (2.8) 

 

                                                 
𝜕𝑆𝑒

𝜕𝑡
= 𝑓𝐾𝑑

𝜕𝐶𝑐

𝜕𝑡
                                                            (2.9) 

 

                                         
𝜕𝑆𝑘

𝜕𝑡
= 𝜔[(1 − 𝑓)𝐾𝑑𝐶𝑐 − 𝑆𝑘]                                           (2.10) 

 

where Se  [MM
-1

] is the contaminant concentration on one fraction of the sorption 

sites (type-1 sites), on which sorption is assumed to be instantaneous, Sk [MM
-1

] is the 
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contaminant concentration on the remaining sorption sites (type-2 sites), on which 

sorption is considered to be a first-order kinetic rate process, f [-] is the fraction of 

exchange sites assumed to be in equilibrium with the solution phase, Kd is the 

partition coefficient of contaminant for linear adsorption [L
3
M

-1
], ω is the first-order 

rate constant [T
-1

].  

The interactions between the contaminant and mobile or immobile colloids 

during coupled colloids/ENPs and contaminant transport are described as follows 

(Pang and Šimůnek 2006, Šimůnek et al. 2006, Šimůnek et al. 2012), the degradation 

of contaminant is not considered: 

 

𝜃
𝜕𝐶𝑐

𝜕𝑡
+ 𝜌

𝜕𝑆𝑒

𝜕𝑡
+ 𝜌

𝜕𝑆𝑘

𝜕𝑡
+ 𝜃

𝜕𝐶𝑆𝑚𝑀

𝜕𝑡
+ 𝜌

𝜕𝑆𝑆𝑖𝑀

𝜕𝑡
= 𝜃𝐷𝑐

𝜕2𝐶𝑐

𝜕𝑥2
− 𝑞

𝜕𝐶𝑐

𝜕𝑥
+ 

    +𝜃𝐷𝑐
𝜕2𝐶𝑆𝑚𝑀

𝜕𝑥2 − 𝑞
𝜕𝐶𝑆𝑚𝑀

𝜕𝑥
              (2.11) 

 

where SmM and SiM [MM
-1

] are the contaminant concentrations sorbed to mobile and 

immobile colloids/ENPs, respectively. Concentrations of contaminant sorbed to 

immobile and mobile colloids can be written as follows: 

 

𝜃
𝜕𝐶𝑆𝑚𝑀

𝜕𝑡
= 𝜃𝐷𝑐

𝜕2𝑆𝑚𝑀𝐶

𝜕𝑥2
− 𝑞

𝜕𝐶𝑆𝑚𝑀

𝜕𝑥
+ 

𝜃𝜓𝑚𝑘𝑎𝑚𝑀𝐶𝐶 − 𝜃𝑘𝑑𝑚𝑀𝐶𝑆𝑚𝑀 − 𝜃𝑘𝑠𝑤𝐶𝑆𝑚𝑀 + 𝜌𝑘𝑟𝑠𝑆𝑆𝑖𝑀                         (2.12)    

                                                                                                        

𝜌
𝜕𝑆𝑆𝑖𝑀

𝜕𝑡
= 𝜃𝜓𝑖𝑚𝑘𝑎𝑖𝑀𝐶𝐶 −  𝜌𝑘𝑑𝑖𝑀𝑆𝑆𝑖𝑀 +  𝜃𝑘𝑠𝑤𝐶𝑆𝑚𝑀 −  𝜌𝑘𝑟𝑠𝑆𝑆𝑖𝑀                       (2.13) 

 

where 𝑘𝑎𝑖𝑀  and 𝑘𝑑𝑖𝑀  are the rate coefficients for contaminant sorption to and 

desorption from immobile colloids/ENPs [T
-1

], respectively; and 𝜓𝑚  and 𝜓𝑖𝑚  are 

dimensionless variables that adjust the sorption rate to a number of mobile and 

immobile colloids/ENPs present, respectively. Detailed list of all transport and 

reaction equations involved in colloid-facilitated solute transport are described in 

detail in the manual of C-Ride (Šimůnek et al. 2012). 
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3. Materials and methods
3
 

3.1 Carbon nanotubes 

Radioactively (
14

C) labeled and unlabeled MWCNTs that prepared by catalytic 

chemical vapor deposition using 
14

C-benzene as feedstock gas were applied for all 

experiments (Bayer Technology Services GmbH, Germany). The specific 

radioactivity was about 3.2 MBq mg
-1

. MWCNTs were boiled with 70% nitric acid 

(Sigma-Aldrich Chemie GmbH, Germany) for 4 h, resulting in additional oxygen-

containing functional groups (e.g., carboxylic groups) on their surfaces (Figure 1.2). 

Therefore, the MWCNT suspensions were prepared at desired input concentration 

with desired electrolyte solutions (KCl or CaCl2) and ultrasonicated for 15 min at 65 

W by a cup horn sonicator as stock suspension, and then ultrasonicated again for 10 

min before injection, leading to better-dispersed MWCNTs during the experiments.  

The characterization and aggregation behavior of functionalized MWCNTs is 

given in Kasel et al. (2013a, 2013b). In brief, after acid treatment, the amount of Mg, 

Mn, Co, and Al were less than 0.07 wt% and the intensity of the binding energy of the 

O 1s specta was significantly higher. The median diameter of MWCNTs is 10-15 nm 

and the median length is 200-1000 nm (Pauluhn 2010). The transmission electron 

microscopy (TEM) images of MWCNTs are shown in Figure 3.1. The electrophoretic 

mobility of MWCNTs with desired electrolyte solutions was measured using a 

Zetasizer Nano (Malvern Instruments GmbH, Herrenberg, USA). The hydrodynamic 

radius measured by dynamic light scattering (DLS, Zetasizer Nano, Malvern 

Instruments GmbH, Herrenberg, USA) cannot reflect the real geometric particle 

diameter (Hassellöv et al. 2008, Pecora 2000) for non-spherical particles like 

MWCNTs. Nevertheless, it can be used for comparison of the stability of MWCNTs 

suspensions due to the effect of IS and surfactant. The hydrodynamic radius of 

unlabeled functionalized MWCNTs: i) suspended in KCl and CaCl2 at IS=10 mM 

were measured 0, 1, and 4 h after suspension preparation, and ii) in 1 mM KCl at 

                                                 
3 Contains parts from “Resubmitted to Environmental Pollution, Miaoyue Zhang, Irina Engelhardt, 

Jirka Šimůnek, Scott A. Bradford, Daniela Kasel,  Anne E. Berns, Harry Vereecken, Erwin Klumpp, 

Co-transport of chlordecone and sulfadiazine in the presence of functionalized multi-walled carbon 

nanotubes in soils, 2016”,  “In press in Environmental Science & Technology, Miaoyue Zhang, Scott 

A. Bradford, Jirka Šimůnek, Harry Vereecken, and Erwin Klumpp, Do Goethite Surfaces Really 

Control the Transport and Retention of Multi-Walled Carbon Nanotubes in Chemically Heterogeneous 

Porous Media?, 2016”, and “Under revision in Water Research, Miaoyue Zhang, Scott A. Bradford, 

Jirka Šimůnek, Harry Vereecken and Erwin Klumpp, Roles of Cation Valance and Exchange on the 

Retention and Colloid-Facilitated Transport of Functionalized Multi-walled Carbon Nanotubes in a 

Natural Soil, 2016 ”.     
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different surfactant concentrations (0, 10, and 50 mg L
-1

) were measured after 

suspension preparation and 1 h. The pH values of MWCNTs suspensions at different 

surfactant concentrations (0, 10, and 50 mg L
-1

, 1 mM KCl) or in the effluent from 

column experiments were measured by pH meter (Mettler Toledo MP230 pH meter). 

 

 

Figure 3.1 Transmission electron microscopy images of multi-walled carbon 

nanotubes at different magnifications: (a) 100 nm and (b) 5 nm. Reprinted from Kasel 

et al. (2013a). 

 

3.2  Chlordecone and sulfadiazine 

Radioactively (
14

C) labeled chlordecone (CLD) dissolved in acetone was 

purchased from Moravek Biochemicals (Brea, CA, USA). The specific radioactivity 

of 
14

C-labeled CLD was 2.94 MBq mg
-1

. For preparation of the desired CLD solution 

concentration, the 
14

C-labeled CLD was mixed with non-labeled CLD (Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany). After the acetone had evaporated, the flasks 

were filled to the required volume with 1 mM KCl.  

Radioactively (
14

C) pyrimidine-ring-labeled sulfadiazine (SDZ) was purchased 

from Bayer-Health Care AG (Wuppertal, Germany). The specific radioactivity was 

0.43 MBq mg
−1

 and was labeled at the C-2 position. For preparation of the desired 

SDZ solution concentration, SDZ dissolved in the 1 mM KCl solution for the desired 

concentration. 
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3.3 Surfactants 

Triton X-100 (TX100) and sodium dodecylbenzenesulfonate (SDBS) were 

purchased from Merck KGaA (Darmstadt, Germany) and Sigma-Aldrich Chemie 

GmbH (Munich, Germany), respectively. TX100 and SDBS stock solutions (100 mg 

L
-1

) were prepared by adding 50 mg surfactant into 500 ml Milli-Q water. In order to 

prepare MWCNTs suspension that modified with surfactant, 
14

C-labeled MWCNTs 

stock suspension (100 mg L
-1

, in Milli-Q water) was diluted under different surfactant 

concentrations (SDBS and TX100, 0, 10, and 50 mg L
-1

) at the desired ionic strength 

(1 mM KCl). These suspensions were labeled as surfactant-free MWCNTs (without 

surfactant), SDBS-MWCNTs (MWCNTs modified by SDBS), and TX100-MWCNTs 

(MWCNTs modified by TX100). Then, the mixture was ultrasonicated for 15 min at 

65 W, and then ultrasonicated again for 10 min before injection, leading to better-

dispersed MWCNTs during the experiments. The concentrations of TX100, SDBS, 

TX100-MWCNTs, and SDBS-MWCNTs were determined by UV- Vis spectrometer 

(Beckman DU-640, USA) as the wavelength of 274 (TX100 and TX100-MWCNTs) 

or 230 nm (SDBS and SDBS-MWCNTs). Obviously, both MWCNTs and TX100 or 

SDBS have the absorbance at the wavelengths of 274 or 230 nm. The calibrations 

curves of absorbance and concentrations of MWCNTs, TX100, SDBS, TX100-

MWCNT and SDBS- MWCNTs are therefore determined at the different wavelengths 

and shown in Figure 3.2. Figure 3.2a and 3.2b shows the high correlation (R
2 

≥ 0.999) 

between concentration and absorbance of TX100, MWCNT and TX100-MWCNT, 

and SDBS, MWCNT and SDBS-MWCNT, respectively. Both of them have two y-

axes. The left one presented the concentration for MWCNT. The right one was for 

TX100 or SDBS. Figure 3.2 c shows the correlation between measured absorbance 

(TX100-MWCNT or SDBS-MWCNT) and calculated absorbance by the individual 

absorbance of MWCNTs, TX100, and SDBS, which demonstrated that the additivity 

of individual absorbance of MWCNTs, TX100, SDBS, TX100-MWCNT and SDBS- 

MWCNTs can be applied to quantitative analysis the concentrations of TX100 and 

SDBS in the effluent from column experiments.  
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Figure 3.2 (a) Correlation between concentration and absorbance of TX100, 

MWCNT and TX100-MWCNT; (b) Correlation between concentration and 

absorbance of SDBS, MWCNT and SDBS-MWCNT; (c) Correlation between 

measured absorbance and calculated absorbance. 
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3.4 Quartz sand and goethite coated quartz sand 

Three median grain sizes (240, 350, and 607 µm) of QS were used in 

experiments (Quarzwerke GmbH, Frechen, Germany for 240 and 350 µm; Teco-Sil
®

, 

C-E Minerals, King of Prussia, PA, USA for 607 µm). These QS were purified 

following protocols in the literature (Kasel et al. 2013a). In brief, QS was immersed in 

Milli-Q water for 24 h and boiled in additional fresh Milli-Q water for 2 h at 100 ºC. 

After that, the sand was boiled with 65% HNO3 for 2 h. After the sand was cooled 

down and removed the acid by Milli-Q water until the pH was around 5. Then, the 

sand was boiled with 10% H2O2 for additional 2 h and washed again by Milli-Q water. 

Finally, the sand was dried in an oven at 50 ºC. 

 GQS was prepared using the similar procedure of Scheidegger et al. (1993). 

In brief, 42 g of goethite (Fluka, Sigma-Aldrich Chemie GmbH, Germany) were 

mixed with 140 ml of 0.01M NaNO3 in a 500 ml glass bottle and the pH -value was 

adjusted to 2.5 by incrementally adding HNO3 (1M and 0.01M). This mixture was 

then shaken at room temperature for 24h at 150 rpm min
-1

. After shaking, 250 g of 

purified QS was added to the goethite solution at pH 2.5 and shaken for 24h at 150 

rpm min
-1

. After that, the sand-goethite mixture was sequentially washed with 1M 

NaNO3 and deionized water to remove unattached goethite particles. Finally, the GQS 

was dried in an oven at 50 
0
C. 

  The specific surface areas of QS and GQS were determined by the Brunauer–

Emmett–Teller (BET) method (Brunauer et al. 1938). Krypton adsorption was used 

for the low BET surface area determination of QS and GQS. The iron concentration 

of QS and GQS after digesting by aqua regia was measured by inductively coupled 

optical emission spectrometry (ICP-OES). The chemically heterogeneous porous 

medium was prepared by combining various amounts of QS with a known mass 

fraction of GQS (λ, mass ratio of GQS in the mixing porous media). The zeta 

potential for QS and goethite particles with desired electrolyte solutions was 

measured using a Zetasizer Nano (Malvern Instruments GmbH, Herrenberg, 

Germany). 

 

3.5 Soil 

Soil samples (loamy sand soil) were from the upper 30 cm of an agricultural 

field site in Germany (Kaldenkirchen-Hülst, Germany), which were sieved to a 
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fraction < 2 mm and air dried (d50 =120 µm). This soil had a total organic carbon of 

1.1 %mass, a cationic exchange capacity of 7.8 cmolc kg
-1

, and pH value of 5.9 (Kasel 

et al. 2013b). The soil was composed of 4.9 % clay (<2 µm), 26.7% silt (2-63 µm), 

and 68.5 % sand (>2 µm). The surface charge characteristics of the soil were 

determined by Zetasizer Nano (Malvern Instruments GmbH, U.S.A) when it had been 

homogenized and sonicated in a selected electrolyte solution. 

 

3.6 Batch and dialysis adsorption experiments 

Batch experiments was based on Organisation for Economic Cooperation and 

Development (OECD) -guideline 106 (OECD 2000). 

For the adsorption isotherms of MWCNTs on QS and GQS, experiments were 

carried out under quasi-equilibrium conditions by adding 20 ml of 
14

C-labeled 

functionalized MWCNT suspensions of different concentrations (0-1mg L
-1

, in 1mM 

KCl) to 1 g of QS or GQS with two different sizes (350 and 607 µm) in a centrifuge 

tube. The tubes were continuously mixed using an over-head shaker for 24 h. 

Preliminary experiments revealed that this duration was sufficient for sorption 

equilibrium. After removing the suspension of MWCNT, the sorbents (QS or GQS) 

were dried in an oven at 50 
0
C and combusted by using a biological oxidizer (OX 500, 

R.J. Harvey Instrumentation Corporation, Tappan, USA) at 900 
0
C. The emerging 

14
CO2 was dissolved in vials filled with scintillation cocktail (Oxisolv, MERCK 

KGAA, Darmstadt, Germany) and the 
14

C concentration of MWCNTS adsorbed to 

the sorbents was determined using liquid scintillation counter (LSC, Perkin Elmer, 

Rodgau, U.S.A). The concentration of 
14

C-labeled MWCNTs in the supernatant 

before and after the sorption experiments was measured using LSC by adding 

scintillation cocktail (Insta-Gel Plus) into liquid samples.  

The adsorption kinetics and the adsorption isotherms of CLD on the loamy 

sand soil and on MWCNTs were determined in batch trials and by using the dialysis 

technique (Höllrigl‐Rosta et al. 2003), respectively. The soil adsorption isotherms 

were measured using mixtures of 10 ml 
14

C-labeled CLD solutions of different 

concentrations and 1 g soil (in 1 mM KCL), which were equilibrated for 24 h in an 

overhead shaker. After centrifugation, the supernatant was taken and measured by 

LSC. The dialysis technique (Höllrigl‐Rosta et al. 2003) was applied to determine the 

adsorption of CLD and SDZ on MWCNTs because it was not sufficient to separate 
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the functionalized MWCNTs from the suspension by centrifugation. Two dialysis 

half-cells were therefore separated by a 1 kDa cut-off cellulose membrane (VWR 

International GmbH, Langenfeld, Germany) and inserted into a special frame. Then, 

one half-cell was filled with approximately 5 ml MWCNT suspension (10 mg L
-1

), the 

other with approximately 5 ml CLD or SDZ solution of different concentrations. The 

special frame was inserted into a rotator and rotated at 10 rpm for 48 h. Afterwards, 

the solution concentration of 
14

C-labeled CLD or SDZ was measured by LSC. 

For determination of CLD sorption kinetics, 10 ml 
14

C -labeled CLD solution 

at 10 µg g
-1

 was added to 10 mg MWCNTs. The mixtures were shaken, samples taken 

at defined interval time, and measured by LSC. The kinetic analysis of the batch 

experimental data was carried out using the following equation (Schijven and 

Hassanizadeh 2000): 

 

                       
𝐶𝑐

  𝐶0
=

𝑘𝑑𝑚𝑀+𝑘𝑎𝑚𝑀exp [−(𝑘𝑎𝑚𝑀+𝑘𝑑𝑚𝑀)𝑡]

𝑘𝑎𝑚𝑀+𝑘𝑑𝑚𝑀
                                                (3.1) 

 

where 𝐶𝑐 is the contaminant concentration in the liquid phase [ML
-3

];  𝐶𝑜 is the initial 

contaminant concentration in the liquid phase [ML
-3

]; 𝑘𝑎𝑚𝑀 and 𝑘𝑑𝑚𝑀 are the CLD 

adsorption and desorption rate coefficients to the mobile MWCNTs [T
-1

], respectively.  

The adsorption isotherms of surfactants (TX100 and SDBS) on QS (240 μm), 

and GQS (240 μm, λ = 0.1 or 0.3) were determined in batch trials, and on MWCNTs 

(5 mg L
-1

, 1 mM KCl) by using the dialysis technique (Höllrigl‐Rosta et al. 2003), 

respectively. 20 ml of surfactants (TX100 and SDBS) of different concentrations (in 

1mM KCl) were added to 2 g of QS or GQS (λ = 0.1 or 0.3) in a centrifuge tube. 

Preliminary experiments revealed that 24 h was sufficient for sorption equilibrium. 

Thus, the tubes were continuously mixed and equilibrated for 24 h at 220 rpm. After 

15 min centrifugation at 2525 × g (4000 rpm), the supernatants of TX100 and SDBS 

were filtered through 0.2 μm polypropylene filters (Minisart
®

 syringe filters, Sartorius 

Stedim Biotech GmbH, Germany) and measured by UV- Vis spectrometer (Beckman 

DU-640, USA) at the wavelength of 274 and 230 nm, respectively. The dialysis 

technique  was applied to determine the adsorption of surfactants on MWCNTs. One 

half-cell was filled with approximately 5 ml unlabeled functionalized MWCNT 

suspension (5 mg L
-1

, 1 mM KCl), the other with approximately 5 ml TX100 or 

SDBS solution of different concentrations (0-80 mg L
-1

, 1 mM KCl). Then, these cells 
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rotated at 10 rpm for 48 h. Afterwards, the solution concentration of TX100 or SDBS 

from the half-cell was measured by UV- Vis spectrometer.  

All the batch experiments were performed in triplicate. Blank experiments in 

all batch experiments were conducted to verify that minimal sorption of MWCNTs, 

CLD, SDZ, and surfactants occurred to the wall of the centrifuge tube and half-cell.  

 

3.7 Water-saturated column setup 

The stainless steel columns (3 cm in inner diameter and 12 cm in length) 

equipped with a stainless steel plate (1 mm openings) and a PTFE mesh (200 mm 

openings) at the column bottom to support the porous media. The column was 

connected to a pump (MCP V 5.10, Ismatec SA, Glattbrugg, Switzerland) on the inlet 

side with the flow direction from the bottom to the top of the column. The schematic 

image and photograph of column setup are shown in Figure 3.3a and 3.3b, 

respectively. 

 

MWCNTs transport in GQS  

Chemically heterogeneous porous media (QS and GQS mixtures, Chapter 4.1) 

were incrementally wet (Milli-Q water). The Darcy velocity is 0.72-0.75 cm min
-1

. 

Approximately 50 pore volumes (PVs) of background electrolyte solution (1mM KCl) 

were passed through the column before conducting the transport experiments. A non-

reactive tracer (1mM KBr) pulse (approximately 90 ml, 2.5 PVs) was injected into the 

column to characterize the hydraulic conditions (porosity and dispersivity). The 

schematic process for effluent and solid samples determination is shown in Figure 

3.3c. Effluent solutions of bromide were collected using a fraction collector (FoxyJr.
®

, 

Teledyne Isco Inc., Lincoln, USA) every 30 s (e.g., approximately 2.5 mL per vial) 

and measured using a high performance liquid chromatography (HPLC, STH 585, 

Dionex, Sunnyvale, CA, USA) equipped with a UV-detector (UV2075, Jasco, Essex, 

UK). The same procedure was repeated when MWCNT suspensions (1 mg L
-1

, 1 mM 

KCl) were applied.  
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Figure 3.3 The schematic image of column setup under water saturated condition. (a) 

The schematic running process of column experiments. (b) The photograph of the 

column setup. (c) The schematic process for effluent and solid samples determination. 

 

MWCNTs transport in soil  

MWCNT transport experiments in saturated soil column (soil and Milli-Q 

water were alternately and incrementally filled into the columns, Chapter 4.2) were 

conducted at different IS (1, 4, and 10 mM KCl) and different cation type at the same 

IS (1 mM KCl and CaCl2, molar concentration 0.33 mM L
-1

 CaCl2). The soil in the 

column was equilibrated before initiating the transport experiment by injecting 

approximately 30 PVs of a selected background electrolyte solution at a slow, 

constant Darcy velocity of 0.18 cm min
-1

. Conservative tracer (KBr) and MWCNT 

transport experiments were then conducted sequentially at the same IS and cation type 

as the equilibrium phase, but at a higher, constant Darcy velocity of 0.71-0.73 cm 

min
-1

. The conservative tracer experiment was performed first. Transport experiments 

for MWCNTs (input concentration, 1mg L
-1

) were conducted in a similar manner as 
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the conservative tracer; e.g., injection of a 2.1 PVs pulse of MWCNT suspension 

(approximately 90 mL), followed by elution with the same particle-free electrolyte 

solution for another 5.5 PVs. Additional experiments were performed to study the 

release behavior of MWCNTs with IS reduction and cation exchange at a constant 

Darcy velocity of 0.71-0.73 cm min
-1

. The initial deposition phase (step A) was 

conducted using MWCNTs (1 mg L
-1

) in 10 mM KCl (experiment I), 1 mM CaCl2 

(experiment II), and 10 mM CaCl2 (experiment III) solutions in an analogous fashion 

to MWCNTs transport experiments discussed above. Release experiments II and III 

were then initiated by changing the eluting solution chemistry in the following 

sequence: Milli-Q water (step B); KCl at the same IS as in step A (step C); Milli-Q 

water (step D); 100 mM KCl (step E); and Milli-Q water (step F). Each solution 

chemistry step was conducted for 7.6 PVs.  Experiment I consisted of only steps A 

and B. The 
14

C-labeled effluent and soil concentrations of MWCNT were measured. 

Cation exchange and soil colloids were quantified during the release experiments by 

measuring the effluent concentrations of K, Ca, Fe, and Al using ICP- OES.  Because 

radioactive samples (
14

C) are not allowed for ICP-OES measurement, the release 

experiments were repeated using unlabeled functionalized MWCNTs for this analysis.     

 

Co-transport of CLD and SDZ by MWCNTs in soil 

Saturated soil columns were conducted (Chapter 4.3). Tracer experiments (1 

mM KBr) were conducted first. The same procedure was repeated when CLD, SDZ, 

and MWCNTs were applied. The single-species transport of CLD (experiment I), 

SDZ (experiment II and III), or MWCNTs (experiment IV) in the saturated soil 

columns were investigated first. Based on information collected during this first step, 

the second set of column experiments was designed to investigate the effect of 

MWCNTs on the transport of CLD and SDZ. During the CLD co-transport 

experiment, a pulse (around 2.1 PVs) of CLD was injected first, followed by a 

MWCNT suspension pulse (around 2.1 PVs) applied at the same IS and flow velocity 

(experiment V and VI). In contrast, during the SDZ co-transport experiment, the 

MWCNT suspension (around 2.1 PVs) was injected first, followed by an injection of 

SDZ (around 2.1 PVs, experiments VII and VIII). For both CLD and SDZ co-

transport experiments, the non-
14

C-labeled MWCNTs, prepared in the same way as 

the 
14

C-labeled MWCNTs, were applied. We assumed that the non-
14

C-labeled 
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MWCNTs in the co-transport experiments showed the same transport behavior as the 

14
C-labeled MWCNTs in the single-species transport experiments.  

 

MWCNTs transport in the presence of surfactant 

The transport experiments with the same MWCNTs concentration (5mg L
-1

, 1 

mM KCl) were conducted at different surfactant concentrations (0, 10, and 50 mg L
-1

) 

in QS and at the same surfactant concentration (10 mg L
-1

, λ = 0.1 and 0.3) in GQS 

(Chapter 4.4). Approximately 30 PVs of background electrolyte solution (1 mM KCl) 

were applied to the column before the transport experiments were carried out. A non-

reactive tracer was injected into the column at a steady-state flow rate with Darcy 

velocity of 0.71-0.73 cm min
-1

. Then, the same procedure as tracer was repeated when 

different MWCNTs suspension applied. The 
14

C-labeled effluent concentrations of 

MWCNT were determined using LSC. The effluent concentrations of TX100-

MWCNTs or SDBS-MWCNTs were determined by UV- Vis spectrometer as the 

same wavelength as mentioned in Chapter 3.3. Then, the concentrations of TX100 

and SDBS were calculated as mentioned in Chapter 3.3. 

Similar to the batch experiments, the effluent concentrations of 
14

C-labeled 

MWCNTs/CLD/SDZ in all column experiments were measured by LSC to determine 

BTCs. At the end of the transport experiments, the sands or soil in the packed column 

were excavated in approximately 0.5-1 cm thick increments, dried and then 

homogenized using a mill. Then, the sands or soil were weighted three 0.5 g replicates 

in a container, combusted by using a biological oxidizer at 900 
0
C as batch 

experiments, and measured by using LSC to determine the MWCNTs retained 

(retention profiles, RPs) in the column packing (Figure 3.3c). The total mass balance 

of MWCNT in the effluent and retained in the solid phase was determined from this 

information. All column experiments were replicated and exhibited good 

reproducibility.   

 

3.8 Soil fractionation 

Soil fractionation experiments were conducted to further elucidate the 

interactions between 
14

C-labeled functionalized MWCNTs and the soil. The initial 

deposition phase was conducted similar to the MWCNT transport experiments 

discussed above (Chapter 3.7) at the same IS (1 mM KCl or CaCl2). After recovery of 
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the MWCNT breakthrough curve, all the soil was excavated from the column, dried, 

and then the soil particle-size was fractionated following the method of Séquaris and 

Lewandowski (2003). In brief, 100 g of dried soil was added to a 1 L Duran bottle 

(Schott, Mainz, Germany) containing 200 mL the same electrolyte solution as the 

transport experiments (1 mM KCl or CaCl2) and horizontally shaken at 150 rpm for 6 

h. An additional 600 mL of the same electrolyte solution (1 mM KCl or CaCl2) 

solution was then added to this bottle and mixed before sedimentation. The pipette 

method was then used to separate the soil into three size classes based on their 

sedimentation time according to Stoke’s law (a particle density of 2.65 g cm
−3

 was 

assumed): (i) > 20 μm (sand size) after 6 min; (ii) 2- 20 μm (silt size) after 12 h; and 

(iii) < 2 μm (water-dispersible colloids, WDCs) after 12 h. Triplicate 50 ml samples 

of the WDC suspension were further fractionated by centrifuging at 2525 × g for 4 

min. Stoke’s Law calculations indicated that the resulting supernatant consisted of 

electrolyte solution and the WDC fraction that was < 0.45 μm, whereas the pellet was 

the WDC fraction that was 0.45–2 μm. Concentrations of MWCNTs that were 

associated with the sand, silt, 0.45–2 μm, and < 0.45 μm fractions were determined by 

LSC in a similar manner to the transport experiments. Concentrations of MWCNTs in 

the column effluent and residual soil samples from columns that were not used for soil 

fractionation were measured to ensure mass balance. All the experiments were 

replicated and exhibited similar results. 

  

3.9 Numerical modeling  

In order to describe all the transport and co-transport mechanisms that 

mentioned in Chapter 2, the HYDRUS-1D and C-Ride code (Šimůnek et al. 2016, 

Šimůnek et al. 2012) was used to simulate the one-dimensional transport of 

MWCNTs, CLD or SDZ. The saturated column was discretized into 101 nodes with 

an observation node at the outlet. The conservative tracer was simulated using an 

equilibrium model based on ADE to determine the hydrodynamic parameters of the 

column.             

 MWCNT transport in GQS (Chapter 4.1) was described using the ADE with 

two kinetic retention sites (Schijven and Šimůnek 2002, Wang et al. 2011b): 

 

                                      𝜃
𝜕𝐶

𝜕𝑡
+ 𝜌

𝜕S1

𝜕𝑡
+ 𝜌

𝜕𝑆2

𝜕𝑡
= 𝜃𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑞
𝜕𝐶

𝜕𝑥
                                 (3.2) 
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where 𝑆1 and 𝑆2 [NM
-1

] are the solid phase concentrations of MWCNTs on retention 

sites 1 and 2, respectively. The solid phase mass balance on sites 1 and 2 are given as:  

 

                                                      𝜌
𝜕𝑆1

𝜕𝑡
= 𝜃𝜓1𝑘𝑠𝑤1𝐶 − 𝜌𝑘𝑟𝑠1 𝑆1                             (3.3) 

 

                                                      𝜌
𝜕𝑆2

𝜕𝑡
= 𝜃𝜓2𝑘𝑠𝑤2𝐶 − 𝜌𝑘𝑟𝑠2 𝑆2                             (3.4) 

 

where subscripts 1 and 2 on parameters denote the site,  𝑘𝑠𝑤1 and 𝑘𝑠𝑤2 [T
-1

] are the 

first-order retention rate coefficients, 𝑘𝑟𝑠1 and 𝑘𝑟𝑠2 [T
-1

] are the first-order release rate 

coefficients, and 𝜓1 and 𝜓2 [-] are dimensionless functions that account for time or 

depth-dependent retention. The total solid phase concentration (S; NM
-1

) is equal to 

the sum of S1 and S2. 

Three model formulations for MWCNT retention were considered in this work. 

The first model (M1) considers retention only on Site 1 (ksw2 = 0), and time-dependent 

Langmuirian blocking by setting 𝜓1 equal to: 

 

                                                             𝜓1 = 1 −
𝑆1

𝑆𝑚𝑎𝑥1
                                              (3.5) 

 

where 𝑆𝑚𝑎𝑥1 [NM
-1

] is the maximum solid phase concentration on Site 1. This model 

accounts for retention of MWCNTs on both QS and GQS using a single retention site. 

The percentage of the solid surface area that is favorable for MWCNT retention (Sf) 

can be determined from Smax1 as (Jaisi and Elimelech 2009): 

 

                                                    𝑆𝑓 = 100 ∗
𝐴𝑐𝜌𝑆𝑚𝑎𝑥1

(1−𝛾)𝐴𝑠
                                               (3.6) 

 

where 𝛾 [-] is the porosity of a monolayer packing of MWCNTs on the solid surface, 

Ac [L
2
N

-1
] is the effective cross section area per MWCNT, and As [L

-1
] is the solid 

surface area per unit volume. In this work, we assume a value of 𝛾 = 0.5 based on 

literature information (Johnson and Elimelech 1995). The value of Ac was taken to be 

equal to product of the width and length of a representative MWCNT that is equal to 

15 and 1000 nm, respectively (Kasel et al. 2013a, Kasel et al. 2013b). Two values of 
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As were considered in this work: (i) geometric estimates determined as 6 ∗ (1 −

𝜃)/𝑑50  (where 𝑑50  [L] is the median grain size of the porous media); (ii) BET 

measurements (Chapter 3.4 and 4.1).  

The M2 model separately accounts for retention and blocking of MWCNTs on 

QS (Site 1) and GQS (Site 2) sites using Equation (3.3) and (3.4), respectively, by 

defining 𝜓2 in an analogous fashion to 𝜓1 (e.g., 𝑆1 and 𝑆𝑚𝑎𝑥1 in Equation (3.5) are 

replaced with 𝑆2  and 𝑆𝑚𝑎𝑥2 , respectively). The M3 model considers retention and 

time-dependent blocking on Site 1 using Equation (3.3) and (3.5), and depth-

dependent retention on Site 2 using Equation (2.6). 

We set the value of 𝛽 = 0.765 based on reported results for MWCNTs in all 

the column experiments (Kasel et al. 2013a, Kasel et al. 2013b). 

MWCNT transport in soil (Chapter 4.2) was described using the ADE with 

one site kinetic retention based on Equation (2.1) and (2.4). The time- and depth- 

dependent blocking by setting 𝜓 of Equation (2.4) is give as, 

 

                                               𝜓 = (1 −
S

𝑆𝑚𝑎𝑥
)(

𝑑50+𝑥

𝑑50
)−𝛽                              (3.7)      

 

Co-transport of MWCNTs and CLD or SDZ in soil (Chapter 4.3) was 

described using ADE with one site kinetic retention based on Equation (2.1) and (2.4) 

for the interaction between MWCNTs and soil, with two-site adsorption-desorption 

model based on Equation (2.7) through (2.10) for the interaction between the 

contaminant and soil, and with the C-Ride module of HYDRUS-1D based on 

Equation (2.11) through (2.13) for the interaction between the contaminant and 

MWCNTs. The diffusion coefficients of CLD and SDZ are from Pritchard et al. (1986) 

and Chen et al. (2013), respectively. Due to the short duration of the experiments, 

degradation and transformation of contaminants can be neglected.  
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4. Results and discussion
4
 

4.1 Transport and retention of carbon nanotubes in goethite coated 

quartz sand 

4.1.1 Characterization of goethite coated sand 

The average zeta potential of MWCNTs, crushed quartz sand, and goethite 

particles in 1 mM KCl solution was measured to be -40.6, -63.6 and 10.2 mV, 

respectively. Consequently, the electrostatic interaction between the MWCNTs and 

quartz is unfavorable, whereas that between MWCNTs and goethite is favorable. The 

BET and iron concentration of QS and GQS are shown in Table 4.1, indicating an 

increasing trend after goethite coating for both BET and iron concentration. 

 

Table 4.1 Characteristics of porous media 

λ 
d50 BET 

Geometric 

As 

BET 

As 

Fe 

Conc. 

[μm] [cm² g
-1

] [cm
-1

] [cm
-1

] [μg g
-1

] 

0 240 880 NC NC 22.8 

0 350 380 101.14 642.20 6.4 

0 607 50 NC NC 1.8 

1 240 1470 NC NC 644.0 

1 350 550 NC NC 527.0 

1 607 130 NC NC 455.0 

0.1 240 939
†
 142.50 1530.57 84.9

†
 

0.1 350 397
†
 102.86 674.90 58.5

†
 

0.1 607 58
†
 52.39 74.82 47.1

†
 

0.3 350 431
†
 97.71 737.01 162.6

†
 

                                                 
4 Contains parts from “Resubmitted to Environmental Pollution, Miaoyue Zhang, Irina Engelhardt, 

Jirka Šimůnek, Scott A. Bradford, Daniela Kasel,  Anne E. Berns, Harry Vereecken, Erwin Klumpp, 

Co-transport of chlordecone and sulfadiazine in the presence of functionalized multi-walled carbon 

nanotubes in soils, 2016”,  “In press in Environmental Science & Technology, Miaoyue Zhang, Scott 

A. Bradford, Jirka Šimůnek, Harry Vereecken, and Erwin Klumpp, Do Goethite Surfaces Really 

Control the Transport and Retention of Multi-Walled Carbon Nanotubes in Chemically Heterogeneous 

Porous Media?, 2016”, and “Under revision in Water Research, Miaoyue Zhang, Scott A. Bradford, 

Jirka Šimůnek, Harry Vereecken and Erwin Klumpp, Roles of Cation Valance and Exchange on the 

Retention and Colloid-Facilitated Transport of Functionalized Multi-walled Carbon Nanotubes in a 

Natural Soil, 2016 ”.     
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λ [-] is the mass ratio of GQS in the mixing porous media; As [L
-1

] is the solid surface 

area per unit volume; NC- not calculated; Fe Conc. - Fe concentration of the samples. 

†
- BET and Fe concentrations are determined in a similar way to effective values of 

KD in the sand mixtures discussed in Chapter 4.1.3 by assuming a linear combination 

of individual components. 

 

4.1.2 Batch results 

Batch experiments were conducted to quantify the sorption behavior of 

MWCNTs onto two grain sizes (350 and 607 μm) of QS and GQS. Replicate batch 

experiments exhibited good reproducibility and mass balance. Figure 4.1 shows the 

sorption isotherms. The linear equilibrium sorption model (S=KDC; where KD [L
3
M

-1
] 

is the equilibrium partition coefficient for MWCNT) provided an excellent description 

of all of isotherm datasets, with the coefficient of linear regression (R
2
) always greater 

than 0.97. The sorption behavior over this concentration range was therefore 

completely characterized by values of KD; i.e., the slope of the linear isotherm. Values 

of KD depended on both the surface chemistry and the size of the sand. In particular, 

values of KD were much larger on GQS (KD =9.5 and 3.6 cm
3
g

-1
 on 350 and 607 μm 

sand, respectively) than QS (KD =0.3 and 0.6 cm
3
g

-1
 on 350 and 607 μm sand, 

respectively). This result is expected because the electrostatic interaction between the 

negatively charged MWCNTs (i.e., carboxylate groups, -COO
-
) and the positively 

charged GQS (Fe-OH
2+

) is attractive, whereas it is repulsive for the negatively 

charged QS (Hofmann and Liang 2007, Wang et al. 2013). The value of KD also 

dramatically increased with a decrease in the grain size of the GQS because of a 

corresponding increase in the specific surface area. This grain size effect was not 

observed for QS because it had much lower KD values.  
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Figure 4.1 Linear sorption isotherms for MWCNTs on QS or GQS having grain sizes 

of 350 and 607 μm. The electrolyte solution was 1 mM KCl. 

  

4.1.3 Effect of mass ratio of goethite in porous media 

Figures 4.2a and 4.2b present BTCs and RPs, respectively, for MWCNTs in 

various mass ratios of uncoated and goethite-coated quartz sand (λ = 0, 0.1 and 0.3). 

The BTCs are plotted as the normalized effluent concentration (C/Co; where Co is the 

influent suspension concentration of MWCNTs) of MWCNTs versus pore volumes. 

The RPs are given as normalized solid-phase concentration (S/Co) against column 

depth. The experimental conditions and mass balance information are presented in 

Table 4.2. The total mass balance (Mtotal) for MWCNTs in these experiments was very 

good (>90.7%). The MWCNT effluent mass balance (Meff) strongly decreased from 

79.6% to 9.7 % (Table 4.2) as λ increased from 0 to 0.3. Similarly, the MWCNT solid 

phase mass balance (Msolid) increased from 16.3% to 82.8% as λ increased from 0 to 

0.3. As expected from batch experiments, these observations reflect the increasing 

amounts of favorable electrostatic interactions between negatively charged MWCNTs 

and positively charged goethite as λ increases.  

 

 

 

 



  Results and discussion 

38 

Table 4.2 Experimental conditions, hydraulic parameters and mass balance 

information for all column experiments. IS was 1mM KCl. The input concentration of 

MWCNT was 1mg L
-1

. 

λ 
d50 ρ q Disp. 

[cm] 
Porosity 

Meff Msolid Mtotal 

[µm] [g cm
-3

] [cm min
-1

] [%] [%] [%] 

0 350 1.69 0.73 0.025 0.41 79.6 16.3 95.9 

0.1 350 1.7 0.72 0.033 0.4 60.6 30.1 90.7 

0.3 350 1.71 0.75 0.036 0.43 9.7 82.8 92.5 

0.1 240 1.63 0.75 0.036 0.43 2.4 94.2 96.6 

0.1 350 1.7 0.72 0.033 0.4 60.6 30.1 90.7 

0.1 607 1.29 0.73 0.033 0.47 76.0 17.7 93.7 

ρ is the bulk density; Disp.is the estimated longitudinal dispersivity;  

Meff is the effluent percentage of MWCNTs recovered from the column experiment; 

Msolid is the retained percentage of MWCNTs recovered from the column experiment; 

Mtotal is the total percentage of MWCNTs recovered from the column experiment. 

 

Mathematical model studies were conducted to investigate the relationship 

between column retention and batch sorption parameters for MWCNTs. The M1 

model was initially employed to describe the BTCs shown in Figure 4.2a for the 

various sand mixtures. Table 4.3 provides a summary of fitted M1 model parameters 

(ksw1, krs1, and Smax1) and separate R
2
 values for BTCs and RPs. Simulations for the 

M1 model are shown in Figure 4.2, and R
2
 values for BTCs were always very good 

(R
2
> 0.96). Fitted M1 model values of ksw1 and krs1 were subsequently employed to 

determine column values of 𝐾𝐷 =
𝜃𝑘𝑠𝑤1

𝜌𝑘𝑟𝑠1
 (Jaisi and Elimelech 2009, Schijven and 

Hassanizadeh 2000). Batch KD values for these same sand mixtures were determined 

as a linear combination of components equal to (1- 𝜆) KQS + 𝜆 KGQS; where KQS and 

KGQS are batch KD values for QS and GQS (cf. Figure 4.1), respectively. Column and 

batch values of KD are given in Table 4.3. Note that column values of KD were always 

much larger than batch values, and this difference increased with λ (nearly two orders 

of magnitude higher when λ=0.3). Clearly, the batch results had little relevance in 

predicting column scale retention despite the electrostatically favorable conditions. 

Others have observed a similar inconsistence between batch and column retention 

parameters (Jin et al. 1997, Praetorius et al. 2014, Torkzaban and Bradford 2016, 
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Treumann et al. 2014). Torkzaban and Bradford (2016) provided a detailed 

explanation for differences in colloid retention parameters in batch and column 

studies. In brief, the torque balance between applied hydrodynamic (TH) and resisting 

adhesive (TA) torques is not continuously satisfied in a well-mixed batch system 

because the lever arms are changing. Conversely, colloid immobilization by surface 

straining can occur in column systems because the torque balance is constantly 

satisfied (TH ≤ TA) at microscopic roughness locations and grain-grain contacts that 

reduce the lever arm for TH and increase the lever arm for TA.   

Fitted values of ksw1 showed a nonlinear dependency on λ. In particular, ksw1 

slightly increased as λ increased from 0 to 0.1, but dramatically increased when λ 

increased from 0.1 to 0.3. This result is consistent with bacteria transport studies in 

various fractions of iron oxide coated sands (Foppen and Schijven 2005, Kim et al. 

2008), but a linear increase in ksw1 with λ has been reported for nanoparticles 

(Elimelech et al. 2000, Wang et al. 2012a). This discrepancy is likely related to 

differences in the size of the electrostatic zone of influence, which is proportional to 

the colloid size (Duffadar and Davis 2008). In particular, the influence of nanoscale 

chemical heterogeneity is less pronounced for larger colloids because these effects are 

averaged over a larger zone of influence (Bendersky and Davis 2011, Bradford and 

Torkzaban 2012).  

MWCNT BTCs shown in Figure 4.2a exhibited time-dependent blocking 

behavior (increasing breakthrough concentrations with injection) as retention 

locations filled over time. Fitted values of Smax1 increased with λ (Table 4.3) because 

of the presence of more electrostatically favorable goethite coated retention locations. 

Time dependent blocking behavior therefore became less apparent as λ increased 

(Figure 4.2a), and the fitted value of Smax1 therefore exhibited a greater standard error 

when λ=0.3.   

Table 4.3 shows the 95% confidence interval when using fitted values of Smax1 

and its standard error, and geometric estimates and BET measurements for As to 

calculate Sf.  Calculated values of Sf were very small. For example, when λ=0.1 the 95% 

confidence interval for Sf was always <1.6% even when goethite coated 10% of the 

sand surface. Furthermore, this calculated value of Sf was around one order of 

magnitude smaller when using BET measurement than geometric estimates of As. 

These low Sf values suggested that highly unfavorable attachment conditions occurred 

even on goethite coated surfaces that are electrostatically favorable for attachment. An 
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explanation for this observation is due to nanoscale roughness. The combined 

influence of nanoscale roughness and Born repulsion produces shallow primary 

minima (Bradford and Torkzaban 2013), and colloids that interact in these minima are 

susceptible to diffusive or hydrodynamic removal (Bradford and Torkzaban 2015, 

Torkzaban and Bradford 2016). 

The M2 model may be used to separately quantify the transport and retention 

of MWCNTs on QS and GQS sites. In this case, fitted values of ksw1 and Smax1 from 

the M1 model were used to predict QS and GQS parameters for the M2 model by 

assuming a linear dependence on λ (Table 4.3). A summary of these calculated M2 

model parameters is given in Table 4.3, as well as the R
2
 values between observed and 

predicted BTCs and RPs. Predicted BTCs and RPs for the M2 model provided a much 

poorer description of the data than the fitted M1 model. This occurs because fitted M1 

model parameters exhibited a nonlinear dependence on λ (Table 4.3). Consequently, 

information on the transport and retention parameters for the individual components is 

not sufficient to predict behavior of the sand mixture. However, M2 model parameters 

may still be fitted to BTCs for MWCNTs to give an equal or superior description of 

this data than the M1 model.  

Although the M1 model always described the BTCs very well, the RPs were 

poorly described when λ=0 or 0.1 (cf., Figure 4.2b and Table 4.3). In these cases, the 

RPs exhibited a hyper-exponential shape, with MWCNT mass removal under 

predicted near the column inlet and over estimated at the column outlet. Interestingly, 

the BTC and RP were both well described when λ=0.3. A number of potential 

explanations for hyper-exponential RPs have been provided in the literature, including: 

straining (Bradford et al. 2003); chemical and/or size heterogeneity of the colloid 

suspension (Tong and Johnson 2007, Tufenkji and Elimelech 2005b); and the pore-

scale fluid distribution (Bradford et al. 2009, Wang et al. 2011b). The relative 

importance of all of these factors on MWCNT retention cannot be conclusively 

deduced from the collected information. However, dramatic differences in batch and 

column scale retention indicate that surface straining played an important role in 

retention. In addition, surface straining processes also have been demonstrated to be 

more important under highly unfavorable attachment conditions (Bradford and 

Torkzaban 2015), which is consistent with observed changes in the RP shape with λ.  
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Figure 4.2 Experimental and estimated breakthrough curves (a) and retention profiles 

(b) for MWCNTs under different mixing mass ratios (λ). The Darcy velocity was 

0.72-0.75 cm min
-1

. The grain size of the sand was 350µm. 

 

Additional terms need to be considered in the model to account for the 

observed depth dependent retention shown in Figure 4.2b. In particular, we employed 

a two-site retention model with time-dependent blocking on Site 1 and depth-

dependent retention on Site 2 (M3 model). Simulated BTCs and RPs for the M3 

model are also shown in Figure 4.2, and provided an excellent description of BTCs 

and RPs. The fitted model parameters and R
2
 values are given in Table 4.3. As 

expected, the values of,ksw1, ksw2, and Smax1 increased with increasing λ. It should be 

mentioned that the relative importance of Sites 1 and 2 cannot be determined by 

comparison of the values of ksw1 and ksw2 because of the depth-dependency on Site 2.  
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4.1.4 Effect of grain size 

Additional column experiments were conducted to investigate the transport 

and retention behavior of MWCNTs in porous media having the same value of λ=0.1 

but different grain sizes (240, 350 and 607 µm). Figures 4.3a and 4.3b show the 

observed and simulated BTCs and RPs, respectively. The experimental conditions and 

mass balance information are summarized in Table 4.2. Fitted M1 and M3 model 

parameters and R
2
 values for BTCs and RPs are shown in Table 4.3. The Mtotal was 

always greater than 90.7%. Values of Meff and Msolid increased (2.4 to 76.0 %) and 

decreased (94.2 to 17.7%), respectively, as the grain size increased from 240 to 607 

µm. Similarly, fitted values of ksw1 when using the one site retention and blocking 

model (M1) increase in a nonlinear fashion with decreasing grain size. Colloid 

filtration theory predicts that this trend of increasing ksw1 and Msolid with decreasing 

grain size occurs because of an increasing rate of mass transfer to the solid surface 

(Jaisi and Elimelech 2009, Kasel et al. 2013a, Liang et al. 2013b). Direct comparison 

of fitted and filtration theory predictions for ksw1 are hampered by the needle like 

shape of the MWCNTs and the need to independently estimate the sticking efficiency.  

Fitted values of Smax1 from the M1 model also increased with decreasing grain 

size. This trend is expected because the surface area of the sand increases with 

decreasing grain size, and this produces more electrostatically favorable sites for 

retention on the goethite coated sand. The MWCNT BTCs exhibited some time 

dependent blocking behavior in Figure 4.3. These blocking effects were more 

pronounced for increasing collector grain size because of smaller values of Smax1. As 

explained previously, corresponding values of Sf values were very small; e.g., the 95% 

confidence interval on Sf was always less than 6.3% and 0.68% (Table 4.3) when 

using geometric estimates and BET measurement for As, respectively. This 

observation further supports the conclusion that only a small portion of the goethite 

coatings on the sand surface were favorable for retention.  

The RPs shown in Figure 4.3b again exhibited a hyper-exponential distribution 

with depth that was not well described using the one-site retention and blocking 

model (M1). The two-site model with time- (Site 1) and depth- (Site 2) dependent 

retention (M3) was used to simulate this behavior. Simulation results are shown in 

Figure 4.3, and fitted model parameters are given in Table 4.3. Values of ksw1, ksw2, 

and Smax1 increased with decreasing grain size. The value of ksw1 was more sensitive to 

grain size than ksw2, especially when the grain size decreased from 350 to 240 µm. In 
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general, the value of ksw2 was relatively insensitive to λ, because this parameter was 

mainly controlled by system hydrodynamics such as flow velocity and grain size 

distribution (Wang et al. 2012c). 

 

 

 

Figure 4.3 Observed and simulated breakthrough curves (a) and retention profiles (b) 

for MWCNTs in goethite-coated quartz sand with three different grain sizes (240, 350 

and 607 µm) but the same λ (0.1). The Darcy velocity was 0.72- 0.75 cm min
-1

.  
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4.2 Transport and retention of carbon nanotubes in soil 

4.2.1 MWCNT suspension stability 

The hydrodynamic radius of MWCNTs in KCl and CaCl2 solutions at an 

IS=10 mM was measured 0, 1, and 4 h after suspension preparation by DLS. The 

hydrodynamic radius was always within the measurement error, and did not show a 

systematic trend with the cation type or time. The MWCNT suspensions were 

therefore considered to be stable during the injection phase (approximately 18 min) of 

all transport and release experiments discussed below.  

 

4.2.2 Zeta potential 

Figure 4.4 presents plots of measured zeta potential for MWCNTs and soil as 

a function of IS and cation valence (K
+
 and Ca

2+
).  Both MWCNTs and soil exhibited 

a net negative charge for the considered solution chemistry conditions. This result 

indicates that net electrostatic interactions between the MWCNTs and soil were 

repulsive. The zeta potential was generally similar in magnitude for MWCNTs and 

soil under the same solution chemistry condition. Furthermore, increasing the solution 

IS and cation valence tended to decrease the magnitude of both zeta potentials. These 

trends are consistent with published literature (Elimelech et al. 2013, Israelachvili 

2011, Khilar and Fogler 1998).     

 

 

Figure 4.4 Zeta potentials of MWCNTs and soil as a function of the ionic strength in 

electrolyte solutions (KCl and CaCl2). 
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4.2.3 Transport and Retention of MWCNTs 

Figure 4.5 presents observed and simulated BTCs and RPs for functionalized 

MWCNTs when the IS=1, 4, and 10 mM KCl. The BTCs (Figure 4.5a) are plotted as 

the normalized effluent concentration (C/Co; where Co is the influent suspension 

concentration of MWCNTs) versus pore volumes, whereas the RPs are plotted as 

normalized solid phase concentration (S/Co) as a function of distance from the column 

inlet. The experimental conditions, hydraulic parameters, and mass balance 

information for these experiments are presented in Table 4.4. Simulations provided an 

excellent description of BTCs and RPs with a Pearson’s correlation coefficient (R
2
) > 

0.95. Table 4.5 provides a summary of fitted retention model parameters.  

The total mass balance (Mtotal) for data shown in Figure 4.5 was very good (> 

91%, Table 4.4). The mass percentage recovered from the effluent (Meff) strongly 

decreased from 45.8% to 4.0% as the IS increased from 1 to 10 mM (KCl), resulting 

in a corresponding increase in the solid phase mass percentage (Msolid) from 48.8% to 

90.3%. Fitted values of 𝑘𝑠𝑤 and 𝑆𝑚𝑎𝑥/ Co also increased with IS, whereas 𝑘𝑟𝑠 

decreased with IS. These trends are attributable to an increase in the adhesive force 

for MWCNTs on soil with IS due to compression of the double layer thickness and a 

decrease in the magnitude of the zeta potential (Figure 4.4), and is consistent with 

other studies (Jaisi et al. 2008, Tian et al. 2012c, Yang et al. 2013). It should also be 

mentioned that the influence of nanoscale heterogeneities on colloid retention 

increases with an increase in IS (Bradford and Torkzaban 2013). 

BTCs for MWCNTs (Figure 4.5a) exhibited increasing breakthrough 

concentrations over time due to blocking; e.g., filling of a limited number of retention 

sites with continued MWCNT injection. The breakthrough time for MWCNTs was 

also delayed in comparison with the tracer (data not shown). This occurs because 

𝑘𝑠𝑤was sufficiently high to produce complete retention until available retention sites 

fill enough to induce breakthrough (e.g., Leij et al. 2015). This delay in breakthrough 

increases with IS because a larger value of 𝑆𝑚𝑎𝑥/Co takes longer to fill. Other studies 

that have investigated the effect of IS on CNTs transport in clean sands or glass beads 

have not observed this result (Jaisi et al. 2008, Tian et al. 2012c, Yang et al. 2013), 

but it has been previous demonstrated for other nanoparticles (e.g.,Sasidharan et al. 

2014). This apparent discrepancy is due to the strong dependency of blocking on 𝑘𝑠𝑤, 

𝑆𝑚𝑎𝑥 , Co, and the input pulse duration (Leij et al. 2015). In particular, delay in the 
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breakthrough will not occur if 𝑘𝑠𝑤, Co, and the input pulse duration is too low, or if 

𝑆𝑚𝑎𝑥  is too high.   

 

 

Figure 4.5 Effect of ionic strength on the transport and retention of MWCNTs in soil: 

observed and fitted breakthrough curves (a) and retention profiles (b) of MWCNTs 

under 1, 4, and 10 mM KCl, respectively.  
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The RPs for MWCNTs (Figure 4.5b) exhibited a hyper-exponential shape that 

was well described using the model with a depth-dependent retention function 

(Equation 3.7). This indicates that a greater retention rate occurred near the column 

inlet then the outlet. Hyper-exponential RPs have previously been observed for 

MWCNTs (Bradford and Bettahar 2006, Kasel et al. 2013a, Kasel et al. 2013b). A 

variety of potential explanations for hyper-exponential RPs have been identified in the 

literature, including: straining (Bradford et al. 2003, Bradford et al. 2002), colloid 

aggregation (Chen and Elimelech 2006, 2007), chemical heterogeneity on the soil and 

colloid (Tong and Johnson 2007, Tufenkji and Elimelech 2005b), and system 

hydrodynamic factors (Bradford et al. 2009, Li et al. 2005). It is difficult to ascertain 

the potential contribution of each factor to the observed RP. However, MWCNTs 

retention still resulted in a hyper-exponential shape even under low IS conditions (1 

mM KCl) that should minimize the contribution of colloid aggregation and chemical 

heterogeneity. Results for theoretical calculations that consider forces and torques that 

act on colloids near heterogeneous surfaces, and comparison of retention in batch and 

column studies indicate that retention of MWCNTs is controlled by surface straining 

locations near macroscopic roughness locations and grain-grain contacts under low IS 

conditions (Bradford and Torkzaban 2015). Similarly, other studies have concluded 

that straining played a dominant role in the retention of MWCNTs (Jaisi et al. 2008, 

Kasel et al. 2013a, Kasel et al. 2013b, Wang et al. 2012d). 

The effect of cation type on the transport and retention of MWCNTs in soil is 

presented in Figure 4.6.  In this case, MWCNTs were deposited and eluted at the same 

IS=1 mM in the presence of monovalent K
+
 or divalent Ca

2+
 cations. Figure 4.6 

presents observed and simulated BTCs and RPs. Table 4.5 summarizes the fitted 

retention model parameters that provided an excellent description of this data (R
2
 > 

0.97). Retention of MWCNTs (Table 4.4) and fitted values of  𝑘𝑠𝑤  and 𝑆𝑚𝑎𝑥/Co 

(Table 4.5) were much higher in the presence of Ca
2+

 than K
+
 at the same IS. In 

comparison to K
+
, Ca

2+
 produces a stronger adhesive force due to the smaller 

magnitude of the zeta potential (Figure 4.4), localized neutralization and/or reversal of 

surface charge (Grosberg et al. 2002), and cation bridging (Torkzaban et al. 2012) that 

all enhances retention of MWCNTs. Fitted values of 𝑆𝑚𝑎𝑥/Co clearly indicate that 

many more retention sites were available in the presence of Ca
2+

 than K
+
 (an increase 

of 171%). This larger increase in the value of 𝑆𝑚𝑎𝑥/Co in the presence Ca
2+

also 
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influenced the blocking behavior in the MWCNT BTC.  In particular, a greater delay 

in the breakthrough time and a slower rate of increase in the BTC with time was 

observed (Figure 4.5b). Similar to RPs in the presence of K
+
 (Figure 4.6b), the RP in 

the presence of Ca
2+

 also exhibited a hyper-exponential shape. This observation 

suggests that similar retention mechanisms were operative in the presence of both 

monovalent and divalent cations.   

 

 

Figure 4.6 Effect of cation type on the transport and retention of MWCNTs in soil: 

observed and fitted breakthrough curves (a) and retention profiles (b) of MWCNTs 

under 1 mM KCl and CaCl2, respectively.  

    

4.2.4 Release of MWCNTs 

Very little release of MWCNTs was observed under steady-state solution 

chemistry conditions (Figure 4.5 and 4.6, and Table 4.4). Conversely, significant 

amounts of colloid and nanoparticle release have been reported when transient 
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solution chemistry conditions reduce the adhesive force (e.g., Liang et al. 2013a).  

Additional experiments were therefore conducted to better understand the effect of IS 

reduction and cation exchange on the release of MWCNTs in soil. Step A of Figure 

4.7 presents BTCs when MWCNTs were retained and eluted in the presence of IS=10 

mM KCl (experiment I), and CaCl2 solution at IS=1 mM (experiment III) and IS=10 

mM (experiment III). Transport of MWCNTs was limited in Step A for all of these 

conditions.  Indeed, effluent mass balance during step A (MA) only equaled 4.6, 4.2, 

and 0.03% for experiments I, II, and III, respectively.   

Step B in Figure 4.7a presents the subsequent release curves when retained 

MWCNTS were eluted by Milli-Q water.  Release was much more pronounced when 

the MWCNTs were retained (step A) in the presence of monovalent K
+
 (42.2%) than 

divalent Ca
2+

 (<7.7%) cation. This result indicates that the adhesive interaction was 

stronger and less reversible in the presence of Ca
2+

 than K
+
. Furthermore, release of 

MWCNTs was less pronounced when they were retained in IS=10 mM CaCl2 (0.3%) 

than IS=1 mM CaCl2 (7.7%) solution, respectively. This implies that a stronger 

adhesive force continued to act on the MWCNTs when they were initially retained in 

the presence of a higher concentration of Ca
2+

. A potential explanation for these 

observations is due to localized charge neutralization/reversal or cation bridging by 

Ca
2+

 which creates strong interactions with MWCNTs (Jaisi et al. 2008, Liang et al. 

2013a).     

Experiments II and III were continued to further study the release of 

MWCNTs that were retained in the presence of Ca
2+

 using the following elution 

sequence: KCl at the same IS as in step A (step C); Milli-Q water (step D); 100 mM 

KCl (step E); and Milli-Q water (step F). The effluent concentrations of MWCNTs 

during each of these steps are shown in Figure 4.7a, with corresponding mass balance 

information given in Table 4.4 (denoted as MC-MF). Effluent concentrations of K
+
 and 

Ca
2+

, and Al and Fe in a replicate release experiment for MWCNT in IS=1 mM CaCl2 

solution during step A are shown in Figure 4.7b and 4.7c, respectively. The RPs for 

MWCNTs following completion of transient release experiments I, II, and III are 

shown in Figure 4.7d.   
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Figure 4.7 (a) Breakthrough and release behavior, and retention profiles (d) of 

MWCNTs in soil. Deposition (step A) occurred at an IS = 10 mM using KCl for 

experiment I, and an IS =1 and 10 mM using CaCl2 for experiment II and III, 

respectively, whereas release was initiated by ionic strength reduction (steps B, D, 

and F, Milli-Q water) and cation exchange (steps C and E) as summarized in Table 

4.4. (b) Effluent concentrations of K and Ca during steps A−F in experiment II. (c) 

Release of MWCNTs and naturally occurring minerals due to ionic strength reduction 

(steps B, D, and F, Milli-Q water) and cation exchange (steps C and E) in soil in 

experiment II. For experiment III, the range of step A-F is not shown as the blue 

dotted line due to the different experimental conditions compared with experiment II. 

The injection procedure in experiment II is step A (0-7.61 pore volumes (PVs)), step 

B (7.61-15.23 PVs), step C (15.23-17.51 PVs), step D (17.51-22.85 PVs), step E 

(22.85-25.13 PVs), and step F (25.13-30.47 PVs).  

 

MWCNT release always occurred when Milli-Q water was injected into the 

column during steps B, D, and F, but gradually ceased when KCl was injected during 

steps C and E (Figure 4.7a). The amount of MWCNTs that was released with Milli-Q 

water strongly depended on the concentrations of injected Ca
2+

 during step A and K
+
 

during steps C and E. Release of MWCNTs that occurred with IS reduction during 

steps D and F were also influenced by the amount of cation exchange that occurred 

during steps C and E. Specifically, greater amounts of Ca
2+

 ions were exchanged back 

into the aqueous phase when a higher concentration of K
+
 was injected (Figure 4.7b).  

This exchange process reduced the strength of the adhesive interaction, such that 
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greater amounts of MWCNTs were released with a subsequent reduction in solution 

IS. Consequently, MD was less when the IS equaled 1 mM (MD=5.3%) than 10 mM 

(MD=11%) KCl during step C. The value of MF was influenced by: (i) the initial 

concentration of Ca
2+

 during deposition (step A); (ii) the amount of cation exchange 

(steps C and E); and (iii) the previous amounts of MWCNT that were released (steps 

B and D). In this case, the value of MF equaled 21.1 and 11.6% when the IS equaled 1 

and 10 mM CaCl2, respectively, during step A. A similar trend was observed for the 

total recovered mass of MWCNTs during steps A-F, and this indicates that increased 

strength of the adhesive force at a higher Ca
2+

 concentration (step A) was the 

dominant consideration.   

Figure 4.7d presents the RPs for MWCNTs following completion of the 

release experiments. Similar to Figure 4.5 and 4.6, RPs were still hyper-exponential in 

shape. However, close inspection of Figure 4.5b, 4.6b, and 4.7b reveals that retained 

MWCNTs in release experiments were shifted from the top into deeper layers. This 

observation supports the potential for continued slow remobilization of MWCNTs in 

the subsurface due to the effects of IS reduction and cation exchange. 

  Bradford and Kim (2010) examined the release behavior of in situ kaolinite 

clay from sand due to cation exchange and IS reduction, and observed similar trends 

as seen for the MWCNTs in Figure 4.7. This observation suggests the potential for 

colloid-facilitated transport of MWCNTs in this study. Indeed, effluent samples 

exhibited differences in sample turbidity due to release of soil colloids. To better 

understand the potential association of released MWCNTs and soil colloids, Figure 

4.7c presents plots of effluent concentrations of Al, Fe, and MWCNTs during the 

release experiment. Note that release behavior of Fe, Al, and MWCNTs closely 

follow each other with IS reduction and cation exchange. Liang et al. (2013a) also 

observed this same phenomenon for silver nanoparticles with Al and Fe. All of these 

observations strongly support the potential for colloid-facilitated transport of 

MWCNTs during the release experiments.   

 

4.2.5 Soil size fractionation 

Soil fractionation was conducted following completion of MWCNT transport 

experiments at IS=1 mM in KCl and CaCl2 solutions to further investigate the 

association between MWCNTs and soil colloids in the presence of different cation 

types. Figure 4.8a shows a plot of the soil mass percentage of the different size 
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fractions. Results indicate that the soil was composed of 2.38% WDCs (1.51% in the 

range of 0.45-2 µm and 0.87% less than 0.45 µm), 11.5% silt (2-20 µm), and 86.2% 

sand (20-2000 µm). This size fractionation is comparable to that obtained by (Kasel et 

al. 2013b), with small variations likely due to the use of different soil fractionation 

methods.  

Figure 4.8b presents a plot of the recovered mass percentages of MWCNTs in 

the various soil size fractions when the IS=1 mM KCl and CaCl2. The total mass 

recovery was calculated to be more than 85%. Mass percentages of MWCNTs in the 

sand and silt fractions were only 9.5 and 17.2%, respectively, even though they 

accounted for 97.7% of the soil mass. Mass percentage of MWCNTs in the 0.45-2 µm 

WDC fraction that accounted for 1.51% of the soil mass was 23.6%. The mass 

percentage of MWCNTs in the <0.45 µm WDC fraction and the so-called electrolyte 

phase (Jiang et al. 2014) was 49.7%. This fraction included MWCNTs associated with 

very fine soil colloids and those released during the fractionation procedure.   

Figure 4.8c presents the retained concentration (S/Co) of MWCNTs in 

different soil fractions in the presence of KCl or CaCl2 when the IS=1 mM. The 

retained concentration of MWCNTs in each soil fraction was more pronounced in the 

presence of Ca
2+

 than K
+
, especially in the WDC fraction. This observation can be 

explained by charge reversal/neutralization (Grosberg et al., 2002) and/or bridging 

complexation between soil grains and functionalized MWCNTs in the presence of 

Ca
2+

 (Torkzaban et al., 2012). Similar to experimental observations, bridging 

complexation is expected to be more pronounced with the WDC fraction (Torkzaban 

et al., 2012).   

 The above information indicates that the WDC fractions were enriched in 

MWCNTs in comparison with the sand and silt fractions, and that the association 

between WDCs and MWCNTs was related to the cation valance. This strong 

association between WDCs and MWCNTs provides further evidence for colloid-

facilitated transport of MWCNTs during the release experiments.   
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Figure 4.8 (a) Mass percentage of each soil sized fraction: sand, silt, 0.45-2 μm 

WDCs and < 0.45 μm WDCs; (b) Mass percentage of MWCNTs in sand, silt and 

0.45-2 μm WDCs of soil. The < 0.45 μm WDCs also contained the MWCNTs in the 

so-called electrolyte phase (1 mM KCl and CaCl2); (c) Retention amount of 

MWCNTs in sand, silt, 0.45-2 μm WDCs and < 0.45 μm WDCs including electrolyte 

phase under different cation type. 
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4.3 Co-transport of chlordecone and sulfadiazine in the presence of 

carbon nanotubes in soils 

4.3.1 Sorption results 

All the optimized results from batch experiments are summarized in Table 4.6. 

A linear adsorption isotherm provided a good description of CLD adsorption on the 

soil (R² = 0.99, Table 4.6, Figure 4.9a). The sorption coefficient (Kd) equaled 56 cm
3 

g
-1

. This value of Kd can be used in conjunction with the soil organic carbon fraction 

(foc=0.011 g g
-1

) (Kasel et al. 2013b)  to calculate the octanol-water partition 

coefficient (Koc=Kd/foc) (OECD. 2000) that is equal to 5090 cm
3
g

-1
. This Koc value  is 

consistent with the reported range in the literature of 2500 to 20,000 cm
3
g

-1 
(Woignier 

et al. 2012) and indicates that the hydrophobic adsorption is controlled by the 

interaction between CLD and the soil organic carbon (Cabidoche et al. 2009, Levillain 

et al. 2012, Li et al. 2012), which produces a limited mobility of CLD in soils 

(Fernandez-Bayo et al. 2013a, Fernandez-Bayo et al. 2013b). The adsorption of SDZ 

in the same (Kaldenkirchen-Hülst) soil was described in an earlier study (Zarfl 2008). 

Reported values of Kd=0.56 cm
3
g

-1
 and Koc=5.09 cm

3
g

-1
 indicate that organic carbon 

was also the main factor affecting the fate of SDZ in soils (Kasteel et al. 2010). 

However, SDZ has a much lower Koc value than CLD; its mobility in soils is therefore 

expected to be much higher than that of CLD. 

 

Table 4.6 Optimized results from batch experiments. 

Chemicals Absorbents 
kamM kdmM Kd Koc 

[min
-1

] [min
-1

] [cm
3
g

-1
] [cm

3
g

-1
] 

CLD MWCNT 0.10 5.32E-03 60,000 NF 

CLD soil 
  

56 5,090 

SDZ MWCNT 
  

6,000 NF 

SDZ* soil 
  

0.56 5.09 

* The adsorption of SDZ in the soil was described by Zarfl (2008).  

NF - not fitted. 
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Figure 4.9 (a) Adsorption isotherm of CLD on soil. (b) Adsorption isotherm of CLD 

on MWCNTs. (c) Adsorption isotherm of SDZ on MWCNTs. (d) Kinetic sorption 

data for CLD on MWCNTs. 

 

The Freundlich equation provided a good description of adsorption isotherms 

of CLD on MWCNTs (R
2
 = 0.95), with the Freundlich coefficient (KF) and exponent 

(n) equal to 229 μg
(1-1/n) 

L
1/n 

g
-1

 and 1.49, respectively (Figure 4.9b). The sorption 

coefficient Kd was calculated from a linear fit of the first part of the isotherm to be 

60,000 cm
3
g

-1
, which demonstrates strong adsorption. A linear adsorption isotherm 

provided a good description of SDZ adsorption on the MWCNTs (R² = 0.99, Figure 

4.9c), with a sorption coefficient Kd of 6,000 cm
3
g

-1
, which is in agreement with 

reported Kd values (10
3
-10

4
 cm

3
g

-1
) (Ji et al. 2009). The Kd values of CLD and SDZ 

on MWCNTs were three and five orders of magnitude higher than on the loamy sand 

soil, respectively. This strong adsorption capacity of MWCNTs for CLD and SDZ is 

mainly attributed to their large specific surface area and surface heterogeneities (Liao 

et al. 2008, Upadhyayula et al. 2009). The presence of MWCNTs in soils is therefore 

expected to strongly influence the mobility of CLD and SDZ. 
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Equation (3.1) provided a good description for the adsorption kinetics of CLD 

on MWCNTs (R
2
 = 0.99, Figure 4.9d). The adsorption (kamM) and desorption (kdmM) 

rates of CLD to/from the MWCNTs were determined to be 6.26 h
-1

 and
 
0.32 h

-1
, 

respectively. The adsorption rate was much faster than the desorption rate.  

 

4.3.2 Single-species transport in soil 

The first three column experiments (I, II, and IV) were performed to improve 

our understanding of the single-species transport behavior of CLD, SDZ, and 

MWCNTs in soils. The experimental conditions are presented in Table 4.7 and 

optimized model parameters in Table 4.8. The BTCs (Figure 4.10a) are plotted as 

normalized effluent concentrations (C/Co) versus pore volumes, where Co is the 

influent concentration of MWCNT, CLD or SDZ. The RPs (Figure 4.10b) are plotted 

as normalized solid phase concentrations (S/Co) versus column depth. The total mass 

percentage recovered from the effluent and retained in the column ranged from 95% 

to 105% (Table 4.7) for the three compounds. The retardation factors for CLD, SDZ, 

and MWCNTs that were calculated from respective BTCs relative to the conservative 

tracer transport (data not shown) (Ptak et al. 2004) indicated that CLD, SDZ, and 

MWCNTs reached the column outlet with only a slight retardation compared to the 

conservative tracer. Thus, pore size exclusion was not observed (Bradford et al. 2003). 

About half of the injected mass of MWCNTs was retained in the soil column 

(Figure 4.10). Equations (2.1), (2.4), and (3.7) provided a good description of the 

BTC and RP (R
2
=0.975). The fitted value of ksw was considerably (several orders of 

magnitude) higher than the krs (Table 4.8), indicating only a slow rate of release. The 

BTC exhibited blocking behavior (a decreasing rate of retention with continued 

MWCNT injection). The fitted value of Smax/Co = 5.45 cm
3
g

-1
 was used to account for 

this blocking process, and its low value indicates that only a small fraction of the solid 

surface area contributed to MWCNT retention (Bradford et al. 2009, Kasel et al. 

2013a). This result is expected because the soil and functionalized MWCNTs exhibit 

a net negative charge under low ionic strength conditions that produces an energy 

barrier to attachment (Bradford et al. 2009, Bradford et al. 2006a). The RP shape was 

hyper-exponential (e.g., a greater rate of retention near the column inlet than the 

outlet). A number of potential explanations for hyper-exponential RPs have appeared 

in the literature, including: straining (Bradford et al. 2003, Bradford et al. 2002), 

heterogeneity in colloid size and charge
 
(Bolster et al. 1999, Tong and Johnson 2007, 
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Tufenkji and Elimelech 2005b), and system hydrodynamics (Bradford et al. 2009, 

Wang et al. 2011a). The exact reason of the hyper-exponential RP cannot be deduced 

from the experimental data, but other literature information for the retention of 

MWCNTs suggests that straining was the domain process under our experimental 

conditions (Jaisi et al. 2008, Kasel et al. 2013a, Wang et al. 2012d). 

 

 

Figure 4.10 Observed and estimated BTCs (a) and RPs (b) for a single-species 

transport of CLD (experiment I), SDZ (experiment II), and MWCNTs (experiment IV) 

in saturated soil columns. The left figure (a) has two vertical axes. The left axis shows 

the relative CLD concentrations (C/Co), while the right axis shows the relative SDZ 

and MWCNTs concentrations. 
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CLD and SDZ exhibited very different mobilities in the soil. Almost 100% of 

the CLD was retained in the soil, mostly in the shallow layers (0-2 cm). On the other 

hand, SDZ easily passed through the column and, only 12% was retained in the soil 

(Table 4.7). These results are consistent with the batch experiments, which found that 

the Kd value was much larger for CLD (56 cm
3
g

-1
) than for SDZ (0.56 cm

3
g

-1
). The 

two-site sorption model fitted well the observed BTCs for both CLD and SDZ (Table 

4.8). Values of Kd that were fitted to the column experiments were not the same as 

those obtained in the batch experiments, especially for CLD, likely due to the 

differences in the hydrodynamic conditions (Torkzaban and Bradford 2016, 

Treumann et al. 2014). The fitted fraction of equilibrium exchange sites (f) was 

always very small (Table 4.8), indicating that sorption of both CLD and SDZ was 

mainly a kinetic process. Equilibrium sorption can be neglected for SDZ due to the 

small value of Kd (0.17 cm
3
g

-1
). Therefore, only a one-site kinetic sorption process 

was considered in the model by setting f = 0. In contrast, equilibrium sorption cannot 

be neglected for CLD because of the large value of Kd (282.6 cm
3
g

-1
) that provides 

retardation of about 1.5. Unold et al. (2009) and Wehrhan et al. (2007) came to a 

similar conclusion for CLD and SDZ, even though they employed different sorption 

models. Although the sorption model described experimental BTCs well, it was not 

able to correctly fit RPs with their hyper-exponential shapes (Figure 4.10b). The same 

problem was also encountered by Unold et al. (2009) and Wehrhan et al. (2007). The 

most plausible reason for the hyper-exponential RPs for CLD and SDZ is due to 

system hydrodynamics (Li et al. 2005) since straining (Bradford et al. 2004, Bradford 

et al. 2005, Bradford et al. 2003) and heterogeneity in colloid size and charge (Bolster 

et al. 1999, Tufenkji and Elimelech 2005b) are unlikely.   

 

4.3.3 Co-transport 

Different injection sequences were employed in the co-transport experiments 

for CLD and SDZ in the presence of MWCNTs. Since CLD has a limited mobility in 

soil (Figure 4.10), the CLD co-transport experiment was conducted by first injecting 

CLD into the soil column followed by a MWCNT suspension. This sequence was 

meant to simulate the process of using MWCNTs to remediate soil contaminated with 

CLD. On the other hand, MWCNTs retained in the soil influence the soil adsorption 

capacity and may thus affect the transport and sorption of highly mobile contaminants 

such as SDZ. The SDZ co-transport experiment was thus performed by injecting the 
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MWCNT suspension first, followed by a SDZ pulse. This sequence was meant to 

simulate the process of using retained MWCNTs in the soil to slow down the spread 

of a contaminant, as is commonly done using reactive barriers. 

 

Table 4.8 Parameters optimized by using different models for the CLD, SDZ, and 

MWCNT transport, co-transport and retention in soil. 

Single-species transport experiments 

Experiment 
 

MWCNT parameters 
Contaminant (CLD or SDZ) 

parameters 

No. R² Smax /C0 Ksw Krs Frac. (f) Kd ω 

  
[cm

3
g

-1
] [min

-1
] [min

-1
] 

 
[cm

3
g

-1
] [min

-1
] 

I 0.827 
   

5.46E-04 282.60 8.28E-04 

II 0.963 
   

0 0.17 1.22E-02 

III 0.997 
   

0 0.17 2.42 

IV 0.975 5.45 10.3 6.80E-03 
   

Co-transport experiments 

Experiment 
 

Contaminant (CLD or SDZ) parameters 

No. R² kaiM kdiM 

  
[min

-1
] [min

-1
] 

V 0.872 0.10
† 

5.32E-03
†
 

VII 0.982 1.31E-02 1.02E-02 

VIII 0.982 0.38 0.49 

R² correlation of observed and fitted data; 
†
 - obtained from the batch experiments. 

 

The colloid-facilitated contaminant transport model in the C-Ride module of 

HYDRUS-1D was used to describe the interactions between CLD and SDZ with soil, 

and with mobile and retained MWCNTs in the four co-transport experiments (V, VI, 

VII and VIII, respectively). The interactions between CLD or SDZ (experiment I and 

II) and soil (ω, f, and Kd) were described using equations (2.7) through (2.10). The 

interactions between MWCNTs (experiment III) and soil (Smax, ksw and krs) were 

described using equations (2.1), (2.4), and (3.7). The interactions between CLD and 

mobile or retained MWCNTs were described by parameters kamM, kdmM, kaiM, and kdiM 

using equations (2.11) through (2.13). As discussed above, rate parameters kamM (6.26 
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h
-1 

= 0.10 min
-1

) and kdmM (=0.32 h
-1

 = 5.32E-3 min
-1

) were estimated from the 

sorption kinetic experiment (equation 3.1, Figure 4.9d). We have assumed that 

adsorption or desorption rates of CLD to/from mobile and retained MWCNTs were 

the same and used these values (kaiM = kamM = 0.10 min
-1

 and kdiM = kdmM = 5.32E-3 

min
-1

). 

 

Pulse of CLD Followed by Pulse of MWCNTs 

In experiments I, V and VI the effect of co-transport of CLD with MWCNTs 

under saturated conditions was investigated (Figure 4.11). It is noteworthy that even 

though CLD's mobility is limited, it still appeared again in the outflow after the 

application of the MWCNTs suspension (Figure 4.11a). The concentrations of 

retained CLD decreased due to the MWCNT injection by approximately 11% in the 

first layer (point 1 and 1’, Figure 4.11b) and nearly 8% in the fourth layer (point 4 and 

4’, Figure 4.11b). Overall, nearly 17% of the CLD mass was remobilized from the top 

layers and shifted into deeper layers after injection of the MWCNT suspension 

(experiment I and V). This shift demonstrated that transport of MWCNTs facilitated 

the remobilization of CLD due to its strong sorption capacity for CLD. A similar 

trend was observed when CLD was injected prior to being eluted with a MWCNTs 

suspension at a higher input concentration of 10 mg L
-1 

(Figure 4.11c and 4.11d).  

Table 4.8 shows the optimized parameters of the CLD co-transport experiment. 

For both mobile and retained MWCNTs, the adsorption rate of CLD was much 

greater than desorption rate, which demonstrated that the sorption was a reversible 

process and MWCNTs had a strong adsorption capacity for CLD. 
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Figure 4.11 Observed and estimated BTCs (a and c) and RPs (b and d) for CLD in 

single-species (experiment I) and co-transport (experiment V and VI, respectively) 

experiments in saturated soil columns. The input concentration for CLD and 

MWCNTs was 1 mg L
-1

. The left figure (a) has two vertical axes. The left axis shows 

the relative CLD concentrations, while the right axis shows the relative MWCNT 

concentrations. The vertical dotted lines indicate applications of CLD and MWCNTs. 

 

Pulse of MWCNTs Followed by Pulse of SDZ                              

In experiments II, III, VII and VIII the influence of retained MWCNTs on 

SDZ transport and sorption was investigated (Figure 4.12). While SDZ has a high 

mobility in soil, it was retained to a greater extent in soil in the presence of 

immobilized MWCNTs. About 12% of the SDZ was retained in the soil column when 

it was applied without MWCNTs (experiment II), whereas about 28% of the SDZ was 

retained when it was applied after a MWCNT pulse (Figure 4.12a and 4.12b, Table 

4.7). The peak effluent SDZ concentrations were reduced by about 5% due to a prior 

MWCNT application pulse and overall more SDZ was retained in the upper layer due 

to the prior MWCNT injection. These findings were further confirmed by conducting 

similar SDZ co-transport experiments (Figure 4.12c and 4.12d, experiments III and 
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VII) with a higher input concentration of SDZ (C0=1 instead of 0.1 mg L
-1

).
 
Clearly, 

more SDZ was retained in the upper layer in the presence of MWCNTs (Figure 4c 

and 4d).
 
 However, it should be noted that the fraction of SDZ mass that was retained 

in the soil was greater when the experiment was conducted with a lower (C0=0.1 mg 

L
-1

, experiment VIII) than higher (C0=1 mg L
-1

; experiment VII) input concentration 

(Table 4.7, Figure 4.12). All these measures demonstrate that retained MWCNTs 

enhanced the sorption of SDZ in the soil column.   

 

 

Figure 4.12 Observed and estimated BTCs (a and c) and RPs (b and d) for SDZ and 

MWCNTs of single-species (experiment II and III, respectively) or co-transport 

(experiment VIII and VII) experiments in saturated soil columns. The input 

concentration for SDZ and MWCNT was 0.1, 1 and 1mg L
-1

, respectively. The 

vertical dotted lines indicate applications of SDZ and MWCNTs. 

 

Unlike the CLD co-transport experiment that had both mobile and retained 

MWCNTs, only the interactions between SDZ and retained MWCNTs was described 

by parameters kaiM, and kdiM (Table 4.8). Estimated kaiM, and kdiM in experiment VIII 

were about one order of magnitude higher than in experiment VII, which further 
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demonstrated that the retained MWCNTs strongly impacted the SDZ mobility. It 

should be noted that kaiM was similar to kdiM, which demonstrated that sorption was a 

reversible process. 

 

Mechanisms of Co-transport 

Studies examining the facilitated contaminant transport by ENPs have 

typically been conducted by simultaneously injecting contaminants and ENPs 

(Hofmann and Von der Kammer 2009, Zhang et al. 2011). Results have demonstrated 

that a high sorption affinity of contaminants to the ENPs and a high concentration of 

ENPs are needed for facilitated contaminant transport. In our experiments MWCNTs 

and contaminants were injected at different times, which better reflects actual 

conditions for facilitated transport (i.e., a soil remediation scenario or an accidental 

release of ENPs and contaminants into the environment). Results indicated that CLD 

was remobilized and more SDZ was retained in the soil because of the impact of 

MWCNTs. Our experimental data and their numerical analysis provided an improved 

understanding of mechanisms and factors of that influence co-transport, including: (1) 

the interaction between contaminants and MWCNTs was a reversible kinetic sorption 

process; (2) both mobile and retained MWCNTs had a significant impact on CLD co-

transport; and (3) the amount of retained MWCNTs had a strong influence on SDZ 

co-transport. 
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4.4 Outlook: Influence of surfactant on carbon nanotubes 

transport in porous media 

4.4.1 Adsorption of surfactants on QS, GQS and MWCNTs 

 The results showed that the hydrodynamic radius was in the same range at 0 h 

and1 h. It was assumed that all MWCNTs, SDBS-MWCNTs, and TX100-MWCNTs 

suspensions in the experiments were stable during the injection procedure 

(approximately 18 min).  

The functionalization of MWCNTs produced an increased amount of groups 

containing oxygen in comparison to the pristine MWCNTs (Kasel et al. 2013a, Xia et 

al. 2007), resulting in its negative zeta potential in 1 mM KCl solution (Figure 4.13). 

Zeta potentials of MWCNTs, QS, and goethite decreased as added SDBS 

concentration increased, suggesting SDBS could further enhance the colloid stability 

of functionalized MWCNTs due to the increased electrostatic repulsion. TX100, as a 

nonionic surfactant, did not significantly change the zeta potentials of MWCNTs, QS 

and goethite, but it can maintain the stability of MWCNT suspension by steric 

stabilization (Moore et al. 2003). Similar to the zeta potential, the pH values of the 

MWCNTs and MWCNTs modified by TX100 (10 and 50 mg L
-1

) suspension were 

the same. They were 5.28 and 5.23 for MWCNT and TX100-MWCNTs suspension, 

respectively. In contrast, the pH of the MWCNTs suspensions increased with the 

increasing SDBS concentration. It was 5.81 and 6.42 in the presence of 10 and 50 mg 

L
-1

 SDBS, respectively.  

 

 



  Results and discussion 

70 

 

Figure 4.13 Zeta potentials of MWCNTs (5 mg L
-1

), quartz sand (QS) and goethite at 

various added concentrations of TX100 and SDBS in IS = 1 mM KCl. The zeta 

potential of MWCNTs (5 mg L
-1

, 1 mM KCl) without surfactant was -38.2 mV. The 

zeta potential of quartz sand (QS, 1 mM KCl) without surfactant was -38.7 mV. 

 

Adsorption isotherms of TX100 and SDBS on QS, GQS and MWCNTs are 

shown in Figure 4.14. Adsorption of TX100 and SDBS followed an order: 

MWCNTs >> GQS > QS. It is worth noting that the adsorption affinity of SDBS on 

QS and MWCNTs were lower than TX100 due to the electrostatic repulsion between 

the negatively charged sorbents (QS and MWCNTs) and SDB
-
 anions. The adsorption 

of SDBS on GQS (λ = 0.1) was also lower than TX100, but the adsorption affinity 

increased as λ increased. That can be explained by the enhanced surface area and 

positive charges of goethite (see also the zeta potential results). The surfactant 

isotherms on QS and GQS were of L-type (Langmuir-type). Both TX100 and SDBS 

adsorption isotherms on MWCNTs were of H-type (High-affinity type). The 

adsorption increased sharply at the beginning part, then reached a plateau (at 

equilibrium surfactant concentration about 5 mg L
-1

), which is similar to the trend of 

Han et al. (2008). The adsorption mechanism can be explained by hydrophobic 

interactions between the hydrophobic chains of surfactants and hydrophobic sites of 

the MWCNTs surface (Matarredona et al. 2003).  It is worth noting that in the plateau 

region of the isotherms, a significant free concentration of surfactant existed in the 
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TX100-MWCNT or SDBS-MWCNT suspension. The SDB- adsorption on all 

sorbents resulted in a more negating zeta potential. 

 

 

Figure 4.14 Adsorption isotherms of surfactant on different sorbents. (a) TX100 and 

SDBS on quartz sand; (b) TX100 and SDBS on goethite coated quartz sand at 

different λ (λ, the mass ratio of GQS in the mixing porous media); (c) TX100 and 

SDBS on MWCNT. The ionic strength was 1 mM KCl. 

 

4.4.2 Transport of surfactant-MWCNTs in quartz sand 

The effects of surfactant on MWCNTs transport in QS based on the observed 

BTCs are presented in Figure 4.15. The BTCs are plotted as the normalized effluent 

concentration (C/Co; where Co is the influent concentration of MWCNT, TX100 or 

SDBS) versus pore volumes. The experimental information and mass recoveries from 

the effluent are presented in Table 4.9. The input concentration of MWCNTs in all 

transport experiments was 5 mg L
-1

. The effluent mass percentage of MWCNTs (Meff, 
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Figure 4.15c) strongly increased from 17.5 % to 90.5 % (Table 4.9) as input 

concentration of SDBS increased from 0 mg L 
-1 

to 50 mg L
-1 

(experiment I, V and 

VI), with an increasing SDBS liquid phase mass recovery from 91.6 % to 95 % 

(Meff_sur., Figure 4.15d). 

 

Table 4.9 Experimental conditions and mass recoveries from effluent for all column 

experiments. IS was 1mM KCl. d50 = 240 μm. Input concentration of MWCNTs was 

5 mg L
-1

. 

No. Surf. Porous media 

Co 

(surfactant) 
q 

Porosity 
Meff_sur. Meff 

[mg L
-1 

] [cm min
-1

] [%] [%] 

I no QS 0 0.71 0.43 no 17.5 

II no GQS, λ = 0.1 0 0.73 0.44 no 2.4 

III TX100 QS 10 0.71 0.45 50.8 75.6 

IV TX100 QS 50 0.72 0.44 80.9 4.1 

V SDBS QS 10 0.72 0.42 91.6 87.2 

VI SDBS QS 50 0.72 0.45 95.0 90.5 

VII TX100 GQS, λ = 0.1 10 0.72 0.44 42.5 7.4 

VIII SDBS GQS, λ = 0.1 10 0.73 0.41 86.4 64.2 

IX SDBS GQS, λ = 0.3 10 0.73 0.42 84.4 0.32 

Meff is the effluent percentage of MWCNTs recovered from the column experiment; 

Meff_sur. is the effluent percentage of surfactant recovered from the column experiment; 

Surf. is the type of surfactant applied for the column experiments. Co is the input 

concentration. QS- quartz sand, GQS- goethite coated quartz sand. λ, the mass ratio of 

GQS in the mixing porous media. q is the Darcy velocity. 
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Figure 4.15 Observed breakthrough curves of MWCNTs, TX100 and SDBS in quartz 

sand. (a) BTCs of MWCNTs with adding 0 (I), 10(III), and 50(IV) mg L
-1

 TX100; (b) 

BTCs of TX 100 at the input concentration of 10 (III) and 50 (IV) mg L
-1

; (c) BTCs of 

MWCNTs with adding 0 (I), 10(V), and 50(VI) mg L
-1

 SDBS; (d) BTCs of SDBS at 

the input concentration of 10 (V) and 50 (VI) mg L
-1

. The input concentration of 

MWCNTs was 5 mg L
-1

. The ionic strength was 1 mM KCl. The Darcy velocity is 

0.71-0.73 cm min
-1

.  

 

In case of SDBS, the breakthrough of MWCNTs was increased from 17.5 % 

(in absence of TX100 experiment I) to 75.6% (Meff, Figure 4.15a) in the presence of 

10 mg L
-1

 TX100 (experiment III), whereas, in contrast to SDBS, less MWCNTs 

broke through when the input concentration of TX100 was 50 mg L
-1

 (experiment IV)
 

in comparison to without TX100 (Meff  decreased from 17.5 % to 4.1 %, Figure 4.15a). 

The breakthrough of TX100 increased from 50.8 % to 80.9 % (Figure 4.15b) as the 

input concentration of TX100 increased from 10 to 50 mg L
-1

. These results suggested 

that attachment affinity of MWCNTs in quartz sand was related to the TX100 

concentration. Lower amount of surfactant counterbalances the van der Waals 

attractions, whereas overcrowded surfactant micelles would deteriorate the dispersion 
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(Han et al. 2008, Jiang et al. 2003, Wang et al. 2004). In our case, the concentration of 

TX100 (50 mg L
-1

) was lower than the critical micelle concentration (CMC) of 

TX100 (142-155 mg L
-1

), which should not deteriorate the MWCNT dispersion due to 

micelles effect in the TX100-MWCNTs suspension. Thus, the main reason why 

TX100 weakened MWCNTs transport in QS is still not clear in this study. Further 

investigations are therefore needed to better understand the interaction between 

TX100 and MWCNTs and the influence on MWCNTs transport in the presence of 

TX100. 

Greater mobility of SDBS than TX100 in QS (Figure 4.15b and 4.15d) was 

observed, which was consistent with the adsorption isotherms and zeta potential. The 

breakthrough of TX100 (Figure 4.15b) indicated that only a small fraction of TX100 

was adsorbed on MWCNTs surface and great amounts of TX100 were dissolved in 

the TX100-MWCNTs suspension. The BTCs of both TX100 and SDBS in QS was 

increased as their input concentration increased, suggesting a small fraction of SDBS 

or TX100 attached/ retained in QS surface.  

 

4.4.3 Transport of surfactant-MWCNTs in goethite-coated quartz sand 

 The effect of goethite coating on surfactant-MWCNTs transport was 

conducted by 5 mg L
-1

 surfactant-free MWCNTs (experiment II) and 5 mg L
-1

 

MWCNTs modified by 10 mg L
-1

 TX100 (experiment VII) or SDBS (experiment VIII 

and IX) in GQS (λ = 0.1, experiment II, VII and VIII, and λ = 0.3, experiment IX). 

Obviously, less MWCNTs of the surfactant-free MWCNTs suspension broke through 

in GQS (experiment II, Figure 4.16a and 4.16b) than in QS (experiment I, Figure 

4.15a and 4.15d) due to the enhanced surface roughness and positively charged 

goethite that been explained by Chapter 4.1 Figure 4.16a shows the BTCs of 

MWCNTs and TX100 in GQS (λ = 0.1, experiment VII). The breakthrough of 

MWCNTs was only 5%  more pronounced due to the TX100 effect in comparison to 

surfactant-free MWCNTs transport in GQS (λ = 0.1, experiment II), which was not as 

significant as in QS. The breakthrough of TX100 was approximately 8% less 

pronounced in the effluent in GQS than in QS (Table 4.9, Figure 4.15b and 4.16a), 

which was consistent with adsorption isotherms, suggesting that goethite influences 

the mobility of MWCNTs and TX100.  
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Figure 4.16 Observed breakthrough curves of MWCNTs, TX100 and SDBS with or 

without additional surfactant in goethite coated quartz sand different λ (λ, the mass 

ratio of GQS in the mixing porous media). (a) BTCs of MWCNTs with adding 0 (II) 

and 10 (VII) mg L
-1

 TX100, and BTC of TX100 (10 mg L
-1

, VII) at λ = 0.1; (b) BTCs 

of MWCNTs with adding 0 (II, λ = 0.1) and 10 mg L
-1

 SDBS (λ = 0.1, VIII and 0.3, 

IX); (c) BTCs of SDBS (10 mg L
-1

) at λ = 0.1 (VIII) and 0.3 (IX). The input 

concentration of MWCNTs was 5 mg L
-1

. The ionic strength was 1 mM KCl. The 

Darcy velocity is 0.71-0.73 cm min
-1

.  

 



  Results and discussion 

76 

 Figure 4.16b shows SDBS still significantly facilitate MWCNTs transport in 

GQS at λ = 0.1 (experiment VII) in comparison to surfactant-free MWCNTs system 

(experiment II). However, MWCNTs exhibited limited transport in GQS at λ = 0.3. 

SDBS still exhibited high mobility in GQS at λ = 0.3 and it slightly decreased as λ 

increased (Figure 4.16c, Table 4.9).  

 Similar to MWCNTs transport in QS, the breakthrough of MWCNTs was 

more pronounced in the presence of SDBS than in the presence of TX100 in GQS (λ = 

0.1). And SDBS also exhibited more breakthrough than TX100 in GQS (λ = 0.1) as 

we expected from adsorption isotherms and zeta potential. 

 Following potential mechanisms may contribute to surfactant effect on 

MWCNTs stabilization and mobility (Han et al. 2008, Liang et al. 2013b): (1) 

releasing some ions from QS or GQS, (2) changing the pH values of the MWCNTs 

suspension, (3) adsorption of surfactant by QS and GQS from surfactant-MWCNTs, 

and (4) interaction between QS or GQS and MWCNTs through surfactant. Since all 

used QS and GQS has been washed by deionized water to remove potential soluble 

ion, and no released ions were observed in adsorption experiments after shaking 24 h 

in GQS system (data not shown) when the concentration of surfactant less than or 

equal to 10 mg L
-1

. The release of ions could be eliminated by TX100 or SDBS effect 

in this study. The pH change of MWCNTs suspension after TX100 addition could be 

neglected. SDBS slightly altered the pH of MWCNTs suspension depending on the 

amounts of SDBS added. However, the pH of MWCNTs suspension in presence of 50 

mg L
-1

 SDBS was 6.42, which was still lower than the zero point charge for Fe (pH = 

7.5) (Bolster et al. 1999). Therefore, the second mechanism was not the dominant 

mechanism in this study. From the adsorption and transport results, the adsorption of 

the surfactants by QS or GQS can be assumed due to the free surfactants (previously 

exist or desorption from MWCNTs). Thus, the surfactant and MWCNT had a 

competition for the attachment sites of the porous media (Liang et al. 2013b). Thus, 

the third mechanism was likely to play an important role. In previous study, 

electrostatic interaction has been considered as the main mechanisms regulating the 

associations between MWCNTs and soil minerals. The cationic surfactant such as 

cetylpydinium chloride and cetyltrimethylammonium could enhance MWCNTs 

deposition or precipitation due to the positively charged hydrophilic head attracted to 

the negatively charged sand surface (Han et al. 2008, Lu et al. 2013, Zhang et al. 

2012). Also in the present study, the hydrophobic interaction between the 
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hydrophobic chains of SDBS or TX100 and MWCNTs could weaken the associations 

between MWCNTs and solid surface (4.th mechanism), resulting in a facilitated 

MWCNTs transport in porous media. It is noted that the interaction between solid 

surface and MWCNTs through surfactant depended on: (1) the type of surfactant, (2) 

the input concentration of surfactant, and (3) the type of porous media.   
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5. Summary and conclusions 

Better understanding the transport, co-transport, retention, and remobilization 

of functionalized MWCNTs and contaminant in subsurface environment is essential 

for environmental protection and risk assessment. Batch and saturated column 

experiments in different porous media (quartz sand (QS), goethite coated quartz sand 

(GQS), and soil) were therefore performed under various physiochemical conditions. 

The aims of the work were to study i) the MWCNTs transport in chemically 

heterogeneous porous media, ii) the role of cation valance and exchange on the 

retention and colloid-facilitated transport of MWCNTs in soil, iii) the co-transport of 

chlordecone (CLD) and sulfadiazine (SDZ) in the presence of MWCNTs in soil, and 

iv) the role of surfactants (sodium dodecylbenzenesulfonate (SDBS) and Triton
®

 X-

100 (TX100)) for MWCNTs transport as a first approach for soil remediation. Both 

breakthrough curves (BTCs) and retention profiles (RPs) were determined and 

simulated. 

Chemical heterogeneity of porous media surfaces is commonly assumed to 

control colloid transport and retention. This assumption was systematically 

investigated using low concentrations of functionalized MWCNTs and various mass 

fractions of QS and GQS in both batch and packed column studies. Although 

MWCNT retention increased with the increasing GQS fraction in batch and column 

investigations, results revealed that much greater retention occurred in column than 

batch systems because of surface straining processes that occurred at microscopic 

roughness locations and grain-grain contacts. Only a small fraction of the goethite 

surface was found to be favorable for MWCNT retention in column systems because 

nanoscale roughness and Born repulsion created shallow primary minimum 

interactions that were susceptible to removal by diffusion and hydrodynamic forces. 

These observations demonstrated that colloid retention on electrostatically favorable 

goethite surfaces was controlled mainly by roughness, but that the mass fraction and 

surface area (inversely related to the sand size) of chemical heterogeneity also played 

an important secondary role. Measured BTCs and RPs for MWCNTs were 

demonstrated to exhibit time- and depth-dependent retention behavior even in the 

presence of significant fractions of GQS. This implied that simple, irreversible 

retention models to describe colloid retention in chemically heterogeneous soils may 

frequently be inadequate and that transport of colloids may be greater than expected. 
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Since the detachment or release of retained engineered nanoparticles (ENPs) 

like CNTs from the solid phase is important for predicting the ultimate fate and 

transport of ENPs in the subsurface, the roles of solution ionic strength (IS), cation 

valance, and soil colloids on the transport, retention, and remobilization of MWCNTs 

in soils were investigated. Experimental and modeling results indicated that the 

mobility of MWCNTs was highly sensitive to the IS and cation valence, with greater 

amounts of retention occurring at high IS and with divalent cations. BTCs for 

MWCNTs exhibited a delay in breakthrough that increased with solution IS and 

cation valence due to blocking. RPs for MWCNTs showed a hyper-exponential shape 

likely due to surface straining processes. Significant amounts of MWCNTs could be 

released by perturbations in solution chemistry that reduced the adhesive force (e.g., 

IS reduction and cation exchange). This release behavior was demonstrated to depend 

on the concentration of Ca
2+

 during MWCNT deposition and the release of soil 

colloids with a high association for MWCNTs. These results suggested the potential 

for soil colloids to facilitate the transport of MWCNTs in the subsurface environment, 

and thereby pose a potential risk of groundwater pollution, especially during rainfall 

or irrigation events that alter the solution chemistry. 

Co-transport study provided new information about the effects of MWCNTs 

on the transport behavior of CLD and SDZ in soils. Both BTCs and RPs of MWCNT, 

CLD, and SDZ were considered. In addition, MWCNTs and contaminants were 

injected at different times, which better reflects actual conditions for facilitated 

transport (i.e., a soil remediation scenario or an accidental release of ENPs and 

contaminants into the environment). MWCNTs due to their large sorption capacity 

and mobility could facilitate the remobilization of hydrophobic organic contaminants, 

such as CLD, that showed only a limited mobility in soils. In contrast, for strongly 

mobile contaminants such as SDZ, MWCNTs can enhance the SDZ deposition in the 

topsoil layers due to the large sorption affinity and higher input concentrations of 

MWCNTs in comparison to SDZ. Thus, immobilized MWCNTs could act as a barrier 

that reduces the fraction of the contaminant mass migrating easily through the topsoil 

and thus can prevent groundwater pollution. It is worth noting that it is likely that 

different environmental factors such as IS, flow velocity, and soil types may also 

significantly affect the mobility of MWCNTs and contaminants. Undoubtedly, more 

research is needed to further understand the mechanisms and factors that influence co-

transport.  
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An outlook study investigated the effect of surfactant (SDBS and TX100) on 

the transport of MWCNTs in porous media. Experimental results indicated that the 

mobility of MWCNTs was highly sensitive to the type of surfactant, the input 

concentration of surfactant, and the properties of porous media. Significant amounts 

of MWCNTs could be released in the presence of SDBS due to the electrostatic 

repulsion between negatively charged sand surface and SDB
-
 anions. TX100 also 

could facilitate MWCNTs transport but it depended on the input concentration. These 

results suggested the potential for surfactants to facilitate the transport of MWCNTs 

in the subsurface environment. 
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