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ABSTRACT 

 

Carbon nanotubes (CNTs) are a group of carbon-based nanomaterials 

which can be conceptualized as one or more micrometer-scale-graphene sheets 

rolled into a nanoscale-cylinder. With special properties, especially large aspect 

ratio and quantum effects, CNTs have been used widely in various areas, such 

as materials science, electronics, pharmaceutical, and environmental sciences.  

As exceptional CNT properties are the key to the promotion of CNT applications 

in many aspects of our lives, these same properties are also cause for concern 

regarding the toxicological effects on organisms and the environment. Recent 

toxicity studies with CNTs have raised attention to the risks associated with 

CNTs to the environment and humans. It has also been suggested that not only 

toxicity of CNTs but also the fate, especially possible interactions with other 

contaminants, in a real environment should be understood to better serve future 

risk assessments. Currently, there are limited studies focused on CNT fate in the 

environment. 

In this research, fate and application studies of CNTs were conducted. 

The effect of CNTs on the fate of polyaromatic hydrocarbons (PAHs) was 

investigated in a soil system. Through sorption and desorption studies, it was 

discovered that CNTs had a strong sorption capacity for PAHs, which was three 

orders of magnitude higher than that of natural soils. However, at a concentration 

of 2 mg/g, CNTs did not change PAH sorption capacity in soil. This study also 
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proposed ‘the rule of mixtures’ as a tool for prediction of PAH sorption behaviors 

in CNT-contaminated soil. Through leaching studies, CNTs at a concentration of 

5 mg/g significantly changed PAH leaching behavior in soil. Properties of both 

sorbent (CNTs) and sorbate (PAHs) influenced PAH retention behavior in soil. 

Overall, CNTs with different concentrations led to distinct PAH fate behavior in 

soil. Future studies are needed to investigate PAH fate behavior in a CNT 

concentration-dependent manner.  Bioaccumulation of CNTs in earthworms was 

also investigated. A novel microwave-induced heating method to detect CNTs in 

plants was recently developed.  In this study, this method was modified to detect 

CNTs in earthworms; this is the first available method for quantification of CNTs 

in earthworms. The method was used to assess bioaccumulation of CNTs in 

earthworms and the calculated bioaccumulation factor was 0.015 ± 0.004, which 

indicated that CNTs are not bioaccumulative.   In addition to these studies related 

to the fate and interactions of CNTs in the environment, one study was 

conducted to evaluate one potential application of CNTs.  No studies have 

investigated the application of CNTs in passive sampling devices (PSDs) for 

contaminants in soil.  Two PSDs with different sorbents (C18 and CNTs) were 

developed.  The C18-PSD was a good biomimetic tool for PAH accumulation in 

soil, with a rapid equilibrium rate and good correlation with PAH bioaccumulation. 

With a cheaper price and higher sensitivity, CNTs-PSDs are a promising tool for 

estimating bioavailable PAHs in soil. However, future studies are needed to 

improve PAH extraction efficiency from CNTs.  
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In summary, this research provided critical fate data needed for future 

CNT environmental risk assessment and regulation in soil.  In addition, this study 

also provided data regarding the use of C18-PSDs and MWNTs-PSDs as 

potential biomimetic tools in PAH risk assessment.   
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PREFACE 

 

 This dissertation investigates both environmental fate and application of 

carbon nanotubes (CNTs). The first three studies investigate CNT fate in the 

environment. Chapter III and IV explore CNT fate in a terrestrial system. 

Specifically, through sorption and leaching studies, CNT influence on PAH fate in 

soil is studied. Chapter V examines CNT fate in a biological system. A novel CNT 

quantification method is used to observe CNT bioaccumulation in earthworms. 

The last study (Chapter VI) evaluates MWNTs as a sorbent for passive sampling 

devices.  

This multi-faceted dissertation is organized in a way that best represents 

independent, yet related studies.  Chapter I is a literature review necessary for 

the background of this dissertation. Chapter II states the research objective and 

rationale. Each study is reported as a separate chapter (Chapters III-VI) which 

includes an abstract, introduction, methods and materials, results and discussion, 

conclusions, references and tables and figures section. Chapter III-VI are written 

in manuscript style and will be submitted to separate journals
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CHAPTER I 

INTRODUCTION 

 

Nanotechnology and carbon nanotubes 

Nanotechnology, a field that has received tremendous investment and 

growth in the past few years, has been recognized as an extremely beneficial 

new technology (Sandler and Kay, 2006). A nanometer is one billionth of a meter 

(10-9 m) — about one hundred thousand times smaller than the diameter of a 

human hair, a thousand times smaller than a red blood cell, or about half the size 

of the diameter of DNA (Science Policy Council, United States EPA, 2007). 

Carbon nanotubes (CNTs) are among the most widely used kind of nanomaterial. 

CNTs are commonly regarded as materials with at least two dimensions below 

100 nm (Hochella, 2002). CNT-containing products are available in U.S. markets 

and have various applications, such as coatings, computers, clothing, 

wastewater treatment plants, medical devices and pesticides (Science Policy 

Council, United States EPA, 2007). Carbon nanotubes are attractive in both 

basic science and applied technology and increasing production is expected in 

the coming years (Zhao and Liu, 2012). However, there is a potential for CNTs to 

be released into the ecosystem in large amounts in the near future (Cañas et al., 

2008). Therefore, studies to determine CNT effects on ecosystems are 

necessary and vital.  

 

Types of carbon nanotubes 
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 Carbon nanotubes can be conceptually considered as a graphene sheet 

rolled into a micron-scale cylinder with a nanoscale diameter (Cao, 2004). 

Carbon nanotubes are primarily divided into two forms: single-walled carbon 

nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). Nanotubes 

with one layer of graphene are SWNTs and MWNTs are composed of multiple 

layers of graphene. Particularly, one type of MWNTs, double-walled carbon 

nanotubes (DWNT) are growing in use because their resistance to chemicals. 

Both SWNTs and MWNTs can be functionalized with hydrophilic groups, such as 

hydroxyl and carboxyl groups. Generally, compared with CNTs, functionalized 

CNTs are more easily dispersed in water.  

 

Toxicity of carbon nanotubes  

While CNTs have various applications, concerns have been raised about 

their potential exposure and toxicity to organisms and the environment. This 

section briefly reviews the current knowledge of CNT toxicity to aquatic and 

terrestrial organisms as well as humans.  

 

Toxicity in aquatic organisms 

Direct ingestion and entry across epithelial boundaries have been 

proposed as potential uptake routes of CNTs into aquatic organisms (Petrus and 

Suijkerbuijk, 2008). Robert et al. (2007) reported total mortality at 20 mg/L with a 

96-h exposure period in Daphnia magna. They also reported that SWNTs 

enhanced starvation effects when induced as a food source. Cheng et al. (2007) 
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reported that at SWNT concentrations of up to 360 mg/L zebrafish (Danio rerio) 

embryonic development was not affected. Smith et al. (2007) also found SWNTs 

were not toxic to juvenile rainbow trout when dissolved in sodium docedyl 

sulphate.  

Compared with SWNTs, MWNTs have a lower LC50 in aquatic organisms 

(Alloy and Roberts, 2011; Edgington, 2011). Edgington (2011) reported an 

average 96-h LC50 value of 2 mg/L for D. magna exposed to MWNTs suspended 

in dissolved organic carbon (2.0 - 18.5 mg/L DOC). Alloy and Robert (2011) 

reported that compared with controls, reproduction of D. magna decreased when 

MWNT exposure concentrations were higher than 0.24 mg/L. They also 

discovered that there was a 22 % reduction in dry mass of D. magna compared 

with the controls.  

 

Toxicity in terrestrial organisms 

Some studies have been conducted to investigate the toxicity of CNTs in 

terrestrial organisms, such as soil microorganisms, soil invertebrates, and plants.  

Chung et al. (2011) observed that soil nutrient cycling was affected by MWNTs in 

soil, with decreased microbial biomass and enzymatic activity. Johanssen et al. 

(2008) discovered some toxic effects to fast growing bacteria and a shift in 

bacterial diversity.  

 

Some toxicity studies have also been conducted with CNTs and 

invertebrates. Bioaccumulation of CNTs, unlike pyrene, is negligible in Eisenia 
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foetida, which is indicated by a lower bioaccumulation factor (at least two-orders 

of magnitude) compared with that of pyrene (Petersen et al., 2008).  However, 

cocoon production of Eisenia veneta was affected by double-walled nanotubes 

(DWNTs) administered through food at concentrations above 37 mg DWNTs/kg 

food. However, no effect on hatchability, survival or mortality was discovered at 

up to 495 mg DWNTs/kg (Fordsmand et al., 2008). 

 

Numerous studies have examined the effects of CNTs on various plant 

species. It has been reported that both CNTs and functionalized CNTs can affect 

root elongation of four crop species (Cañas et al., 2008). Other studies showed 

that the presence of MWNTs enhanced germination by increasing water uptake 

(Khodakovskaya et al., 2009; Lin and Xing, 2007). In zucchini plants, a decrease 

in plant biomass was observed in the presence of SWNTs (Stampoulis et al., 

2009).The uptake, accumulation, and transmission of natural organic matter-

suspended carbon nanomaterials in rice plants was also reported (Lin et al., 

2009). It was also observed that plant cells aggregate in the presence of MWNTs 

which prevents any detrimental effects following exposure to MWNTs (Tan and 

Fugetsu, 2007).  

 

To date, induction of oxidative stress is the most commonly recognized 

possible underlying mechanism for CNT toxicity to aquatic and terrestrial 

organisms (Petrus and Suijkerbuijk, 2008; Thomas et al., 2011). However, 

caution should be taken since the exact mechanism for oxidative effects of CNT 
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exposure are still largely unknown and other possible mechanisms are still 

worthy of investigation.  

 

Human health toxicity 

Johnson et al. (2010) reviewed CNT toxicity and toxicokinetics (absorption, 

metabolism, distribution, and elimination) in humans exposed to CNTs in the 

laboratory. In this review, the authors stated that CNT toxicity was affected by its 

physiochemical properties. Several studies reported that MWNTs were 

biopersisitent and tended to stay within the lung for a long time following 

pulmonary exposure (Deng et al., 2007; Elgrabli et al., 2008). Deng et al. also 

reported that following oral administration, no detectable MWNTs were 

transported into the blood. Studies have also reported that CNTs tend to localize 

within the liver, lungs and spleen (Deng et al., 2007; Yang et al., 2007). 

Metabolism and elimination of CNTs largely depend on their structure. For 

example, water-soluble functionalized SWNTs are rapidly excreted via the kidney 

when injected into mice (Singh, 2006). However, it is also possible that CNTs 

cannot be metabolized or eliminated due to their biopersistent nature (Deng et al., 

2007).  

 

If CNTs were absorbed and distributed to sensitive organs, they would 

cause toxicological effects in humans. Numerous studies, either in vivo or in vitro, 

have been conducted to investigate possible CNT toxicity to humans. Acute 

pulmonary toxicity, subpleural fibrosis, and immune suppression have been 
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reported in some in vivo studies (Zhao and Liu, 2012). Wang et al. (2009) 

reported in vitro cytotoxicity of MWNTs decreased as nanotube diameter size 

increased. Another in vitro study showed that dispersed CNTs were more toxic to 

human lung cancer cell lines than agglomerated CNTs (Wick et al., 2007). 

However, it is still not clear if CNT toxicity to humans is caused by direct 

interaction with sensitive organs or by release of inflammatory mediators 

(Aschberger et al., 2010).  

 

In summary, it is believed that CNT properties and exposure routes are 

important for CNT toxicity to humans (Johnson et al., 2010; Aschberger et al., 

2010). The mechanism of CNT toxicity is currently inconclusive. Future studies 

focused on toxicokinetics and chronic exposures are needed (Aschberger et al., 

2010).  

 

Fate of carbon nanotubes 

Compared with CNT toxicity studies, there are even fewer studies focused 

on the fate of CNTs in the environment. Fate processes could influence CNT 

bioavailability and reactivity. Also, possible interactions between CNTs and 

traditional contaminants could pose an unexpected influence on the environment 

and the organisms living there. Hence, a need arises for studies to examine the 

fate processes of CNTs in the environment (Science Policy Council, United 

States EPA, 2007). 
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Similar to traditional contaminants, CNTs could be released into the 

environment by leakage from production and storage facilities, transportation, 

and applications and disposal of consumer products as waste (Motzer, 2008). 

Predicted by material flow analysis, in United States the most frequent predicted 

CNT concentrations in surface water and air  were 0.0006 ng/ m3 and 0.00096 

ng/m3, respectively (Gottschalk et al., 2010; Gottschalk et al., 2009). Annual 

increases in CNTs in soil and sediment were estimated to be 0.43 ng/kg and 40 

ng/kg, respectively (Gottschalk et al., 2010; Gottschalk et al., 2009).  

 

Several CNT mobility studies in soil have been conducted in recent years. 

Understanding the mobility of CNTs is an important aspect of CNT fate in soil 

because it is a key indicator of reactivity and bioavailability (Jaisi et al., 2008). 

Jaisi and Elimelech (2009) reported that SWNTs retained in top layers of soil 

would pose no risk in contaminating underlying groundwater aquifers.  However, 

SWNTs may be more hazardous to soil invertebrates if most of the SWNTs are 

retained near the soil surface (Jaisi and Elimelech, 2009). Liu et al (2009) 

suggested that MWNTs exhibited limited mobility in porous media when pore 

water velocities were as low as those in natural conditions. However, at the 

higher flow rates employed in that study, MWNTs were very mobile. This 

indicates MWNTs might potentially contaminate groundwater when MWNTs flow 

through a sand filtration drinking water treatment system. Additional treatment 

steps such as coagulation are needed to remove MWNTs (Liu et al., 2009). No 

studies have investigated the mobility of MWNTs in soil. However, mobility of 
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CNTs might be limited since natural soil environments are more heterogeneous 

(Jaisi and Elimelech, 2009).  

 

Based on decades of sorption studies with activated carbon, numerous 

CNT sorption studies have been conducted (Lin and Xing, 2008; Pyrzynska et al., 

2007; Wang et al., 2008; Yang et al., 2006). CNTs have strong sorption 

capacities for contaminants; thus, CNTs have the potential to disturb the fate of 

other contaminants in the environment. However, no studies have investigated 

the possible interactions of CNTs and PAHs in soil. The ubiquitous presence of 

natural organic matter (NOM) in soil complicates this interaction process since 

NOM can adsorb to the surface of CNTs while PAHs can also adsorb to both 

NOM and CNTs (Kopinke et al., 2001; Wang et al., 2009). These interactions, in 

in conjunction with various physicochemical conditions of natural soil (pH, 

temperature, ionic strength, etc.), make it difficult to predict CNT fate in soil. 

Hence, studies of CNT interactions with conventional contaminants in a real soil 

system are urgently needed to better understand such interactions and possible 

impacts on the environment.  

 

Detection and characterization of CNTs in organisms and the environment 

Currently, there are few analytical methods available for the detection and 

characterization of CNTs. For example, carbon nanotubes were found on a 

cucumber root surface by Scanning Electron Microscopy (SEM) while possible 

CNT uptake inside the root could not be detected by this technique (Cañas et al., 
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2008). Raman spectroscopy and Transmission Electron Microscopy (TEM) were 

used in the detection of CNT uptake in tomatoes (Khodakovskaya et al., 2009). 

Caron nanotubes were detected by Raman spectroscopy in tomato seeds, while 

no CNTs were detected in roots, stems and leaves (Khodakovskaya et al., 2009). 

However, the sensitivity of Raman spectroscopy was too low to detect lower 

environmentally relevant CNT concentrations. Although TEM images showed the 

presence of CNTs in tomato seeds, such image analysis can be problematic and 

subjective. With near-infrared fluorescence, SWNTs were detected in both 

Drosophila flies and Lumbriculus variegatus (Leeuw et al., 2007; Yang et al., 

2011). However, this method was only applicable for dispersed SWNTs at high 

concentrations.  

 

Recently, Fahmida et al. (2012) demonstrated a novel technique for the 

quantitative detection of CNTs in biological samples.  Carbon nanotube mass in 

plant samples was correlated with CNT thermal response under microwave 

irradiation. This novel method has several advantages, including low cost, 

minimal sample preparation, the ability to quantify CNTs, low background noise, 

good repeatability, and low detection limit. Verification of this method for other 

environmental media, such as soil and earthworms is still needed.  

 

Passive sampling devices (PSDs) 

Earthworms are normally used as test organisms in soil risk assessments 

because they are sensitive to chemical stress and easy to breed (Petersen et al., 
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2008). However, preparation, digestion and cleanup of such samples are time 

consuming and use large amounts of solvent.  In addition, rigorous extraction 

methods tend to overestimate the fraction of a contaminant bioavailable in soil 

and solution (Awata et al., 2000).  

 

Passive sampling devices can capture contaminants in the vapor phase or 

aqueous phase (Namiesnik et al., 2005). Thus, PSDs can be used to determine 

the bioavailable portion of a contaminant in soil. Passive sampling devices can 

also serve as a pre-sampling step before actual organism sampling begins since 

the cost is much less.  Moreover, after-sampling treatment is almost the same for 

PSDs.  In addition, a study by Johnson et al. (1995) demonstrated that if time-

averaged information is needed, only one PSD at a given sampling location for 

the duration of sampling is needed to calculate the sample concentration at a 

given time point. The simplicity, convenience, time and cost saving nature of 

PSDs can increase sampling frequency and provide for a more thorough site 

characterization (Johnson et al., 1995).  

 

Passive sampling devices have been used primarily in air and water 

monitoring with only a few studies focused on PSDs in soil. Johnson et al. (1995) 

developed a PSD which could be used in soil quality monitoring. These PSDs 

were constructed using a polyethylene Whirl-Pak@ sampling bag and C18 sorbent; 

they were used to evaluate PCB levels in eighteen soil samples (Johnson et al., 
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1995). This PSD was also used to evaluate six organochlorine pesticides levels 

in aged and unaged soil (Awata et al., 1999).  

 

Many PSD techniques are based on conventional sorbents, such as C18 

and activated carbon. It was found that compared with activated carbon, CNTs 

have a higher adsorption capacity for natural dissolved organic matter and fewer 

CNTs were lost following water treatment and reactivation (Su and Lu, 2007). 

This demonstrated that CNTs might be a better sorbent for organic chemicals 

compared with activated carbon. Lu et al. (2005) studied adsorption of 

trihalomethanes from water with CNTs and found that when compared with 

activated carbon, CNTs required less equilibrium time and had a higher 

adsorption capacity for trihalomethanes. Studies comparing C18 with CNTs have 

also been done with respect to their sorption ability and similar results were 

obtained (Liu et al., 2004; Pyrzynska et al., 2007). It was reported that CNTs 

served as a good adsorbent for 1, 2-dichlorobenzene (Peng et al., 2003). 

Moreover, in addition to its high surface area and high affinity for organic 

compounds, CNTs could also be modified specifically to enhance selectivity for 

specific target pollutants (Chen et al., 2007).  

 

Overall, PSDs are useful tools to evaluate the bioavailability of 

contaminants in the field. CNTs have the potential to serve as an efficient 

adsorbent for organic pollutants. Therefore, developing a PSD based on this new 

adsorbent is reasonable and meaningful.  
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CHAPTER II 

RESEARCH OBJECTIVES AND HYPOTHESES 

 

Research objectives 

With diverse applications, the production of nanomaterials is expected to 

increase from 400 to 58,000 tons from 2011 to 2020 (Mayland et al., 2006). The 

nanomaterial industry is expected to grow to a $1 trillion enterprise by 2015 (Nel 

et al., 2006; Sharma, 2009).  Potential environmental applications of 

nanomaterials include sorbents in water and wastewater treatment, composite 

filters, antimicrobial agents, and environmental sensing (Brady-Estevez et al., 

2008; Choi et al., 2006; Valentini et al., 2007; Wang et al., 2005). However, no 

studies have investigated the potential application of nanomaterials as sorbents 

for passive sampling of contaminants in soil.  

 

In recent years, aside from the exploration of various nanomaterial 

applications, there is also an increased focus on potential exposure, fate, and 

toxicity of nanomaterials in the environment (Moore and Environmental Risk 

Management - the State of the, 2006; Nowack and Bucheli, 2007).  Most studies 

have focused on toxicity of nanomaterials in the environment. Yet, these are still 

limited studies investigating the environmental fate of nanomaterials in a 

terrestrial system. Environmental fate processes could largely affect reactivity 

and bioavailability of nanomaterials. More nanomaterial fate studies are needed 

for future environmental risk assessment and regulation of nanomaterials.  
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The research objectives of this study were to fill data gaps in both 

environmental fate and applications of carbon nanotubes. The long-range goal 

was to explore the fate of CNTs in biological and terrestrial systems, as well as 

the possible application of CNTs as a sorbent for passive sampling devices in 

soil. Specifically, this study was conducted with the following research objectives:  

 

Objective 1:  Determine if MWNTs will affect sorption and desorption of PAHs in 

sand or soil 

Objective 2:  Determine how the presence of CNTs in soil affects leaching 

behavior of PAHs  

Objective 3:  Investigate MWNT bioaccumulation behavior in earthworm by 

developing a novel MWNT quantification method.  

Objective 4: Evaluate MWNTS and C18  as sorbents in passive sampling devices 

(PSD) to determine the bioavailability of aged and unaged PAHs in soil 

 

Research hypotheses and questions 

1. Question: Will CNTs affect sorption and desorption of PAHs in sand or soil? 

 

Hypotheses:  

H0: PAH sorption and desorption behavior in soil are influenced by the presence 

of CNTs.  
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H1: PAH sorption and desorption behavior in soil are not influenced by the 

presence of CNTs.  

 

2. Question: Will CNTs affect PAH mobility in soil? 

 

Hypotheses:  

H0: CNTs will decrease PAH mobility in soil.  

H1: CNTs will not affect PAH mobility in soil. 

 

3. Question:  Can MWNTs bioaccumulate in earthworms in soil? 

Hypotheses:  

H0: MWNTs will bioaccumulate in earthworms in soil. 

H1: MWNTs will not bioaccumulate in earthworms in soil. 

 

4. Question:  Are MWNTs and C18  effective sorbents for passive sampling 

devices?  

Hypotheses:  

H0: MWNTs and C18  are effective sorbents for passive sampling devices. 

H1: MWNTs and C18  are not effective sorbents for passive sampling devices. 
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CHAPTER III 

INFLUENCE OF MULTI-WALLED CARBON NANOTUBES (MWNTS) ON 

SORPTION OF INDIVIDUAL POLYAROMATIC HYDROCARBONS (PAHS) IN 

SOIL  

 

Abstract  

The batch equilibrium approach was used to examine the influence of 

multi-walled carbon nanotubes (MWNTs) on sorption behaviors of polyaromatic 

hydrocarbons (PAHs) in soil. To the knowledge of the authors, this is the first 

study of PAHs sorption to MWNTs in soil systems. The sorption behavior of three 

PAHs (naphthalene, fluorene, and phenanthrene) in the presence of 

commercially available MWNTs in two natural soils (a sandy loam and a silt loam) 

and Ottawa sand was evaluated. Adsorption of PAHs by MWNTs in this study 

was three orders of magnitude higher than that of natural soils. Sorption 

coefficients (Kd and Koc) were unchanged in the presence of 2 mg/g MWNTs in 

soil (p > 0.05). A micro-mechanics approach, termed ‘the rule of mixtures’ was 

used for predicting PAH sorption behaviors in mixtures based on sorption 

coefficients derived from single sorbents. The equation, KT= KMɸ + KN (1- ɸ) (K, 

sorption coefficients, Kd or Koc), predicted sorption coefficients in a mixture based 

on mixture component sorption coefficients and mass fractions. Data presented 

in this study could be used to fill data gaps in the environmental fate of carbon 

nanotubes (CNTs) in soil.  
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Keywords MWNTs, PAHs, sorption, soil, rule of mixtures 

 

Introduction 

Because of their unique and remarkable chemical, physical, and electrical 

properties, CNTs have received much attention in areas such as material science, 

electronics, pharmaceuticals, and environmental science (Abu Bakar and Park, 

2011; Heller et al., 2005; Mauter and Elimelech, 2008; Singh et al., 2009). 

However, studies of CNT toxicity to the environment and humans have raised 

attention to the risks associated with these materials (Lam et al., 2006). Also, 

with rapid commercial development, there is an increased chance of CNTs being 

released into the environment during their production, application, and disposal. 

It has been proposed that not only the toxicity of CNTs but also the fate and 

associated impact of such materials in the real environment should be 

understood to better serve future risk assessments ( US Environmental 

Protection Agency , 2007).  

 It has been reported that CNTs have a strong sorption capacity for 

various hydrophobic organic compounds (HOCs) (Hilding et al., 2001; Lin and 

Xingt, 2008; Pan and Xing, 2008; Pyrzynska et al., 2007; Yang et al., 2006b). 

Such strong sorption capacity may pose risks or impacts in various ways, such 

as an alteration in the uptake, bioaccumulation, bioavailability, and toxicity of 

HOCs. Supported by decades of research regarding sorption behavior of carbon-

based sorbents, numerous sorption studies with CNTs have been conducted 
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(Cornelissen and Gustafsson, 2005; Cornelissen et al., 2005; Gerard et al., 2005). 

These studies suggest that compared with traditional sorbents, CNTs have rapid 

equilibrium rates, high adsorption capacity, and consistency with Brunauer, 

Emmett and Teller (BET), Langmuir, or Freundlich isotherms(Lu et al., 2005; 

Yang et al., 2006a; Yang et al., 2006b). Most current studies have focused on 

sorption behaviors of HOCs to single CNTs in an aqueous phase (Hilding et al., 

2001; Pyrzynska et al., 2007; Yang et al., 2006b). There was one study that 

focused on the competition between HOCs and humic acid (a major organic 

component of soil), for sorption to MWNTs (Wang et al., 2009). This study 

provided useful information regarding the interactions between MWNTs, HOCs 

and humic acid in an aqueous system. However, it is well accepted that humic 

acid is not the only portion of soil responsible for sorption of HOCs. Many other 

components, such as humin, soot, and char, are also responsible for the sorption 

behaviors of HOCs in a soil system (Ehlers and Loibner, 2006; Huang and 

Weber, 1997). The complexity of interactions between CNTs, various soil 

components, and contaminants of interest make it difficult to draw definite 

conclusions from previous related sorption studies of what really happens in 

natural soils. Also, modeling based on probabilistic material flow analysis 

suggests that CNT concentration in soils would be a factor of 20 higher than that 

in water (Mueller and Nowack, 2008). Hence, a study of the interactions of CNTs 

and HOCs in terrestrial soils is urgently needed.  

This is the first study to explore the influence of CNTs on sorption 

behaviors of PAHs in a terrestrial soil system. A MWNT concentration of 2 mg/g 
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was used in this study; this concentration was higher than what has been 

estimated to be in most environment compartments. However, if the influence of 

MWNTs on the fate of PAHs in soil is concentration dependent, effects observed 

at high concentrations would also be relevant at lower environmentally relevant 

concentrations. In addition, at this time MWNT concentrations in natural soils are 

still largely unknown. Batch equilibrium method was used to study sorption 

behavior of PAHs in CNT-contaminated soil systems. This study involved three 

PAHs (naphthalene, fluorene, and phenanthrene), one type of commercially 

available MWNT, two natural soils (sandy loam soil and silt loam soil) and Ottawa 

sand as a reference sorbent.  

 

Materials and methods 

Chemical and supplies 

Naphthalene (purity> 99%), fluorene (purity> 98%), and phenanthrene 

(purity> 98%) were purchased from Sigma-Aldrich (St. Louis, MO). High 

performance liquid chromatography (HPLC)-grade acetonitrile was obtained from 

Fisher Scientific (Pittsburg, PA). Standard solutions of PAHs were prepared in 

acetonitrile. Commercially available MWNTs were purchased from Cheap Tubes 

Inc (Brattleboro, VT).  

Sandy loam (Terry County, TX) and silt loam (Harlan County, NE) soils 

were used in this study. Prior to use in any experiments, soils were analyzed to 

determine background PAH concentrations; no PAHs were detected. All soils 
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were passed through a 2-mm sieve to remove large debris.  The 

physicochemical properties of soils were determined by A&L Midwest 

Laboratories (Omaha, NE) using standard techniques as described in 

Karnjanapiboonwong et al. (2010). As mentioned in Karnjanapiboonwong et al. 

(2010), soil characteristics were: a) sandy loam soil (pH = 8.3, organic content = 

1.3%) consisted of 74% sand, 10% silt, and 16% clay and b) silt loam soil (pH = 

7.0, organic content = 2.5%) consisted of 34% sand, 54% silt, and 12% clay. 

Previous analysis of reference sorbent-Ottawa sand (20-30 mesh; Fisher 

Scientific) indicated 98.8% sand, 1.2% silt, 0% clay, and 0% organic matter 

(Guigard et al., 1996). Organic carbon content of the sand was assumed to be 

0.1% for calculation purposes.  

 

Characterization of MWNTs 

A Hitachi H-8100 Transmission Electron Microscope (TEM) was used for 

Characterization of MWNTs, following the method reported in Li et al. (submitted). 

Length of 1-3 µm, a relatively little bundling, and outer diameter of 11 nm all 

indicates a fairly high surface area for interaction.  

 

Batch equilibrium sorption-desorption experiments 

Batch equilibrium experiments were conducted at room temperature (20 - 

22ºC) to determine sorption isotherms. Preliminary experiments showed that for 
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each PAH, each sorbent-sorbate pair could reach apparent equilibrium at each 

initial concentration within 5 d. This was consistent with previous studies on 

sorption of PAHs to sediments, soils, or various MWNTs (Oren and Chefetz, 

2005; Owabor et al., 2010; Yang et al., 2006b). All batch sorption experiments 

were conducted in amber vials with Teflon-backed silicon septa in the dark for 5 

d. The pH of aqueous solutions was 7.0 and acetonitrile concentration was kept 

at less than 0.2% (v/v) to avoid a co-solvent effect.  Mercuric chloride (0.01 mM) 

and calcium (0.01 M/L) chloride in ultrapure water was added to each vial.  

Various initial concentrations of naphthalene (0.18, 0.51, 0.85, 3, 5.09, 7.94 

mg/L), fluorene (0.16, 0.33, 0.7, 1.02, 1.38, 1.62 mg/L), and phenanthrene (0.10, 

0.18, 0.44, 0.77, 0.91 mg/L) were used to expand equilibrium concentration 

ranges as large as possible without losing quantification capability of PAHs in 

solution after sorption. The ratio of sorbent mass to solution volume varied 

among both PAHs and initial concentrations, but MWNT concentrations in sand 

and soils were maintained at 2 mg/g for comparison purposes.  

Various sorbents used in this experiment were: MWNTs, sand, sandy 

loam soil, silt loam soil, sand mixed with 2 mg/g MWNTs (sand + MWNTs), sandy 

loam soil mixed with 2 mg/g MWNTs (sandy loam soil + MWNTs), and silt loam 

soil mixed with 2 mg/g MWNTs (silt loam soil + MWNTs). 

After equilibrium, tubes were centrifuged for 10 min at 3000 g. Desorption 

studies were performed for only one initial sorption concentration (0.85 mg/L of 

naphthalene, 0.7 mg/L of fluorene, and 0.91 mg/L of phenanthrene) for each 

PAH. Briefly, after sorption tests, the remaining supernatant was removed and 
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replaced with fresh background solution, then tubes were further agitated for 24 h, 

under the same conditions. For both sorption and desorption studies, 0.5 mL of 

supernatant was placed into a 1.5 mL amber borosilicate glass HPLC 

autosampler vial for HPLC analysis. 

All experiments were conducted in triplicate. Blank samples and control 

samples (no sand or soil) were included in each treatment to account for losses 

of PAHs caused either by sorption to container or volatilization. After each 

treatment, pH value was measured and no change was observed. Sorption and 

desorption were calculated by mass differences since less than 3% of loss of 

PAHs was detected in all treatments.  

 

Determination of PAHs 

An Agilent 1100HPLC-FLD was used for the determination of PAHs. An 

Agilent ZORBAX Eclipse PAH column (4.6 mm × 50 mm, 1.8 µm) was used for 

separation. Naphthalene and fluorene were determined using a mobile phase 

containing acetonitrile:water (isocratic: 60:40 v/v; flow rate = 1.0 mL/min). 

Phenanthrene was detected using a mobile phase containing acetonitrile:water 

(isocratic: 70:30 v/v; flow rate = 1.0 mL/min). Excitation and emission 

wavelengths used were: 220 nm (ex) and 330 nm (em) for naphthalene, 289 nm 

(ex) and 321 nm (em) for fluorene and 244 nm (ex) and 360 nm (em) for 

phenanthrene.  All PAHs were quantified using external standards based on 

response factors.  
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Data analysis 

Freundlich parameters (Kf and n) were calculated from the nonlinear form 

of the Freundlich equation: S=KfC
1/n, where S (µg/g) is the concentration of 

chemical on the sorbent; C is the solution-phase concentration (µg/mL); Kf (µg1-1/n
 

mL1/n) is the Freundlich affinity coefficient and 1/n is the non-linearity factor. 

S=KdC is a simple linear equation when 1/n=1, where Kd is the sorption 

coefficient (µg/g). After normalizing Kd based on organic carbon content, the Koc 

value was derived from the equation: Koc = (Kd / % organic carbon) × 100. 

Statistical analysis was performed with SPSS16.0 for Windows (SPSS Inc.) 

Means were compared with analysis of variance (ANOVA). Multiple comparisons 

were conducted with the Tukey's honestly significant difference (HSD) test. 

Significant differences were analyzed by applying the least significant difference 

of means at a 5% confidence level (p ≤ 0.05).  

 

Results and discussion 

Sorption 

Sorption isotherms for each compound are shown in Figure 3.1. In general, 

sorption behaviors of each PAH followed these two orders: 1) MWNTs > silt loam 

soil > sandy loam soil > sand and 2) MWNTs > silt loam soil + MWNTs > sandy 

loam soil + MWNTs > sand + MWNTs. Compared with other sorbents, MWNTs 



                                                                   Texas Tech University, Shibin Li, August 2012 

 30 

had nearly three orders of magnitude more sorption ability (µg/mg vs. µg/g). The 

sorption order of other pure sorbents (without adding MWNTs) suggests that 

sorption capacities in these sorbents are directly related to organic carbon 

content in these sorbents. This fits the assumption that overall transport and 

binding reactions are dominated by sorbent organic content when organic carbon 

content is present above 0.2%, especially for nonionic hydrophobic chemicals 

(Chiou et al., 1998; Huang et al., 2003; Mader et al., 1997). Similar clay content 

(12% vs. 16%) in the two types of soils used further supports this observed 

pattern. By comparing isotherms of natural sorbents with corresponding sorbent 

mixtures with MWNTs, the addition of MWNTs did not seem to have an obvious 

influence on natural sorbent sorption.  

The Freundlich model was used to make more careful and detailed 

observations of PAH sorption behavior on various sorbents. Freundlich constants 

(Kf and n), sorption coefficients (Kd and log Koc), and regression coefficients (r2) 

are reported in Table 3.1-3.3. Generally, all the parameters, except those for 

sand or sand + MWNTs, had small standard deviations. In general, high 

regression coefficients for both Freundlich and linear equations supported overall 

linearity. The large deviations in regression coefficients observed in sand or sand 

+ MWNTs would be expected given the low sorption capacity of sand and sand + 

MWNTs. Given the overall good linearity of the majority of the isotherms, sorption 

behaviors of different PAHs in various sorbents were compared based on 

sorption coefficients (Kd and log Koc). 
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Sorption behaviors of different PAHs on various sorbents 

Sorption of PAHs on natural sorbents, like sands, sandy loam soils, and 

silt loam soils have been intensely studied before. It is well recognized that in the 

same natural sorbent with a relatively large amount of organic carbon, PAHs with 

higher Kow values sorb more on the sorbent since hydrophobic interactions are 

the main force for partition and sorption to occur. In general, different PAH 

sorption coefficients derived from each sorbent followed this trend in this study; 

the addition of MWNTs to each natural sorbent did not disturb this trend. The 

same trend was found for Log Koc values for different PAHs. This demonstrates 

that organic content is the driving component for sorption in this study. Given the 

chemical composition and structure of MWNTs, and the fact that MWNTs did not 

alter this trend, MWNTs could serve as another kind of hard carbon once 

released to the environment.  

It has been stated that the amorphous carbon phase is the primary reason 

for partitioning of HOCs, while the condensed carbon phase might serve more as 

adsorption medium (Luo and Farrell, 2003). The ratio of amorphous carbon to 

condensed carbon indicates sorption linearity. It is interesting that the addition of 

MWNTs altered linear sorption behaviors of PAHs in natural sorbents. For 

naphthalene and fluorene, the addition of MWNTs in sand, sandy loam, and silt 

loam generally led to a decreased 1/n value. However, for phenanthrene, the 

addition of MWNTs to all sorbents led to an increased 1/n value. Hence, further 

characterization might be helpful to explore any structural change of soil organic 

matter following the addition of MWNTs by techniques such as 13C nuclear 
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magnetic resonance (NMR) spectroscopy. One important thing to note is that the 

majority of the changes in 1/n values were not significantly different (p > 0.05). It 

is not clear if the non-significant differences were caused by the MWNT 

concentrations.  Therefore, future studies need to be conducted with more 

MWNT concentrations in soil. However, these data suggest that hydrophobic 

interactions in MWNT-contaminated soil systems are still the dominant force 

governing the sorption capacity of PAHs tested. The change in linear sorption 

behavior is complicated by the possible competition between types of 

contaminants, various components of soils, types and related properties of 

MWNTs, and MWNT concentrations in soil.   

Adsorption of PAHs by MWNTs in this study was three orders of 

magnitude higher than that of natural soils, which is consistent with previous 

studies (Yang et al., 2006b).  PAH sorption on MWNTs followed the trend, 

naphthalene < fluorene < phenanthrene, which follows the same trend of their 

increasing hydrophobicity (Kow). However, a previous study by Yang et al. (2006) 

observed an opposite trend. The differences observed between this study and 

the Yang et al. (2006) study can possibly be explained by the use of different 

MWNTs with different properties such as surface area, morphology, mesopore 

volume, micropore volume and morphology (Pan and Xing, 2008). In addition, 

the Yang et al. study was conducted in an aqueous phase while the present 

study was conducted in soil.  Thus, it is extremely important that such studies be 

carried out in a more realistic environment.  
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Sorption behaviors of the same PAH on different sorbents 

Generally, for each individual PAH (naphthalene, fluorene or phenathrene), 

the sorption coefficients (Kd, log Koc ) only changed when the natural sorbent type 

changed (p < 0.05). Sorbent type had a significant effect on Kd values, reflected 

by the following Kd order: Kd-MWNTs > Kd-silt loam soils > Kd-sandy loam soils > 

Kd-sand (p < 0.05). As mentioned before, the differences in organic carbon 

content among different sorbents might account for this since hydrophobic 

interactions are the main driving force in this case. In addition, the Kd value of 

each PAH in each sorbent did not change when 2 mg/g MWNTs was added (p > 

0.05). In general, log Koc values for each PAH remained constant in a reasonable 

range with a few exceptions. Specifically, the difference in log Koc of each PAH 

between sand and sand + MWNTs was caused by the assumption of organic 

carbon content (0.1%) of sand for calculation purposes. The differences between 

sandy loam and sandy loam + MWNTs (or silt loam and silt loam + MWNTs) 

were in an expected range of variances of Koc that occur in nature as there are 

numerous variations of organic matter components and clay. 

 

Desorption 

Desorption of PAHs over 24 h was minimal in various sorbents. Results 

are presented in Table 3.4.  Naphthalene was not detected in the majority of 

sorbents. This might be due to the low initial concentration used for desorption 

tests and relatively lower adsorbed amounts. Future studies with either a higher 
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initial concentration which would result in an increase in the amount adsorbed, or 

with more sensitive detection methods for naphthalene might overcome this 

problem. Generally, for fluorene and phenanthrene, the addition of MWNTs in 

various sorbents decreased the percent desorbed, although such changes were 

not statistically significant (p < 0.05). This might further support that MWNTs 

might act as another kind of hard carbon, which can adsorb PAHs strongly. 

Future studies of the influence of MWNTs on PAH sorption and desorption 

isotherms, with more initial concentrations and a longer testing period are 

needed.  Such studies could provide information on both sorbate-sorbent 

interaction and structural properties of sorbents. 

 All of these results might indicate that even with a much higher 

concentration (2 mg/g) than what is environmentally relevant, the MWNTs used 

in this study still did not exhibit a significant influence on the overall sorption 

behavior of PAHs in soil. In addition, despite the strong sorption capability of 

MWNTs for PAHs, MWNTs still did not significantly influence the fate of PAHs in 

soil. 

 

Estimation of the influence of MWNTs on sorption behaviors of PAHs in soils 

As a method with low costs, batch equilibrium methods have been one of 

the most, if not the most, widely used method for studying sorption behaviors and 

obtaining sorption coefficients of various organic chemicals (Boivin et al., 2005; 

Chefetz et al., 2000; Karnjanapiboonwong et al., 2010). Batch equilibrium 
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methods are conceptually simple but are subject to a variety of operational 

difficulties. Extensive work needs to be done to avoid experimental artifacts 

related to the separation of phases, agitation speed, insufficient time for 

equilibration and exposure of new sorptive surfaces during agitation (Boethling 

and Mackay, 2000). When using a mixture of sorbents in a batch equilibrium 

method, the situation will become even more complex. Thus, a method to 

estimate HOC sorption behavior in a mixture of sorbents would save time and 

expenses for such studies and related applications in risk assessment.   

A straightforward rule of mixtures was used to predict PAH sorption 

behaviors in mixtures based on sorption coefficients derived from single sorbents. 

The rule of mixtures is widely used to predict properties of mixtures, such as 

composite mechanical properties (Kelly and Macmillan, 1986; Madsen et al., 

2009). This study explores whether sorption coefficients (Kd and log Koc) of the 

composite (MWNTs + natural sorbent) could be estimated based on those of its 

individual components. 

As mentioned before, sorption coefficients (Kd and log Koc) were 

calculated from a simple linear Freundlich equation: S=KdC. Three separate 

linear equations were derived from the mixture system:  

ST=KdTC (1) SM=KdMC (2) SN=KdNC (3) 

ST, SM, SN represent the concentration (µg/g) of chemical on the total sorbent, 

MWNTs, and natural sorbent, respectively; C (µg/mL) is the solution-phase 
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concentration; KdT, KdM, KdN (µg/g) represent the sorption coefficient of total 

sorbent, MWNTs, and natural sorbent, respectively. 

A equation can be derived from ST= SM ɸ+ SN (1- ɸ) (4), where ɸ is the 

mass fraction of MWNTs in the total sorbent and (1- ɸ) is the mass fraction of 

natural sorbent in the total sorbent, KdTC= KdMCɸ + KdNC(1- ɸ).  

KdT= KdMɸ + KdN (1- ɸ) (5)  

Equation (5) is well known as a parallel combination rule of mixtures. For another 

sorption coefficient (Koc), a similar Equation (6) can also be derived.  

KocT= KocMɸ + KocN (1- ɸ) (6) 

 

To test whether these equation are reliable in predicting mixture sorption 

coefficients, theoretically predicted data and experimentally gained data were 

compared with a one way ANOVA, as shown in Figure 3.2. For most sorption 

coefficients, there were no significant differences between the predicted values 

and real values (p > 0.05). For naphthalene and fluorene in sandy loam soil, 

there were significant differences (p < 0.05) between predicted and real values 

while these values were close. Various unavoidable experimental artifacts, as 

those mentioned above, might contribute to these differences. Overall, rule of 

mixtures could serve as a reliable prediction tool for Kd value of mixtures, as long 

as each sorbent sorption coefficient and mass fraction in the mixture is known. 
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However, caution should be taken when the sorption of a mixture is not 

linear. In this situation, a different equation can be derived:  

KfTC E = KfMCF+ KfNCG (7) 

C is the solution-phase concentration (µg/mL); KfT, KfM, KfN (µg1-1/n
 mL1/n) are the 

Freundlich affinity coefficients for total sorbent, MWNTs, and natural sorbent, 

respectively; and E, F, G are the non-linearity factors for total sorbent, MWNTs, 

and natural sorbent, respectively. Compared with equation (5) or (6), equation (7) 

is complicated by the differences among linearity terms, E, F, and G. Also note 

that rule of mixtures assumes that there is no void space in the mixture.  

Inaccuracy might be expected since natural soils normally have void spaces, 

which might be filled with air or water. 

Future studies to explore the effect of MWNT concentration on natural 

sorbent sorption behavior, especially linearity, should be conducted. Also, 

additional work involving a systematic study of the interactions between MWNTs 

and natural sorbents (especially those that do not sorb linearly in the first place) 

and related structural changes would be helpful in fully understanding mixture 

sorption behavior. More work need to be done to develop a new form of rule of 

mixture, which might be suitable for a wider scope than the one developed here.  

This study serves as a novel and necessary step forward in understanding 

the behavior of CNTs in the environment. The major findings of this study were: 

(1): sorption behavior of PAHs was still predictable by traditional equilibrium 

models in the presence of MWNTs in soil; (2): although adsorption of PAHs by 
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MWNTs in this study was three orders of magnitude higher than that of natural 

soils, sorption coefficients ( Kd and Koc) of PAHs remained unchanged  after the 

addition of  2 mg/g MWNTs (which is much higher than possible environmentally 

relevant concentrations in soil); (3) the ‘rule of mixtures’ could be used for 

predicting PAH sorption behavior in soil contaminated with MWNTs, at least for 

PAHs with linear sorption behaviors. Future studies with more soil types, and 

different types and concentrations of CNTs should be conducted to better serve 

environmental risk assessment and regulation of CNTs in soil.  
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Tables and figures 

 

Table 3.1 Freundlich parameters and sorption coefficients for naphthalene in various sorbents. Data are presented 

as average ± standard deviation. a µg1-1/n
 mL1/n g-1; b mLg-1; NA = not available 

 

Sorbent Freundlich equation   linear equation 

  Kf
a
 1/n r

2
 

 
Kd

b
 Log Koc r

2
 

MWNTs 7573 ± 637 0.32 ± 0.04 0.85 ± 0.06 
 

1833 ± 131 5.26 ± 0.03 0.86 ± 0.08 

        
Sand  0.31 ± 0.05 0.08 ± 0.05 0.05 ± 0.05 

 
0.04 ± 0.01 1.55 ± 0.13 0.25 ± 0.18 

        
Sand + MWNTs 0.88 ± 0.02 0.20 ± 0.02 0.74 ± 0.19 

 
0.07 ± 0.04 1.34 ± 0.24 0.50± 0.44 

        
Sandy loam NA NA NA 

 
1.84 ± 0.33 2.15 ± 0.08 0.79 ± 0.02 

        
Sandy loam + MWNTs 4.64 ± 0.50 0.73 ± 0.08 0.45 ± 0.06 

 
3.99 ± 0.15 2.42 ± 0.02 0.90 ± 0.08 

        
Silt loam 10.99 ± 0.94 0.81 ± 0.09 0.85 ± 0.03 

 
7.80 ± 0.06 2.49 ± 0.00 0.96 ± 0.02 

        
Silt loam + MWNTs 16.01 ± 2.20 0.70 ± 0.04 0.79 ± 0.02   9.40 ± 0.70 2.54 ± 0.03 0.95 ± 0.05 
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Table 3.2  Freundlich parameters and sorption coefficients for fluorene in various sorbents. Data are presented as 

average ± standard deviation. a µg1-1/n
 mL1/n g-1; b mLg-1 

 

Sorbent Freundlich equation   linear equation 

  Kf
a
 1/n r

2
 

 
Kd

b
 Log Koc r

2
 

MWNTs 16450± 2843 0.33 ± 0.09 0.73 ± 0.09 
 

14810 ± 1541 6.17± 0.05 0.92 ± 0.01 

        
Sand  0.60 ± 0.16 1.30 ± 0.40 0.97 ± 0.03 

 
0.69 ± 0.03 2.84 ± 0.02 0.80 ± 0.25 

        
Sand + MWNTs 3.20 ± 0.57 0.56 ± 0.25 0.46± 0.13 

 
3.71 ± 0.73 3.09 ± 0.08 0.60 ± 0.05 

        
Sandy loam 29.82 ± 3.37 0.79 ± 0.12 0.87 ± 0.06 

 
20.07 ± 1.99 3.19 ± 0.04 0.84 ± 0.09 

        
Sandy loam + MWNTs 48.88 ± 3.27 0.63 ± 0.09 0.95 ± 0.01 

 
42.62 ± 6.40 3.45 ± 0.07 0.91 ± 0.06 

        
Silt loam 77.34 ±4.63 0.73 ± 0.03 0.95 ± 0.02 

 
63.45 ± 4.38 3.40 ± 0.03 0.88 ± 0.04 

        
Silt loam + MWNTs 83.50 ± 8.84 0.65 ± 0.06 0.93± 0.04   77.43 ± 12.84 3.45± 0.07 0.86 ± 0.10 
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Table 3.3 Freundlich parameters and sorption coefficients for phenanthrene in various sorbents. Data are 

presented as average ± standard deviation. a µg1-1/n
 mL1/n g-1; b mLg-1 

 

Sorbent Freundlich equation   linear equation 

  Kf
a
 1/n r

2
 

 
Kd

b
 Log Koc r

2
 

MWNTs 74929 ± 5276 0.66 ± 0.02 0.93 ± 0.01 
 

102105 ± 10079 7.01 ± 0.04 0.96 ± 0.04 

        
Sand  2.77 ± 1.12 1.58 ± 0.27 0.94 ± 0.04 

 
2.55 ± 1.20 3.37 ± 0.24 0.92 ± 0.06 

        
Sand + MWNTs 4.58 ± 2.44 1.81 ± 0.61 0.64 ± 0.04 

 
2.88 ± 0.75 2.97 ± 0.11 0.58 ± 0.17 

        
Sandy loam 74.91 ± 7.86 0.54 ± 0.04 0.83 ± 0.07 

 
102.02 ± 14.89 3.83± 0.06 0.95 ± 0.02 

        
Sandy loam + MWNTs 130.70 ± 8.64 1.28 ± 0.35 0.94 ± 0.01 

 
125.43 ± 33.12 3.98 ± 0.11 0.94 ± 0.05 

        
Silt loam 161.38 ± 14.95 0.64 ± 0.04 0.97 ± 0.01 

 
240.79 ± 53.68 3.94 ± 0.10 0.99 ± 0.00 

        
Silt loam + MWNTs 199.08 ± 23.31 0.80 ± 0.09 0.96 ± 0.05   245.22 ± 36.12 3.99 ± 0.07 0.98 ± 0.02 
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Table 3.4 Percent desorption for PAHs in various sorbents. Data are expressed as a percentage of the mass of 
adsorbed PAHs. 
 

Sorbent Naphthalene Fluorene Phenanthrene 

MWNTs 7.6 6.8 3.5 

Sand  0.0 7.0 3.3 

Sand + MWNTs 2.1 4.7 3.9 

Sandy loam 0.0 4.3 7.9 

Sandy loam + MWNTs 0.0 3.0 7.4 

Silt loam 0.0 1.5 6.6 

Silt loam + MWNTs 0.0 1.3 0.0 
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Figure 3.1 Sorption of naphthalene, fluorene, and phenanthrene on various mediums. 
Data points represent means (n = 3) and error bars for both solution and sorbent 
concentration indicate ±1 standard deviation of the mean. The y axis unit is µg/g (except 
for MWNTs which is µg/mg). 
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Figure 3.1 Continued Sorption of naphthalene, fluorene, and phenanthrene on various 
mediums. Data points represent means (n = 3) and error bars for both solution and 
sorbent concentration indicate ±1 standard deviation of the mean. The y axis unit is µg/g 
(except for MWNTs which is µg/mg). 
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Figure 3.1 Continued Sorption of naphthalene, fluorene, and phenanthrene on various 
mediums. Data points represent means (n = 3) and error bars for both solution and 
sorbent concentration indicate ±1 standard deviation of the mean. The y axis unit is µg/g 
(except for MWNTs which is µg/mg). 
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Figure 3.2 Comparison of theoretically predicted and experimentally gained Kd, 
values. No significant differences were found between predicted and 
experimental values for all groups, respectively (p > 0.05). Naphthalene, fluorene 
and phenanthrene are represented by Nap, Fluo, and Phe.  
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Figure 3.2 Continued Comparison of theoretically predicted and experimentally 
gained Log Koc, values. No significant differences were found between predicted 
and experimental values for all groups, respectively (p > 0.05). Naphthalene, 
fluorene and phenanthrene are represented by Nap, Fluo, and Phe.  
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Figure 3.2 Continued   Comparison of theoretically predicted and experimentally 
gained Kf values. Asterisks (*) indicate significant differences from corresponding 
experimental values (p < 0.05). Naphthalene, fluorene and phenanthrene are 
represented by Nap, Fluo, and Phe.  
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CHAPTER IV 

 

MOBILITY OF POLYAROMATIC HYDROCARBONS (PAHS) IN SOIL IN THE 

PRESENCE OF CARBON NANOTUBES  

 

Abstract  

Being a potential risk to the environment, fate study of carbon nanotube 

(CNTs) in the environment is urgently needed. Influence of CNT fate on 

bioavailability of other conventional contaminants in the environment is largely 

unknown. This study explored PAH leaching behavior in the presence of CNTs 

with column leaching test. Four PAHs (Naphthalene, fluorene, phenanthrene, 

and pyrene), three CNTs (f-SWNTs, MWNTs, f-MWNTs), and a sandy loam soil 

were involved in this study. We found that at a concentration of 5 mg/g, CNTs 

could significantly retain PAHs in soil. Such strong PAH retention was caused by 

the low mobility of CNTs and their strong PAH sorption capacity. This study 

proposed that the properties of both the sorbent (ex. Available surface area and 

micropore volume) and sorbate (ex. hydrophobicity and molecular volume) 

influenced the mobility of PAH’s in soil. 

 

Keywords CNTs, SWNTs, MWNTs, PAH leaching, soil, Quantitative structure–

activity relationship 
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Introduction 

Carbon nanotubes (CNTs) are a group of carbon based nanomaterials 

that are graphene sheets (≥ 1 µm) rolled into a nanoscale cylinder. Due to their 

special physical and chemical properties, CNTs have been used in various 

applications, such as electronics, optics, pharmaceutical and environmental 

sciences (Gomez et al., 2009; Heller et al., 2005; Mauter and Elimelech, 2008; 

Singh et al., 2009).  

With rapid commercialization, there is an increased possibility of CNTs 

being released into the environment, with an estimated annual increase in soil in 

the United States of 0.43 ng/kg (Gottschalk et al., 2009). The exceptional 

properties of CNTs that have led to numerous applications are also a cause for 

concern regarding potential toxicity to organisms and the environment. Two 

forms of CNTs, single-walled carbon nanotubes (SWNTs) and multiple-walled 

nanotubes, have demonstrated toxicity to various organisms (Cañas et al., 2008; 

Kang et al., 2007; Rotoli et al., 2008; Witzmann and Monteiro-Riviere, 2006; 

Yacobi et al., 2007).  

There is a need for more fate and toxicity studies with CNTs in terrestrial 

systems to better serve future risk assessments and regulations of such 

materials (Dunphy Guzmán et al., 2006; US Environmental Protection Agency, 

2007). Mueller and Nowack (2008) estimated that soil might be a major CNT sink 

with estimated high CNTs concentration compared with other environmental 
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compartments (Mueller and Nowack, 2008). If CNTs leach through soil, they may 

also pose risks to groundwater by direct CNT toxicity or by changing the 

reactivity or bioavailability of other contaminants (Perez et al., 2009; US 

Environmental Protection Agency, 2007). Hence, studies of CNT behavior in 

terrestrial soils are important and urgently needed.  

Unfortunately, there is a large gap in fate studies for data on aggregation, 

degradation, sorption, transport and interactions with other substances, for CNTs 

in terrestrial soil systems. Limited studies have investigated CNT behavior in 

porous media (Jaisi et al., 2008; Lecoanet et al., 2004; Liu et al., 2009). Only one 

study investigated CNT (specifically, SWNTs) transport behavior in soils (Jaisi 

and Elimelech, 2009). It was reported in this study that functionalized single-

walled nanotubes (f-SWNTs) did not exhibit substantial transport and infiltration 

in soils because of effective retention by the soil matrix. Their results also 

suggested that the irregular shape and large aspect ratio of f-SWNTs, as well as 

the large variability in particle size, porosity, permeability and pore 

interconnectivity of natural soil media, were reasons for f-SWNT retention in soils. 

Commercially available CNTs encompass a wide range of various parameters, 

such as surface area, aspect ratio, inner and outer diameter; these all contribute 

to CNT properties and related behavior in environment. Thus, these variations in 

parameters might lead to different environmental behaviors in soil that are highly 

dependent on the specific properties of each type and batch of CNTs. 
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Currently, no studies have investigated CNT interactions with other 

conventional contaminants in soil. This study is the first to explore polyaromatic 

hydrocarbon (PAH) mobility in soil in the presence of CNTs. A column leaching 

method was used to study leaching behaviors of PAHs in a saturated sandy loam 

soil system added with different CNTs. This study involved four PAHs 

(naphthalene, fluorene, phenanthrene and pyrene) and three types of 

commercially available CNTs (f-SWNTs, non-functionalized multiple-walled 

nanotubes (MWNTs) and functionalized multiple-walled nanotubes (f-MWNTs)). 

Octadecyl (C18) was used as a reference material with only hydrophobic 

interactions with PAHs. Concentrations of CNTs in natural soil are still largely 

unknown. It was estimated that CNT concentrations in soil might be around 0.01 

µg/kg in a realistic scenario and 0.02 µg/kg in a high emission scenario (Mueller 

and Nowack, 2008). A CNT concentration of 5 mg/g in natural soil was chosen in 

this study. This concentration was higher than those estimated in soil. However, 

if CNTs influence PAH leaching in soil in a concentration dependent manner, 

then no effect at higher concentrations would also indicate so at lower 

concentrations.  

 

Materials and methods 

Chemical and supplies 

Naphthalene (purity> 99%), fluorene (purity> 98%), phenanthrene (purity> 

98%) and pyrene (purity> 98%) were purchased from Sigma-Aldrich (St. Louis, 
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MO). High performance liquid chromatography (HPLC) grade methylene chloride 

was obtained from Fisher Scientific (Pittsburg, PA). Standard solutions of PAHs 

were prepared in methylene chloride. Ultrapure water (> 18 MΩ) was prepared 

by a Barnstead NANOpure infinity ultrapure water system (Dubuque, IA). 

Commercially available multi-walled carbon nanotubes (both MWNTs and f-

MWNTs) were purchased from Cheap Tubes Inc (Brattleboro, VT), while f-

SWNTs (1.0-3.0 atomic% carboxylic acid) were purchased from Carbon 

Solutions (Riverside, CA). Octadecyl (C18) sorbent was purchased from Fisher 

Scientific (Houston, TX). 

Sandy loam soil collected in Lubbock, TX was analyzed to determine 

background concentrations of PAHs; soils did not contain detectable levels of 

any PAHs.  Soil was prepared by filtering the soil through a 2-mm sieve to 

remove any large debris.  The physicochemical properties of soil were 

determined by AGVISE Laboratories (Northwood, ND) using standard techniques.  

Key properties of soil used in this study are listed in Table 4.1.  

 

Characterization of CNTs  

Carbon nanotubes (CNTs) were characterized according to Li et al. (2012, 

submitted) using transmission electron microscopy (Hitachi H-8100 TEM). 

Samples were prepared by depositing liquid samples on carbon-coated copper 
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grids (400 mesh Electron Microscopy Sciences, CF400-Cu). Then samples were 

air dried for 1 min. Samples were imaged using a voltage of 75 kV. 

 

BET analysis of CNTs  

Samples were characterized using an automated gas sorption analyzer, 

Autosorb-iQ (Quantachrome Instruments, FL). All samples were outgassed 

(pressure controlled heating) at 310 °C for 12 h. Isotherms were used to compute 

BET surface area, total pore volume, average pore diameter, micropore area, 

and micropore volume.  The BET surface area was computed in the relative 

pressure range of 0.03-0.5. The total pore volume was computed at the highest 

relative pressure point on the adsorption isotherm.  A t-plot was used to compute 

the micropore area and micropore volume. 

 

Preparation of mixtures of CNTs or C18 with soils 

Suspensions of CNTs were prepared as previously described by Cañas et 

al (2008). Briefly, each type of CNT (50 mg) was placed separately in a 50-mL jar 

with 4 mL of ultrapure water and sonicated for 30 minutes. The solution was 

sonicated for an additional 90 min following the addition of 10 mL of ultrapure 

water. CNTs were incorporated into the soil based on a procedure previously 

developed by Petersen et al.(2009). In short, immediately following sonication, 

CNT suspensions were transferred to soils through the addition of small volumes 
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with a manual pipet while rotating the soil container. Soil containers were then 

sealed and tumbled overnight without any additional drying.  

 

Column leaching experiment 

Column packing and conditioning was revised based on previous methods 

(De Jonge et al., 2008; Jaisi and Elimelech, 2009). Specifically, each soil column 

in this study was carefully prepared as follows. Teflon columns (inner diameter of 

3 cm and depth of 11.5 cm) with a glass inlet at the top and glass outlet at the 

bottom were constructed. Glass beads mixed with glass wool were placed at the 

bottom of the columns to prevent loss of soil and contamination of leachate with 

soil particles. Clean air-dried soil (76 g) was carefully packed in the column to a 

height of 8 cm. Then previously mixed soil (10 g), or soil containing 50 mg CNTs 

or C18 was also carefully packed into the column.  Sorbent in soil column without 

C18 or CNTs was called soil. Sorbents in soil column mixed with C18, MWNTs, f-

MWNTs, and f-SWNTs in top three layers were called: C18-mixed soil, MWNTs-

mixed soil, f-MWNTs-mixed soil and f-SWNTs-mixed soil, respectively. The bulk 

density of soil in the column was kept at 1.35 g/cm3. The soil was slowly 

deposited in the column by using a spatula and then gently vibrating the soil filled 

column. The column was slowly saturated in the upward direction using 20 mM 

CaCl2 for 24 h and then saturated by 1 mM KCl solution for 2 h.   
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The column experiment was set up as a column leaching test to mimic 

PAH and CNT contamination on top of the soil followed by leaching with the aid 

of rainfall. The setup included: (i) glass reservoir with 7 L ultrapure water, (ii) 

teflon column with the packed conditioned soil, (iii) peristaltic pump (Model RP-1, 

Rainin Instrument Co., Emeryville CA), and (iv) mini fraction collector (Model 

Retriever 500, Teledyne Isco, Inc., Lincoln, NE). Constant ionic strength was 

maintained through the addition of CaCl2 (20 mM) to avoid mobilization of soil 

colloids. Microbial activity was inhibited by the addition of 0.02 M mercuric 

chloride in the reservoir.  

The column experiment was designed based on previous column studies 

(Jaisi and Elimelech, 2009; Petruzzelli et al., 2002; Zand et al., 2010). In this 

study, a spill of PAHs in soil followed by a heavy rain was mimicked in order to 

observe relative obvious effects of CNTs on leaching behavior of slightly mobile 

PAHs. First, a mixture solution of naphthalene, fluorene, phenanthrene and 

pyrene containing 1 mg of each PAH was gently dropped on the top of each 

column. Then, solution (671 mL) in the reservoir was percolated for each column 

with a peristaltic pump at a flow rate of 1.5 mL/min.  The volume used for 

leaching was calculated on the basis of annual average precipitation in the area 

of collected natural soil and was based on two years of precipitation. At the end 

of the experiment, the column was cut into 0.5 cm thick slices. Soil in each slice 

was taken out, weighed (3.91± 0.35 g), air-dried, and then ready for extraction. 

Parallel column studies with a non-reactive solute (NaCl) were conducted to 
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further confirm the closely identical hydrodynamic properties of columns (Freeze 

and Cherry, 1979).  By pumping ultrapure water on the top, soil in the column 

was slowly cleaned to remove remaining chloride ions for 3 h. When the chloride 

ion background concentration approached zero, a known amount of chloride ion 

was added to the soil column from the top. Leachate from columns used for the 

tracer test was collected at a constant speed of every 30 drops (0.11 pore 

volume, pore volume was calculated based on volume change after water 

saturation) by the mini faction collector. Leachate was then extracted and placed 

in vials for analysis. Hydrohynamic properties of the columns were identical as 

shown in Figure 4.1, even though soil colloid mobilization might occur during the 

soil cleaning process.  

 All column leaching tests were conducted in the dark to avoid possible 

PAH photolysis. Soil colloid loss of each column was less than 5% of the original 

packed soil mass. Due to losses of PAHs by evaporation, leachate of PAHs was 

not determined under the column setting used in this study. For each CNT or C18 

column test, duplicate samples were conducted.  

  

Sample extraction  

An accelerated solvent extraction system (ASE 200, Dionex, Sunnyvale, 

CA, USA) was used to extract PAHs in soil. Extraction parameters and 

procedures using ASE were the same as that described by Li et al (2012). 
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Extraction efficiencies of PAHs from soil were conducted with triplicate samples. 

Recoveries of all four PAHs used in this were good, ranging from 85.3 % to 

108.7%. 

 

Chemical analysis 

A HP6890 gas chromatograph with a HP5973 mass spectrometer in the 

selected ion monitoring (SIM) mode was used to quantify PAHs, following the 

method described by Li et al. (2012). Tracer ion was analyzed by Dionex ion 

chromatography, following method described by Cañas et al. (2006). 

 

Statistical analysis 

All statistical analyses were performed using R software (version 2.13.1, R 

Core Development Team 2011). Means were compared with analysis of variance 

(ANOVA). Multiple comparisons were conducted with a Tukey's honestly 

significant difference (HSD) test. Significant differences were analyzed by 

applying the least significant difference of means at a 5% confidence level (p ≤ 

0.05).  

 

Results and discussion 

PAH mobility in soil 
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Concentrations of naphthalene, fluorene, phenanthrene and pyrene in 

each layer of different sorbents in columns are reported in Figure 4.2. All PAHs 

were translocated vertically by the percolating solutions and their concentrations 

decreased with depth, In general, the addition of all types of CNTs led to 

increased retention of PAHs in soil, with most retained in top three layers, 

regardless of sorbent types in columns.  

Previous studies have investigated the leaching behavior of PAHs in soil 

and PAHs demonstrated low mobility (De Jonge et al., 2008; Enell et al., 2004; 

Petruzzelli et al., 2002). However, in certain extreme environmental conditions 

such as a spill of PAHs on the soil surface followed by heavy rain, hydrophobic 

organic contaminants such as PAHs might still leach through the surface or 

subsurface soil environment due to insufficient time to interact with soil organic 

matter. For example, in this study, only 3.9% of total PAH mass was retained in 

soil. However, with the addition of carbon-based materials, especially CNTs, 

more PAHs were retained in the soil. Specifically, 6.8%, 19.2%, 19.3% and 28.8% 

of PAHs were retained in C18-mixed soil, f-SWNTs-mixed soil, f-MWNTs-mixed 

soil, and MWNTs-mixed soil, respectively. At least two prerequisites are 

necessary for significant retention of hydrophobic contaminants after addition of 

CNTs in soil: (1) low mobility of CNTs in soil and (2) high sorption ability of 

contaminants to CNTs. It was reported that f-SWNTs (carboxyl-functionalized) 

did not exhibit substantial transport and infiltration in soils because of effective 

retention by soil matrix (Jaisi and Elimelech, 2009). To our knowledge, no studies 
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have investigated the mobility of MWNTs in soil. However, due to possible 

sorption of MWNTs by non-mobile humic acid and instability of f-MWNTs in pore 

water of highly heterogeneous natural soil, both MWNTs and f-MWNTs used in 

this study should have limited mobility as f-SWNTs (Wang et al., 2009). Lots of 

studies have reported that CNTs have high adsorption capacities (Chen et al., 

2007; Lu et al., 2005; Pyrzynska et al., 2007). Yang et al. (2006) reported that 

CNTs had over a three orders of magnitude higher adsorption affinity than 

natural soils/sediments (Yang et al., 2006). A high concentration of CNTs in soil 

(5 mg/kg) was used in this study, which might not be realistic in a natural 

environment except for possible hotspots. It was stated that a high concentration 

of nanoparticles would be necessary to change the mobility of contaminants 

(Hofmann and von der Kammer, 2009; Kanti Sen and Khilar, 2006). However, a 

recent study reported that if adsorption of contaminants to nanoparticles exhibits 

relatively strong irreversible adsorption capacities, even low concentrations of 

nanoparticles could significantly change the mobility of contaminants (Zhang et 

al., 2011). Hence, future studies with low level of CNTs in soil need to be 

conducted to check if low levels of CNTs will also decrease the mobility of 

contaminants.  In summary, this study showed that if contaminants sorb to a 

considerable amount of non-mobile CNTs in soil, more of them will be retained in 

the surface or subsurface of soil.  

 

PAH-CNT interactions in soil 
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Interactions between PAHs and CNTs in a simplified aqueous phase were 

affected by various factors, but the mechanism appears to be complicated and is 

under debate (Chen et al., 2008a; Chen et al., 2007; Pan and Xing, 2008; Yang 

et al., 2006). Hence, an overall and conclusive investigation of the mechanism of 

PAH-CNT interactions in a complicated soil system goes beyond the goal of the 

present study. This study examined if and how properties of PAHs and CNTs 

affect their interaction in natural soil.  

 

1. Influence of sorbate properties on PAH retention in soil  

In general, the retention capacity of PAHs in soil only, C18-mixed soil, 

MWNTs-mixed soil and f-MWNTs-mixed soil follows this pattern: naphthalene < 

fluorene < phenanthrene < pyrene. For example, in soil, average mass of PAHs 

in the top three layers were as follows: naphthalene (0.87 µg) < fluorene (1.6 µg) 

< phenanthrene (7.9 µg) < pyrene (10.4 µg) (p < 0.05). In order to investigate the 

underlying processes controlling the adsorption behaviors in this pattern, 

regressions of average mass of PAHs with the n-octanol-water partitioning 

coefficients (log Kow values) were made (Figure 4.3). The relationship between 

log Kow and soil, C18-mixed soil,and MWNTs-mixed soil had positive slopes and 

were good (r2 = 0.66– 0.93). Since log Kow is a typical hydrophobic parameter of 

organic chemicals, such a good r2 indicates that hydrophobic interactions are the 

main mechanism for the interactions between PAHs and CNTs in this case. This 
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also indicates that at the concentration applied in this study, CNTs dominant over 

soil organic matter in the adsorption of PAHs in soil. 

Unlike the other sorbents, f-SWNTs-mixed soil followed a completely 

opposite pattern: naphthalene (217 µg) > fluorene (56.2 µg) > phenanthrene 

(35.6 µg) > pyrene (19.1 µg) (p < 0.05). The negative slope of the regression for 

f-SWNTs-mixed soil data in Figure 4.3c indicates that hydrophobic forces alone 

cannot explain sorption of PAHs to CNTs in this case. Although the manufacturer 

reported f-SWNTs used in this study were highly functionalized, these SWNTs 

could not be dispersed without the addition of a surfactant (data not shown). 

Hence, water solubility might not be a good explanation for this phenomenon. In 

order to further investigate the possible processes controlling the adsorption 

behaviors in this pattern, the relationship between average mass of PAHs and 

molecular volume was evaluated (Figure 4.4). In f-SWNTs-mixed soil, the 

average mass of PAHs was negatively related to molecular size (r2 = 0.99). A 

possible reason for this is that the larger the sorbate molecular size, the less 

sorption space is available for certain PAHs (Yang et al., 2006). Hence, not only 

hydrophobicity, but also the sorbate molecular size affects sorption capacity of 

CNTs for PAHs.  

There was not a clear pattern in the f-MWNTs-mixed soil. Compared with 

MWNTs, the added hydrophilic functional group of f-MWNTs influenced PAH 

leaching in soil. The estimation of f-MWNT influence on PAH retention in soil is 
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further complicated by the partial coverage of carboxylic groups on the f-MWNT 

surface (0.7% COOH groups).  

In summary, PAHs exhibited different leaching behavior when soil was 

contaminated with different types of CNTs. When hydrophobic interactions 

dominated the sorption process of PAHs and CNTs, retention of PAHs tended to 

increase with increased hydrophobicity.  However, other mechanisms might also 

be involved, such as pore filling and π-π interactions (Chen et al., 2008b; Lin and 

Xingt, 2008; Pan and Xing, 2008). Hence, further investigation of CNT influence 

on PAH retention in soil is needed.  

 

2. Influence of sorbent properties on PAH retention in soil 

Generally, the retention capacities of fluorene, phenanthrene and pyrene 

in different sorbents followed this order: soil < C18-mixed soil < f-SWNTs-mixed 

soil < f-MWNTs-mixed soil < MWNTs-mixed soil. For example, for fluorene, 

average mass in top there layers were as follows: soil (1.6 µg) < C18-mixed soil 

(24.9 µg) < f-SWNTs-mixed soil (56.2 µg) < f-MWNTs-mixed soil (108 µg) < 

MWNTs-mixed soil (149 µg) (p < 0.05). Various sorbents were examined by TEM 

to assess how selected sorbent structural properties affected PAH sorption 

behavior. The diameters (both inner and outer) and degree of bundling of 

commercially available f-SWNTs, MWNTs and f-MWNTs were assessed by TEM 

(Figure 4.5). 
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As shown in Figure 4.5, MWNTs had an inner diameter of 4-7 nm and an 

outer diameter of 11-15 nm and exhibited relatively little bundling (MWNTs with 

larger diameters were also present, supporting information). The f-MWNTs had 

similar values for inner and outer diameter and showed virtually no bundling due 

to the covalent functionalized groups on the sidewalls. The lack of bundling 

increased the available surface area for PAH-MWNT interactions and enhanced 

the sorption efficiency. The f-MWNTs exhibited less available surface area for 

sorption due to functional groups compared to pristine MWNTs. Hence, MWNTs 

had higher PAH sorption capacities than f-MWNTs.  

 The SWNT images showed an outer diameter of 2-3 nm, but this likely 

included surfactant bound on the outer wall, so the true outer diameter was likely 

1-2 nm, as expected. Although the manufacturer indicated that these f-SWNTs 

were covalently functionalized with carboxyl groups, the f-SWNTs were not 

soluble (data not shown). In order to prepare a dispersed sample for TEM 

imaging, surfactant stabilization was utilized. In the TEM images, f-SWNT 

bundling was not observed due to the surfactant, but in the experiment since no 

surfactant was utilized, the f-SWNTs were quite likely to bundle. Although f-

SWNTs had a smaller size and higher available surface area, the surface area 

available for sorption sharply decreased due to bundling. Hence, f-SWNTs had 

lower PAH (fluorene, phenanthrene and pyrene) sorption capacities compared 

with MWNTs and f-MWNTs.  
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The reference sorbent C18 had a high surface area and hydrophobicity. 

However, the sorption capacity of PAHs was lower than CNTs. This further 

supported previous conclusions that hydrophobic interactions were not the only 

driving force for PAH-CNT interactions in soil.  The higher CNT sorption capacity 

of PAHs than soil indicated a potential CNT disturbance of contaminant 

distribution in natural soil system.  

The retention capacities of naphthalene in different sorbents followed a 

different pattern: soil (0.87 µg) < C18-mixed soil (3.5 µg) < f-MWNTs-mixed soil 

(76.7 µg) = MWNTs-mixed soil (74.5 µg) < f-SWNTs-mixed soil (217 µg) (α = 

0.05). This trend cannot be explained only by the estimation based on TEM of 

available surface area for sorption. It has been previously reported that various 

sorption processes, such as surface sorption, micropore sorption, mesopore 

sorption, and multiplayer sorption were involved in PAH sorption on sorbents, 

such as SWNTs (Pignatello et al., 2006; Yang et al., 2006). Hence, physisorption 

analysis was conducted to unmask selected sorbent properties and the results 

are reported in Table 4.2, including surface area, average pore diameter, total 

pore volume, micropore volume, and micropore area. Although BET surface area 

was included in the table, it was not relevant to the discussion here since it did 

not indicate the portion of available surface area. Interestingly, compared with 

other sorbents, f-SWNTs had more micropore area (micropore area/mesopore 

area=1.5). The smaller the PAHs are, the greater the likelihood that they would 

be able to fit in the extremely small micropores of f-SWNTs. Hence, with the aid 
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of micropore filling processes, f-SWNTs had the highest sorption capacity for 

naphthalene with a small molecular volume.   

 

Conclusions 

This study indicated that CNTs impeded PAH mobility in soil.  With the 

presence of CNTs in soil, PAHs had limited mobility in the soil column even when 

high flow rates were applied. Hence, CNTs increased PAH exposure to soil 

invertebrates living near or at the soil surface while decreasing PAH exposure to 

groundwater aquifers. However, the diverse properties of CNTs from different 

manufacturers, the complex nature of different soil environments, and various 

types of traditional contaminants in the environment, all force such studies to be 

conducted on a case by case basis.  
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Tables and figures 

 

Table 4.1 Physical and chemical properties of soil used in leaching study 
 

USDA soil classification sandy loam 

particle size distribution sand (74%), silt (16%), clay (10%) 

cation exchange capacity 12.6 meq/100g 

organic matter 1.1 wt% 

bulk density (disturbed) 1.37 gm/cc 

particle density 2.55 gm/cc 

porosity 46.50% 

pH 7.8 
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Table 4.2 Selected Structural Properties of sorbents 
 
 

Sorbents soil C18 MWNTs f-MWNTs f-SWNTs 

BET surface area (m2/gm) 14.1 211 99.8 142 230 

Average pore diameter (nm) 7.15 16.3 63.5 42.7 1.97 

Total pore volume (cc/gm) 0.025 0.86 1.6 1.54 0.21 

Micropore volume (cc/gm) 0.001 0 0 0 0.07 

Micropore area (m2/gm) 2.98 0 0 0 138 
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Figure 4.1 General transport behavior of non-reactive tracker (NaCl) from 
duplicate columns. Relative concentration was calculated as follows: Relative 
concentration = PAH concentration in effluent reservoir over time/Initially applied 
PAH concentration.   
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Figure 4.2 Concentrations of (a) naphthalene, (b) fluorene, (c) phenanthrene, 
and (d) pyrene in each layer of different sorbents in columns. ‘Soil only’ referred 
to column with only soil as sorbent; ‘Soil + C18’, ‘Soil + f-SWNTs’, ‘ Soil + 
MWNTs’, and ‘ Soil + f-MWNTs’ referred to column with top three layers of soil 
mixed with C18, f-SWNTs, MWNTs and f-MWNTs, respectively. Relative percent 
differences are less than 20% for most y values.  
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Figure 4.2 Continued Concentrations of (a) naphthalene, (b) fluorene, (c) 

phenanthrene, and (d) pyrene in each layer of different sorbents in columns. ‘Soil 

only’ referred to column with only soil as sorbent; ‘Soil + C18’, ‘Soil + f-SWNTs’, 

‘ Soil + MWNTs’, and ‘ Soil + f-MWNTs’ referred to column with top three layers 

of soil mixed with C18, f-SWNTs, MWNTs and f-MWNTs, respectively. Relative 

percent differences are less than 20% for most y values. 



                                                                   Texas Tech University, Shibin Li, August 2012 

79 

 

log K
ow

 

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

P
A

H
 c

o
n

c
e

n
tr

a
ti
o

n
 i
n

 s
o

il 
(

g
/g

)

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Y = 1.7X - 5.8 

R
2
 = 0.79

(a)

 

log K
ow

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

P
A

H
 c

o
n

ce
n

tr
a

tio
n

 in
 C

1
8
-m

ix
e

d
 s

o
il 

(
g

/g
)

0

2

4

6

8

10

Y= 4.8X - 15 

R
2 
= 0.93

(b)

 

Figure 4.3 Quantitative structure–activity relationship between average 
concentration of PAHs (naphthalene, fluorene, phenanthrene and pyrene) in the 
top three layers of various sorbents ((a) soil, (b) C18-mixed soil, (c) f-SWNTs-
mixed soil, (d) f-MWNTs-mixed soil, and (e) MWNTs-mixed soil) and n-octanol-
water partitioning coefficients (log kow ). Relative percent differences are less 
than 20% for most y values.  
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Figure 4.3 Continued Quantitative structure–activity relationship between 
average concentration of PAHs (naphthalene, fluorene, phenanthrene and 
pyrene) in the top three layers of various sorbents ((a) soil, (b) C18-mixed soil, (c) 
f-SWNTs-mixed soil, (d) f-MWNTs-mixed soil, and (e) MWNTs-mixed soil) and n-
octanol-water partitioning coefficients (log kow ). Relative percent differences are 
less than 20% for most y values.  
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Figure 4.3 Continued Quantitative structure–activity relationship between 
average concentration of PAHs (naphthalene, fluorene, phenanthrene and 
pyrene) in the top three layers of various sorbents ((a) soil, (b) C18-mixed soil, (c) 
f-SWNTs-mixed soil, (d) f-MWNTs-mixed soil, and (e) MWNTs-mixed soil) and n-
octanol-water partitioning coefficients (log kow ). Relative percent differences are 
less than 20% for most y values.  
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Figure 4.4 Quantitative structure–activity relationship between average 
concentration of PAHs (naphthalene, fluorene, phenanthrene and pyrene) in the 
top three layers of f-SWNTs-mixed soil and PAH molecular volume. Relative 
percent differences are less than 20% for most y values.  
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Figure 4.5 High resolution transmission electron microscope characterization of 
(a) f-MWNTs, (b) pristine MWNTs and (c) SWNTs. The outer diameter (11-15 nm) 
and inner diameters (4-7 nm) are shown for f-MWNTs and MWNTs. An outer 
diameter of 1-2 nm is estimated for SWNTs. Arrows point to a carbon nanotube.  
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Supplementary information  

 

Figure  4.S1 Scanning electron microscope image of pristine MWNTs.   
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CHAPTER V 

DETERMINATION OF CARBON NANOTUBE BIOACCUMULATION IN 

EARTHWORMS MEASURED BY MICROWAVE-BASED DETECTION 

TECHNIQUE  

 

Abstract  

Biouptake and elimination behavior of MWNTs in earthworms (Eisenia 

fetida) was evaluated through the use of a novel method to quantify the presence 

of multi-walled carbon nanotubes (MWNT) in earthworms. Microwave-induced 

heating of carbon nanotubes (CNT) was utilized to generate temperature-

MWCNT concentration relationship for a constant mass of earthworm (~20 mg). 

This study was an expansion of a previously developed microwave-based 

method for CNT detection in plants. This method showed the potential to 

quantitatively detect CNTs in biological samples at environmentally relevant 

concentrations (<0.1 µg). A bioaccumulation factor was calculated as 0.015 ± 

0.004 indicating no MWNT bioaccumulation in earthworms in this study.   

 

Keywords: carbon nanotubes, microwave, heating, earthworm, bioaccumulation 

 

Introduction 
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With unique chemical, physical and electrical properties, carbon 

nanotubes (CNTs) have led to new technologies in various fields (Aitken et al., 

2006; de Heer, 2004). Since CNTs will eventually release to the environment like 

other industrially important chemicals, there is a need for fate and toxicity studies 

of CNTs (Lam et al., 2006; Plata et al., 2012). However, quantitative information 

of CNT fate and toxicity is still scarce. Most studies were conducted without CNT 

quantification in an environmental matrix (Alloy and Roberts, 2011; Aschberger et 

al., 2010; Zhao and Liu, 2012).  

Several studies have been conducted to identify CNTs in various 

environmental meidia (Leeuw et al., 2007; Plata et al., 2012; Sobek et al., 2009; 

Yang et al., 2011). Near-infrared fluorescence was used to detect CNTs in fruit 

flies (Drosophila melanogaster) and blackworms (Lumbriculus variegatus) (Yang 

et al., 2011). Leeuw et al. (2007) estimated that only a very small fraction (about 

10-8) of the ingested CNTs was incorporated into organs of the fruit flies larvae. 

Yang et al. (2011) reported a bioaccumulation factor (BAF) of 0.0021 ± 0.0011, 

which indicated blackworms could not accumulate CNTs. However, this 

technique was only applicable for unbundled single-walled carbon nanotubes 

(SWNTs) (Leeuw et al., 2007; Yang et al., 2011).There are several other CNT 

bioaccumulation studies based on carbon-14 labeled CNTs (Petersen et al., 

2008a). Petersen et al. observed low BAF values in earthworm raised in two 

types of soil both contaminated with different CNTs (Petersen et al., 2009a; 

Petersen et al., 2008a). Petersen et al. (2009a) also reported that majority of 
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accumulated CNTs remained in guts other than adsorbed into cellular tissues of 

Daphnia magna. A chemothermal oxidation method at 375°C (CTO-375) has 

been used to isolate CNTs in soils and sediments (Sobek et al., 2009). However, 

analytical method parameters, such as detection limit and quantification limit 

were not reported. A recent study by Plata et al. (2012) used thermogravimetric 

analysis (TGA) to detect tiny amount of SWNTs (100 µg SWNT per g of sediment) 

in various complex mixtures.  This analysis also requires mass spectrometry to 

determine the amount of SWNTs present in the environmental matrices (Plata et 

al., 2012). However, co-degradation of SWNTs along with other carbonaceous 

material can evolve similar gases at the same temperature in TGA, which may 

lead to erroneous conclusions if the mass spectrometer is not sensitive enough 

to distinguish the SWNT degradation peak.   

Due to the strong absorption of microwaves, CNTs can generate large 

amounts of heat in a short time when exposed to microwaves (Irin et al., 2012). 

This unique CNT property has been applied in various fields (Brunetti et al., 2007; 

Shim et al., 2009). Recently, a novel method based on microwave-induced 

heating was successfully used to quantify CNT concentrations in plant roots (Irin 

et al., 2012). In that study, CNT masses in plant roots were correlated to a 

temperature change when samples were exposed to microwaves. The detectable 

threshold limit of CNT in plant root by this technique was less than 0.1 µg which 

is more relevant to the environmental condition compared to other conventional 

methods (electron microscopy, Raman spectroscopy, florescence etc.).  The 
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present study aimed to expand this technique to quantify MWNT uptake in 

earthworms (Eisenia fetida), a commonly used model organism in environmental 

studies.  

 

Materials and methods 

Materials and supplies 

Multi-walled carbon nanotubes (MWNTs) were purchased from Cheap 

Tubes Inc (Brattleboro, VT). Transmission electron microscopy was used to 

characterize MWNTs and properties were reported by Li et al. (submitted). 

Sodium dodecyl benzene sulfonate (SDBS; Mw: 348.5) was purchased from 

Sigma Aldrich (Allentown, PA). All of these materials were used without any 

further purification. Adult earthworms (Eisenia fetida) were purchased from Yelm 

Earthworm and Castings Farm (Yelm, Washington). Sandy loam soil (Lubbock, 

TX) was prepared by sieving through a 2-mm sieve.  The physicochemical 

properties of soil were determined by AGVISE Laboratories (Northwood, ND) 

using standard techniques. The soil (pH = 7.8, organic carbon content = 1.1%) 

consisted of 74% sand, 16% silt, and 10% clay.  

 

Preparation of MWNT dispersion  

A stable MWNT dispersion was prepared by sonication and centrifugation 

using SDBS as a stabilizer (Green, 2010). SDBS (2 % w/v) was completely 
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dissolved in water by magnetic stirring and 1 mg/mL MWNTs was added to this 

solution. This mixture was then tip sonicated for 1 h at an output power of 7 W 

(Misonix sonicator, XL 2000) and centrifuged (Centrific Centrifuge 225, Fischer 

Scientific) for 4 h at a speed of ~5000 rpm. After centrifugation the supernatant 

was collected and absorbance was measured with a Shimadzu UV-vis 

spectrophotometer 2550 at wavelengths of 200 nm to 800 nm. The concentration 

of the dispersion was calculated from the absorbance (at 660 nm) using the 

Lambert-Beer law. The extinction coefficient was taken as 3389 mL/mg.m 

(Amiran et al., 2008). The final concentration of the dispersion was 0.3 mg/mL 

MWNTs (Irin).  

 

Earthworm sample preparation for calibration curve 

Dead earthworms were frozen in a freezer at -15oC to perform freeze 

drying which was necessary to eliminate the liquid (mostly water) inside the 

earthworm since the presence of water can affect the temperature 

measurements needed in the microwave-induced heating method. Freeze drying 

was conducted in a Vitris Benchtop Freeze Dryer for 1 d. Dried earthworms were 

then crushed into a powder. A controlled volume of MWNT dispersion was mixed 

with 20 mg of earthworm powder with a micro pipette (0-10 µL) to prepare the 

known samples for the generation of a calibration curve. The mass of MWNTs in 

the samples varied from 0 to 3.2 µg. Earthworm mass was kept constant for all 

the samples to avoid the effect of sample mass on the microwaves. These 
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samples were dried overnight in a vacuum oven at 60 oC before conducting the 

microwave analysis. 

 

Experimental setup 

A variable microwave power generator (Opthos Instruments Inc, MPG 4 

RF, LAB-909) was connected to a rectangular WR-284 waveguide. The power 

generator generated microwave power from 0 to 120 W with a resolution of 1 W. 

The operating frequency of the generator was 2.45GHz. The sample holder was 

inserted into the waveguide through a ~1 cm hole drilled on the top of it. The 

waveguide directed the power towards the sample and heated MWNTs as well 

as the sample. The temperature rise of the sample was then measured by a 

digital multimeter (Omega model HHM290) which was connected to a k-type 

thermocouple (Omega Model SC-GG-K-30-36, ungrounded, 0.032” diameter). A 

continuous flow of nitrogen was applied directly onto the surface of the sample to 

prevent MWNT ignition. The details of the experimental setup for microwave 

analysis are discussed in a prior paper by Irin et al. (2012).  

 

Uptake and elimination in earthworms 

Soil (20 g) was spiked with 60 mg MWNTs following a previous method 

(Petersen et al., 2009b). Briefly, soil (20 g) in a rotating container was spiked with 

suspended MWNTs by the addition of small volumes at a time. After MWNTs 
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were completely incorporated into the soil, the soil container was sealed and 

tumbled overnight. Then the mixture was placed in 8-oz amber glass jars. There 

were 12 jars containing MWNTs and 4 control jars without MWNTs. Controls 

were used to check for any possible interference. One adult earthworm (0.8 - 0.9 

g) was placed in each jar, including the controls. Teflon-lined lids were used to 

loosely cover the jars. Deionized water was dropped on top of the soil every day 

to maintain constant moisture.  Experiments were conducted in the dark at 18 - 

22 °C. Earthworms were removed from triplicate jars containing MWNTs as well 

as from one control jar on days 1, 7, 14, and 28. Following a 24 h depuration 

period on filter paper, worms were washed, weighed, and stored in a refrigerator 

at – 20 °C until freeze drying. After exposure in soil contaminated with 3 mg/g 

MWNTs for 14 d, an elimination experiment was also conducted in the same way 

in CNT-free soil. Earthworms were removed on days 1, 5, and 7.  

 

Data analysis 

Uptake data were fit to a one-compartment first-order toxicokinetic model 

(Landrum et al., 1992; Liu et al., 2008). The following equation was used:  

Ct=
 u

 e
C0(1 e  et) 

Where Ct was the MWNT concentration in earthworms at time t (mg/Kg w/w), C0 

was the initial MWNT concentration in soil (µg/g), ku (µg/g.d) was the uptake 

coefficient of MWNTs from soil, and ke (µg/g.d) was the elimination rate constant 
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of MWNTs from soil. The modeled bioaccumulation factor (BAF) was calculated 

as previously defined (Schuler et al., 2003):  

 AF= 
 u

 e
 

 

Results and discussion 

Sample analysis 

In order to quantify CNT content inside earthworms, a calibration curve 

was generated to demonstrate the relationship between temperature rise and 

MWNT concentration. The procedure for developing the calibration curve was 

similar to a prior study with the only being the matrix (freeze dried powder of 

earthworm sample vs. whole plant roots) (Irin et al., 2012). Powdered samples 

were preferred over structurally intact earthworm samples in order to achieve 

better contact with the thermocouple probe and to obtain repeatable temperature 

readings. Moreover, injection of a controlled volume of MWNT dispersion into 

intact earthworm samples could suffer from a nonuniform distribution since 

MWNTs may be confined to the point of injection. Instead, the addition of MWNT 

dispersion to a powdered sample ensured a uniform mixture. Both whole worms 

and powdered worms were tested in the microwave setup; the powdered 

samples generated far more consistent, repeatable results than intact earthworm 

samples.  
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The most important parameters to select for the microwave technique 

were the microwave power and exposure time. The microwave power and 

exposure time must be high enough to generate a significant temperature rise in 

a MWNT-injected sample; however, over-exposure may cause sample 

degradation. Based on these considerations, the experiment was performed at 

30 W microwave power with 10 s exposure time. Longer exposure time and 

higher power (30 W, 20 s) were investigated as well, but these parameters 

suffered from sample degradation as described above.  Figure 5.1 shows the 

calibration curve on earthworm powdered samples (20 mg) generated at 30 W 

microwave power for 10 s of exposure. The experimental data was fitted to a 

polynomial equation with a r2 value of 0.997. Reliability and accuracy of this 

technique was confirmed by a set of proof-of-concept studies similar to those in 

Irin et al. The method was shown to be reliable for quantification of MWNTs in 

earthworms.  

 

Bioaccumulation 

Earthworms grown in soil were collected and tested using the microwave-

heating technique. The uptake of MWNT was correlated with the temperature 

rise of the samples using the calibration curve. Twenty-four earthworm samples 

total were investigated and the bioaccumulation study was conducted based on 

these data.   
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The uptake and elimination of MWNTs by earthworms are shown in Figure 

5.2. Earthworms had a tendency to take up MWNTs, with a maximum body 

burden of 85 ± 13 µg/g on day 14. However, MWNT body burden in earthworms 

decreased to 33 ± 8.3 µg/g on day 28. In order to further examine if earthworms 

could eliminate MWNTs, earthworms were transferred into clean soil after a 14 d 

MWNT exposure. Earthworms had the tendency to depurate MWNTs very 

quickly. The CNT concentration in earthworms (85 ± 13 µg/g) decreased to 21 ± 

6 µg/g by day 5.  

In order to better evaluate the bioaccumulation behavior of CNTs in 

earthworms, a BAF was calculated based on estimated ku (325 ± 81 µg/g.d) and 

ke (21330 ± 0 µg/g.d) values.  The calculated BAF was 0.015 ±0.004. 

Interestingly, a previous study observed a similar BAF for radiolabeled MWNTs in 

earthworms (Petersen et al., 2008a). Specifically, a BAF of 0.014 ±0.003 was 

reported in a similar soil mixed with 0.3 mg/g MWNTs. These low BAFs both 

indicate that apparent uptake of MWNTs in earthworms might be caused by 

MWNTs in soil mass remaining in the worm guts after depuration (Petersen et al., 

2008a). This was further supported by an unpredictable elimination pattern 

observed in Figure 5.2.  

Earthworms exposed in clean soil were also analyzed for a possible false 

positive reading. No heat generation above the detection limit was observed for 

control earthworm sample on days 1, 7 and 14. However, an unexpectedly high 

heat response was detected in one control sample on day 28. Given the 
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consistent lack of MWNT detection in other control samples and the low amount 

(<5 %) of total organic carbon remaining in the gut after 24 h depuration (Jager et 

al., 2003), it is possible that either soil from the sample on day 28 or the sample 

itself was accidently contaminated with naturally occurring or engineered carbon 

nanomaterials.  

 

Conclusions 

The microwave-induced heating method proved to be a reliable tool for 

MWNT quantification in earthworm tissues. The method reporting limit for 

MWNTs (0.1 µg/ earthworm sample) was still higher than estimated 

concentrations in the environment.  However, with future improvement, this 

method has promise as a tool for the quantification of MWNTs at environmentally 

relevant concentrations. Future work aiming at the improvement of this technique 

is important since this method is the most sensitive MWNT detection tool to date. 

When exposed to highly MWNT-contaminated soil, earthworms had a low 

tendency to bioaccumulate MWNTs, indicated by the low BAF value. 

Nonetheless, more work is needed to fully understand bioaccumulation and 

related toxicity of CNTs for the following reasons: (1) CNTs vary in 

physicochemical properties (multi- vs. single-walled, size, length, surface area, 

functional group, etc.) which could lead to different bioaccumulation and toxicity 

behaviors (Cañas et al., 2008; Petersen et al., 2008a; Zhao and Liu, 2012); (2) 

Physicochemical properties (soil characteristics, pH, ionic strength, etc.) of the 
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environment in which CNTs are released into can also have an impact on CNT 

fate and behavior. For example, pH value and ionic strength could affect the 

dispersion state of highly functionalized CNTs; (3) Different organisms with 

different physiological behaviors and habitats could have different sensitivities to 

CNTs. Hence, future bioaccumulation and toxicity studies of CNTs should be 

conducted in a case by case manner.   
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Figures 

 

 
 
Figure 5.1 Calibration curve of Earthworm sample 
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Figure 5.2 MWNT uptake and elimination by earthworms in soil. Error bars 
represent one standard error (n = 3). Samples (day 7 of uptake and day 1 of 
depuration, n = 2) with dead worms are excluded. 
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CHAPTER VI 

MULTI-WALLED CARBON NANOTUBES (MWNTS) AND OCTADECYL (C18) 

PASSIVE SAMPLING DEVICES FOR BIOMIMETIC UPTAKE OF PAHS FROM 

SOILS  

 

Abstract 

Currently, there are limited biomimetic methods available for evaluating 

the bioavailable portion of contaminants in soils, especially PAHs.  In this study, 

two different sorbents, octadecyl (C18) and multi-walled carbon nanotubes 

(MWNTs) were evaluated individually in passive sampling devices (PSDs) as 

biomimetic samplers to assess the uptake of nine PAHs from soils. With a rapid 

equilibrium rate (12 to 19 d) and good linear correlations with bioaccumulation 

behavior (R2=0.79 - 0.9) in earthworms, C18-PSDs were found to be a promising 

biomimetic tool for PAH contamination in complex exposure conditions with 

different soil types, PAH types, aging periods, and initial PAH concentration in 

soils. Although the utility of MWNT-PSDs was limited by extraction efficiencies of 

PAHs from MWNTs, when compared to C18-PSDs they had higher adsorption 

capacity and are less expensive.  This study provides valuable data regarding 

useful techniques to assess the bioavailability of PAHs in soil that can be used in 

risk assessment.  
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are one of the most ubiquitous 

hydrophobic organic contaminants in the environment. PAHs are 

bioaccumulative, toxic, mutagenic, carcinogenic and non-biodegradable 

(Haritash and Kaushik, 2009). Although PAHs are primary pollutants in air, soil is 

the ultimate sink for PAHs (Haritash and Kaushik, 2011). Therefore, significant 

attention has been drawn to the hazards associated with PAHs in soil.  

The conservative regulatory approach currently used in exposure 

assessment assumes that the total amount of a contaminant in a soil or sediment 

is bioavailable for uptake by possible receptors (Ehlers and Loibner, 2006). 

However, numerous studies have shown that such an approach overestimates 

the risk of environmental contaminants since it does not account for all the 

factors that can affect the bioavailability of the contaminant. Chemical 

bioavailability depends heavily on physicochemical properties of contaminants, 

soil properties, and fate processes such as partitioning, sorption, and diffusion.  

However, for contaminants in certain soil systems two inter-related processes, 

sorption and aging, dictate the bioavailability of pollutants (Awata et al., 1999). 

Therefore, hazard assessment of contaminants should take into consideration 

such fate processes which may affect chemical bioavailability.  
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Previous studies have been conducted to evaluate the bioavailable portion 

of contaminants using a biomimetic method. While bioassays have been widely 

used, they are often time-consuming, expensive, and lack precision necessary 

for regulatory purposes (Tang et al., 2002). Hence, some studies have focused 

on the determination of bioavailability from a physical-chemical perspective using 

devices and techniques such as gentle, selective solvent extraction, semi-

permeable membrane devices (SPMDs), solid-phase microextraction (SPME), 

supercritical fluid extraction (SFE), solubilizing agents, and surfactants (Bardi et 

al., 2000; Cuypers et al., 2002; MacRae and Hall, 1998; Parkerton et al., 2000; 

Tao et al., 2009; Young and Weber Jr, 1997).  

One kind of passive sampling device, C18 sampling bags, developed by 

Johnson et al. (1995) has been reported as a potential biological surrogate to 

monitor the actual bioavailable portion of a chemical to biota in soil (Awata et al., 

2000; Awata et al., 1999).  All biomimetic methods (SPMD, SPME, etc.) have 

their own disadvantages, including C18-PSDs (Tao et al., 2008; Verhaar et al., 

1995). However, it is still worthwhile to study ways to improve these PSDs 

despite current limitations. The major disadvantage of C18-PSDs is the use of 

larger volumes of hydrophobic C18 material compared with SPMD or SPME fibers 

(Verhaar et al., 1995). Therefore, there is a need to evaluate new sorbents, 

especially those that have strong sorption capabilities for hydrophobic organic 

contaminants in relatively small amounts, to be used in the sampling bags.  Thus, 
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in this study MWNTs were evaluated as a new sorbent to be used in these PSDs 

and compared with C18 sorbent.  

In recent years, carbon nanotubes (CNTs) have been more widely used in 

various fields which have resulted in lower prices for commercially available 

CNTs. Several studies have investigated the adsorption capacity of CNTs for 

hydrophobic organic contaminants (Lu et al., 2005; Ma et al., 2010; Pyrzynska et 

al., 2007). Studies have suggested that CNTs might be a better sorbent for 

hydrophobic organic contaminants compared with other carbon forms. For 

example, CNTs required less equilibrium time and had a higher adsorption 

capacity for trihalomethanes when compared with activated carbon (Lu et al., 

2005). Studies comparing C18 with CNTs have also been conducted with respect 

to their sorption ability and similar results were obtained (Liu et al., 2004; Ma et 

al., 2010; Pyrzynska et al., 2007). Specifically, compared with C18 bonded silica, 

MWNTs had higher extraction efficiency for chlorobenzenes (Liu et al., 2004). In 

another study, when compared to C18, MWNTs were a better solid phase 

extraction sorbent for 16 PAHs (Ma et al., 2010). Moreover, in addition to high 

surface area and high affinity for organic compounds, CNTs can also be 

specifically modified to enhance selectivity for specific target pollutants (Chen et 

al., 2007). Thus, CNTs have the potential to serve as a new and unique 

adsorbent for organic pollutants.  

In this study, PSDs with two different sorbents (C18 or MWNTs) were 

evaluated individually as biomimetic devices of uptake of nine PAHs in sandy 



                                                                   Texas Tech University, Shibin Li, August 2012 

106 

 

loam and silt loam soils. PAHs were either aged (60 d) or unaged (0 d) in both 

soil types.  Earthworm uptake of PAHs was also evaluated and compared to the 

C18-PSD uptake. 

 

Materials and Methods 

Chemicals  

Dichloromethane and acetone were HPLC-grade from Fisher Scientific 

(Houston, TX). Octadecyl sorbent (C18) was purchased from Fisher Scientific 

(Houston, TX). Commercially available MWNTs were purchased from Cheap 

Tubes Inc (Brattleboro, VT). Both individual PAH standards and one PAH mixture, 

with purities from 97.1% to 99.9%, were purchased from Accustandard, Inc (New 

Haven, CT). The PAH mixture included acenaphthylene, fluorene, phenanthrene, 

anthracene, pyrene, benzo[a]anthracene, chrysene, benzo[a]pyrene and 

benzo[g,h,i]perylene.  

 

Soil Characteristics and Preparation 

Two types of soil were used: sandy loam soil (Ropesville, Terry County, 

TX) and slit loam soil (Alma, Harlan County, NE). The physicochemical 

properties of soils were determined by A & L Midwest Laboratories (Omaha, NE) 

using standard techniques.  Sandy loam soil (pH = 8.3, organic carbon content = 
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1.3%) consisted of 74% sand, 10% silt, and 16% clay. The silt loam soil (pH = 7.0, 

organic carbon content = 2.5%) consisted of 34% sand, 54% silt, and 12% clay.  

Background PAH concentrations in soil were determined prior to the start 

of any experiments and no PAHs were detected. Soils were prepared for 

experiments by sieving through a 2-mm sieve. Then PAHs were incorporated into 

non-sterile soil by adding a PAH mixture in acetone to soils in Teflon® containers 

while containers were rotating. Soil containers were then sealed and tumbled 

overnight, followed by 48 h of solvent evaporation from soil.  Spiked soil was then 

transferred to experiment jars as described in each section below. PAH 

concentration in soil was tested right before and after experiments by randomly 

collecting and analyzing three soil samples from each type of soil. PAH 

concentrations in soil at the beginning and end of all experiments are shown in 

Table 6.1. Soils were used in experiments at day 0 (unaged) or after aging for 60 

d in the dark at room temperature. Soil moisture content was adjusted at the 

beginning of each experiment to 30% of water holding capacity. All uptake 

studies with PSDs and earthworms were conducted in unaged sandy loam, aged 

sandy loam, unaged silt loam, and aged silt loam soils. All uptake experiments 

were conducted in triplicate.  

 

Characterization of MWNTs 
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Multi-walled carbon nanotubes were characterized using transmission 

electron microscopy. A Hitachi H-8100 Transmission Electron Microscope (TEM) 

was used for all the samples. TEM samples were prepared by depositing liquid 

samples on 400 mesh carbon-coated copper grids (Electron Microscopy 

Sciences, CF400-Cu) and air drying for 1 min. A voltage of 75 kV was used to 

image the samples (Figure 6.1). 

 

Earthworm Uptake Experiments 

Adult earthworms (Eisenia fetida) were purchased from Yelm Earthworm 

and Castings Farm (Yelm, Washington). Soil (150 g) spiked with the PAH mixture 

was placed in 8-oz amber glass jars. Three adult earthworms (0.8 - 0.9 g) were 

placed in each glass jar. Teflon-lined lids were used to loosely cover the jars to 

maintain moisture while allowing for aeration. Soil moisture was kept constant by 

dropping deionized water on top of the soil every day.  Experiments were 

conducted in the dark at 18 - 22 °C. Earthworms were removed from triplicate 

jars on days 0.33, 1, 3, 5, 14, 19.  Following a 24 h depuration on filter paper, 

worms were washed, weighed, cut into small pieces, stored in a refrigerator at – 

20 °C until processing, and extracted as discussed in the next section.  

 

PSD experiments 
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 Preliminary studies were conducted with 16 EPA regulated PAHs; 9 of 16 

representative PAHs were chosen for this study based on results of preliminary 

studies and PAH structure and hydrophobicity.  Passive sampling devices were 

constructed as described in Johnson et al (1995) using polyethylene Whirl-Pak@ 

sampling bags.  Each bag had a surface area of approximately 77 cm2. Bags 

were filled with either 1 g C18 or 0.7 g MWNTs as a sorbent.  One PSD (either C18 

or MWNTs) was buried in an 8-oz amber glass jar with 150 g spiked soil. Sample 

jars were sealed with Teflon-lined lids. Experiments were conducted in a dark 

hood at room temperature to avoid photolysis of PAHs. PSDs were removed 

from jars on days 1, 3, 6, 12, and 19. Each PSD was stored in separate amber 

jars in a refrigerator at – 20 °C until extraction for the determination of PAHs. 

 

Sample extraction of C18-PSDs and Earthworms 

PAHs were extracted using an accelerated solvent extraction (ASE) 

system (ASE 200, Dionex, Sunnyvale, CA, USA) equipped with 22-mL stainless 

steel extraction cells. Sorbent (C18 or MWNTs) was removed from the PSD, 

poured into ASE cells, and mixed with anhydrous sodium sulfate. Each type of 

soil (10 g) was mixed with anhydrous sodium sulfate and placed into cells for 

ASE extraction.  Earthworms were minced, mixed with 4 g anhydrous sodium 

sulfate, and placed in ASE cells.  Acetone and methylene chloride (1:1, v/v) were 

used as extraction solvents.  The following ASE parameters were used: oven 
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temperature = 100 °C, pressure = 1700 psi, heat = 5 min, static = 10 min, flush = 

60%. 

 

Sample extraction of MWNT-PSDs 

To explore the best extraction method of PAHs from MWNTs, three 

extraction methods were evaluated: ASE, solid-liquid extraction, and sonication 

extraction.  ASE parameters were the same as those listed above. Solid- liquid 

extraction and sonication extraction methods were conducted similarly with 

previously developed methods (Knopp et al., 2000). Briefly, for solid-liquid 

extraction, PAHs were extracted by continuously stirring a mixture of soil and 

acetonitrile in the dark for 6 min every 30 min over 8 h. For sonication extraction, 

PAHs were extracted in the dark using 1.5-h ultrasonication with acetonitrile. 

 

Determination of PAHs 

PAH stock solution concentrations (made from individual PAH standards) 

were analyzed by GC/MS and compared with a commercially available PAH 

mixture standard to verify nominal concentrations. PAHs were analyzed using a 

HP6890 gas chromatograph with a HP5973 mass spectrometer in the selected 

ion monitoring (SIM) mode. A 30-m capillary column (DB-5; 250 µm i.d., 1 µm 

film thickness) was used for separation.  Samples were injected with an inlet 

temperature of 235 °C.  A constant 4.0 mL/min flow rate of helium was used as 
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the carrier gas.  Initial oven temperature (100 °C) was held for 2 min, followed by 

a 15 °C/min ramp to 315 °C, and a final hold of 10 min.  The quadrupole mass 

spectrometer and source temperatures were 150 °C and 230 °C, respectively. 

Response factors for individual PAHs from a six-point calibration curve were 

used for quantification.   

 

Statistical analysis 

Statistical analysis of the results was performed with SPSS16.0 for 

Windows (SPSS Inc.).  Means of triplicate samples form aged and unaged soil 

were compared using a t-test. The least significant difference of means at a 1% 

confidence level (p < 0.01) was applied to assess significant differences. 

 

Results and Discussion 

Characterization of Nanotubes 

        TEM was performed on the commercially available MWNTs to assess the 

diameter (both inner and outer), length of the tubes and degree of bundling. A 

HRTEM image of a single multi-walled tube is shown in Figure 6.1. We observe 

that the MWNTs are approximately 1-3 μm in length and exhibit a relatively little 

bundling (Figure 6.1a). This increases the available surface area for PAH-MWNT 

interaction and enhances the sorption efficiency. Figure 6.1b shows that the 
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outer diameter of the MWNTs is ~11nm; again, this signifies a fairly high surface 

area for interaction. 

 

Sample extraction efficiencies 

Extraction efficiencies of PAHs from various media (soil types, earthworms 

and sorbents) by different extraction methods were conducted and results are 

shown in Table 6.2. Except for MWNT-related recovery data, recoveries in this 

study were good. Although some PAHs in some media had recoveries out of the 

range 80% to 120%, the majority of recovery data have small standard deviations 

for triplicate samples (< 6%).  

 

Chemical uptake behavior in earthworms 

The accumulation of PAHs in earthworms followed two distinct patterns in 

both soil types (Figure 6.2). One pattern is characterized by a continuous 

increase in PAH accumulation over 19 days (Pattern 1, Figure 6.2a). The other 

pattern is characterized by a rapid increase in PAH accumulation followed by a 

rapid decrease in PAH accumulation (Pattern 2, Figure 6.2b). This pattern is 

consistent with previous findings, although in our study, only one high 

concentration was discovered in earthworm (Bavel et al., 1996; Jager et al., 

2000). The first pattern was observed for benzo[a]anthracene, chrysene, 

benzo[a]pyrene and benzo[g,h,i]perylene in silt loam soils with different aging 
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periods. The remaining five PAHs (acenaphthylene, fluorene, phenanthrene, 

anthracene, pyrene) in both aged and unaged silt loam soil followed Pattern 2.  

Likewise, all nine PAHs in both aged and unaged sandy loam soils accumulated 

in earthworms following Pattern 2.  

  These two patterns of bioaccumulation have been explained before by 

impacts of exposure media concentrations (Bavel et al., 1996; Jager et al., 2000) 

and competition between biodegradation processes and mass transfer rates from 

soil (Jager et al., 2000).  In this study, similar accumulation trends for some 

PAHs, acenaphthylene as an example, were found regardless of initial soil 

concentration (0.33 vs 0.64 mg/kg) However, for other PAHs such as fluorene 

and benzo[a]anthracene, different accumulation trends were observed despite 

similar initial soil concentrations of 1.08 mg/kg fluorene and 1.10 mg/kg 

benzo[a]anthracene (data not shown). These results are consistent with previous 

findings that both exposure concentrations and PAH type has an influence on 

PAH accumulation patterns (Matscheko et al., 2002). 

However, different accumulation trends in our study might be explained by 

the alterations of factors affecting biodegradation and mass transfer rate from 

soils, such as type of PAH, soil type, and aging period. It has been suggested 

that vapor phase exchange across the cuticle is a major route for chemical 

uptake in earthworms (Lord et al., 1980). PAHs which are volatile (e.g., 

naphthalene) may easily cross the earthworm cuticle and accumulate, if PAHs 

are not removed by respiration. While these PAHs are normally smaller, more 
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soluble, and less hydrophobic, they are also more susceptible to biodegradation 

(Bossert and Bartha, 1986). These speculations have been confirmed in our 

study by the rapid increase in earthworm uptake of small PAHs  (ring number ≤ 

four) followed by a rapid decrease in both aged and unaged sandy loam 

compared with larger PAHs (ring number ≥ four). Small PAHs reached maximum 

concentrations in earthworms because more of them are in the vapor phase or 

diffused in aqueous phase compared to larger PAHs. They were also degraded 

quicker once they entered the biological medium for reasons mentioned above. 

Once mass degraded overcomes mass transferred, the observed concentration 

will decrease.  

Pyrene and larger PAHs exhibited the first accumulation pattern in sandy 

loam soil while following Pattern 2 accumulation trends in silt loam soil. This 

difference in accumulation pattern can be explained by the slower mass transfer 

rate over time from silt loam soil caused by stronger sorption of PAHs in silt loam 

soil which has a higher organic carbon content. However, phenanthrene and 

smaller PAHs followed Pattern 2 accumulation trends. These PAHs are less 

hydrophobic and do not adsorb well in soils in a short amount of time which 

ultimately affects the mass transfer rate impact on the bioaccumulation behavior. 

This might also be indirectly supported by no obvious effect of aging on 

accumulation of all PAHs in sandy loam soils (P > 0.05). However, in silt loam 

soil, aging did have an effect on the amount of PAHs accumulated in earthworms 

(P < 0.05).  
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Chemical uptake behavior in C18-PSDs 

Although it was previously believed that PSDs composed of polyethylene 

normally need a long time to begin to take up hydrophobic contaminants, C18-

PSDs in this study began taking up PAHs from soil within 24 h.  This was much 

quicker than what was previously observed in PSDs composed of polyethylene 

films or cellulose acetate membranes (Awata et al., 1999; Tao et al., 2008). It 

was also discovered in preliminary studies (data not shown) that equilibrium 

concentrations in both PSDs were reached between days 12 and 19. 

Unlike uptake of PAHs in earthworms, accumulation curves where a state 

of equilibrium was reached was the only pattern discovered in C18-PSDs uptake 

studies. In preliminary studies, all PAHs reached equilibrium between days 12 

and 19; a similar pattern was previously observed with other organic compounds, 

such as polychlorinated biphenyls (Awata et al., 1999; Johnson et al., 1995). 

PAH uptake in C18-PSDs is shown in Figure 6.3. Concentrations remained 

constant once a maximum concentration was achieved; this is related to the 

absence of degradation mechanisms of PAHs in the PSD. Abiotic transformation 

can easily be excluded since PAHs are non-polar and difficult to ionize, which 

was confirmed experimentally by limited loss of spiked PAHs in wet C18 sorbents.  

However, most PAHs in unaged soils reached equilibrium quicker than those in 

aged soils. This might be explained by more PAHs in aged soil having more time 

to adsorb to soil and having lower mass transfer rates.  
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Surprisingly, compared with earthworm uptake, only five low-molecular 

weight PAHs were detected in C18-PSDs.  A previous study demonstrated that 

equilibrium partitioning theory based on direct dermal contact was applicable to 

low-molecular weight PAHs, but was less conclusive for high-molecular weight 

PAHs when applied to predict earthworm bioaccumulation in the field (Ma et al., 

1998).  Earthworm uptake of heavier PAHs is not only explained by PAHs in the 

vapor phase and dissolved in the aqueous phase, but includes other uptake 

routes, such as dietary phase (Ma et al., 1998).  The C18-PSD uptake results in 

this study further support these findings and explanation, since C18-PSDs only 

mimic the uptake of vapor phase or free aqueous phase PAHs. C18-PSDs 

underestimated the uptake of heavier PAHs from soils in this study. This 

suggests C18-sampling bag PSDs might only be applicable for low-molecular 

weight PAHs if used for risk assessment in the field.  

Also, compared with bioaccumulation in earthworms, the uptake of PAHs 

by C18-PSDs was dependent on the aging period of the soil (Figure 6.3). This 

observation may be a result of the lack of biological activities (movement, 

bioturbation, and excretion) in absence of earthworms which could disturb PAH 

sorption allowing for more PAHs to be bioavailable to earthworms.  

 

Correlation of uptake behaviors of PAHs in C18-PSDs and earthworms 



                                                                   Texas Tech University, Shibin Li, August 2012 

117 

 

Previous studies primarily focused on the impact of various factors on 

PSD biomimetic ability (Tao et al., 2008). This study concentrated on using C18-

PSDs in different soil systems with different chemical concentrations and aging 

periods to determine if C18-PSDs were good surrogates for PAH uptake into 

earthworms in complex, or relatively realistic soil systems. PSDs and earthworms 

were placed separately in different soil types, initial PAH concentrations and 

aging periods mimicking complex field conditions.  Good linear relationships 

(R2=0.8-0.99) were found between individual PAH maximum concentrations 

accumulated by C18-PSDs and earthworms in different mixed soils (Figure 6.4).   

Good correlations (R2 = 0.82-0.95) between PAH solubility and maximum 

concentrations in C18 PSDs in soils also supported this (data not shown). As the 

aqueous solubility of PAHs increased, the maximum concentration of PAHs in 

C18-PSDs also increased.  However, it is probably more appropriate to use PAH 

concentrations in soil pore water rather than solubility.  Further research to 

evaluate soil pore water PAH concentration should be conducted. As previously 

discussed, PAH bioaccumulation in earthworms is controlled by different uptake 

routes, initial concentrations, and soil type. Relatively better correlations of 

concentrations in earthworm and C18-PSDs for smaller PAHs might be explained 

by similar uptake routes, while larger PAHs are complicated by the existence of 

multiple important uptake routes (dermal and dietary). 

PAHs often exist as mixtures in the environment. Therefore, the various 

PAHs used in this study were also correlated to mimic PAH mixture 
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contamination in field soils. It was discovered that in this case, initial PAH 

concentrations in soils played a major role in C18-PSD biomimetic behavior. Good 

correlations were observed between maximum concentrations of PAHs in 

earthworm and C18-PSDs when data are correlated based on initial 

concentrations (Figure 6.5).  Good correlations were also found when data were 

correlated based both on initial concentrations and soil types (Figure 6.6). 

Compared with initial concentration, the type of PAH may not be as important 

when in a mixture. This was also confirmed by comparing uptake behaviors of 

different PAHs.  Less acenaphthylene (2.82 ± 0.09 µg/g), which has a larger 

water solubility, vapor pressure, and bioconcentration factor (BCF, 8.55 ± 0.26), 

was taken up than fluorene (3.87 ± 0.09 µg/g) due to the lower initial 

concentration of acenaphthylene in sandy loam soil (p < 0.01).  However, caution 

should be taken since this study was only conducted using standardized 

experimental conditions. More conclusive studies are needed with more soil 

types, chemical types, initial concentrations, and aging periods. 

 

Uptake behavior of PAHs in MWNT-PSDs 

A similar, parallel study with MWNT-PSDs was also conducted in an effort 

to find a cheaper, more efficient sorbent to be used in polyethylene bags. 

Unfortunately, only four of nine PAHs (acenaphthylene, fluorene, phenanthrene, 

and anthracene) were detected and only two PAHs (acenaphthylene and 

fluorene) could be quantitatively measured.  The GC-MS detection limit (9.3 µg/g) 
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and quantitation limit (15 µg/g) of PAHs in this study were calculated based on 

the smallest peak in the mass spectrum. However, MWNTs have been identified 

as a possible good sorbent for organics due to their high adsorption capacity, 

rapid equilibrium rates, low sensitivity to pH range and minimal hysteresis in 

adsorption tests (Hilding et al., 2001).  Also, unlike C18 whose adsorption 

capacity is based on hydrophobic interactions, MWNTs are capable of numerous 

interactions, such as hydrophobic interactions, hydrogen bonding (functionalized 

MWNTs), and π-π electron donor-acceptor interactions. Molecules which 

possess a sp2 basal plane such as pyrene have been utilized in the past to 

disperse MWNTs in water (Yang et al., 2008). The aromatic core of the organic 

molecules is π-electron rich and exhibits a strong affinity for carbon nanotubes. 

Thus we believe that the π-π interaction is the strongest driving force behind the 

strong sorption properties of the MWNTs. Several studies have been conducted 

and confirmed the unique strong interactions of CNTs with organic compounds 

(Pyrzynska et al., 2007; Yang et al., 2006a; Yang et al., 2006b). As previously 

mentioned, several studies have speculated that MWNTs should be a better 

sorbent than C18 in PSDs (Liu et al., 2004; Ma et al., 2010).  A sorption study in 

our lab also indicate that adsorption coefficients of PAHs (naphthalene, fluorene, 

and phenanthrene) by MWNTs were three orders of magnitude higher than that 

by natural soils (data not shown) which is similar to what was observed by Yang 

et al (2006b).  
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The small amount of PAHs detected in MWNT-PSDs may be due to 

different reasons. The first reason is inefficiency of extraction methods rather 

than a lack of sorption capability of MWNTs for PAHs.  Three extraction methods 

(solid-liquid, sonication, and accelerated solvent extraction) were examined in 

this study. As shown in Table 6.2, the extraction efficiency of PAHs from MWNTs 

was very low, especially for the heavier PAHs. This further supports that MWNTs, 

adsorb PAHs more strongly than C18 due to the existence of multiple interactions. 

It has been reported that bisphenol A, 4-n-nonylphenol, and 4-tert-octylphenol 

retained on MWNTs could be easily desorbed (Cai et al., 2003). However, the 

difference in interaction time between MWNTs and PAHs, MWNT outer diameter 

and pore size distribution of MWNTs could all lead to different extract efficiencies 

for the organic compounds in this study compared to those in the previous study.  

The heavier PAHs with more rings and hence, stronger π-π interactions, will 

desorb even less during the extraction process. The second reason for observing 

the low, yet detectable concentrations of heavier PAHs in MWNT-PSDs might be 

because most of them were adsorbed tightly to soil and thus, less PAHs were 

present in the vapor and aqueous phases reducing the amount that was 

bioavailable.   

 

Comparison of uptake of PAHs in C18-PSDs and MWNT-PSDs 

Despite the limited uptake of PAHs by MWNT-PSDs, there were still 

interesting findings worthy of discussion. For comparison purposes, 
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acenaphthylene and fluorene concentrations in C18-PSDs and MWNT-PSDs 

were recalculated assuming one gram of packed sorbent and 100% recovery 

from ASE extraction. Correlations were made between PAH concentrations in 

earthworms and PSDs. All correlations were very good (R2 > 0.94). For 

acenaphthylene and fluorene, MWNT-PSDs were 2.1 and 2.5 times, respectively, 

more sensitive than C18-PSDs.  In addition, MWNTs used in this study were 

commercially available for a price of $0.7/g, compared to $2.55/g for C18.  The 

small variation (relative standard deviation < 15%) in the adsorption behavior of 

MWNTs as a sorbent in triplicate samples might suggest that current 

commercially available MWNTs have reliable and consistent characteristics, at 

least bulk characteristics, such as surface area and pore size distribution which 

affects sorption behavior.  Once a more efficient extraction method to desorb 

PAHs from MWNTs is developed, MWNTs would definitely serve as a cheaper, 

more efficient sorbent for PSDs due to their unique and strong sorption abilities. 

 

Conclusions 

Currently, most biomimetic methods are mainly used in aquatic 

environments.  There are still limited biomimetic methods available for evaluating 

the bioavailable portion of contaminants in soils, especially for PAHs.  This is the 

first study to investigate the possible application of CNTs in biomimetic sampling 

of contaminants in soil.  Concentrations of individual PAHs in C18-PSDs 

correlated well with that accumulated by earthworms in complex soil systems. 
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Good correlations were also found when such correlations were made across 

different soil types, aging periods, initial concentrations, and PAHs.  C18-PSD is 

an excellent biomimetic tool for PAHs with low molecular weight. MWNTs might 

be a better sorbent in PSDs, but their full utility is still limited or unknown due to 

the lack of efficient extraction methods.  The current study suggests the 

possibility of applying such PSDs to mimic PAH uptake into earthworms in 

complex sampling scenarios involving different soil types, PAHs, initial 

concentrations, and aging periods. It is important to conduct more complete field 

tests to further confirm the feasibility of using C18- PSDs and MWNT-PSDs in risk 

assessment.  
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Tables and figures 

 

Table 6.1 Concentrations of PAHs in soil (µg/g) at the beginning and end of all experiments. Values are means ± 
standard deviation, n = 3. USD: unaged sandy loam; ASD: aged sandy loam; USL: uaged silt loam; ASL: aged silt 
loam. PAHs are acenaphthylene (Ace), fluorene (Fluo), phenanthrene (Phe), anthracene (An), pyrene (Pyr), 
benzo[a]anthracene (BaA), chrysene (Chr), benzo[a]pyrene (BaP) and benzo[g,h,i]perylene (BgP) 
 

Soil Day Ace Fluo Phe An Pyr BaA Chr BaP BgP 

USD 1 0.33±0.01 1.08±0.02 1.02±0.03 0.28±0.03 0.89±0.02 1.10±0.03 0.96±0.03 0.28±0.01 0.96±0.01 

 
19 0.28±0.01 0.95±0.02 0.67±0.01 0.21±0.02 0.79±0.02 0.92±0.03 0.88±0.02 0.23±0.00 0.79±0.01 

ASD 1 0.26±0.02 0.88±0.07 0.82±0.06 0.19±0.01 0.74±0.05 0.85±0.06 0.84±0.06 0.20±0.02 0.74±0.03 

 
19 0.25±0.03 0.87±0.11 0.82±0.10 0.21±0.00 0.74±0.08 0.84±0.10 0.84±0.09 0.21±0.02 0.75±0.08 

USL 1 0.64±0.14 1.19±0.26 1.36±0.26 1.29±0.67 1.30±0.25 1.65±0.33 1.31±0.24 0.54±0.10 1.33±0.28 

 
19 0.46±0.02 0.81±0.03 0.89±0.05 1.07±0.00 0.91±0.04 1.08±0.04 0.98±0.07 0.36±0.03 0.89±0.07 

ASL 1 0.57±0.05 0.98±0.05 1.27±0.31 0.35±0.01 1.34±0.42 1.64±0.50 1.33±0.28 0.56±0.19 1.2±0.16 

  19 0.46±0.08 0.85±0.12 0.97±0.10 0.36±0.16 0.95±0.05 1.14±0.08 1.03±0.07 0.37±0.03 0.89±0.07 
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Table 6.2 Mean extraction efficiencies (%) of PAHs from various mediums by various extraction methods, Majority 
of the means have less than 6% standard deviation. PAHs are acenaphthylene (Ace), fluorene (Fluo), 
phenanthrene (Phe), anthracene (An), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[a]pyrene 
(BaP) and benzo[g,h,i]perylene (BgP) 
 

Medium 
Extract 
method 

Acy Fluo Phe An Pyr BaA Chr BaP BgP 

sandy loam ASE 89.14% 105.88% 85.33% 88.49% 108.71% 111.06% 76.75% 90.41% 68.99% 

Silt loam ASE 71.83% 114.63% 91.87% 79.81% 115.41% 123.30% 117.48% 73.05% 80.30% 

earthworm ASE 74.71% 94.31% 76.82% 79.79% 98.64% 102.31% 119.13% 83.65% 77.75% 

C18 ASE 90.00% 95.39% 99.52% 70.54% 99.97% 91.35% 114.08% 86.10% 66.88% 

MWNTs ASE 76.70% 54.42% 42.56% 17.86% 14.43% 1.96% 12.81% 0.96% 0.00% 

MWNTs solid liquid 6.85% 5.53% 1.83% 0.53% 0.38% 0.01% 0.08% 0.01% 0.00% 

MWNTs Sonification 9.59% 7.45% 2.40% 0.61% 0.45% 0.00% 0.03% 0.00% 0.00% 
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Figure 6.1 High-resolution transmission electron microscope images of MWNTs 
used in this study. The images indicate an outer diameter of ~11 nm. Figure 6.1a 
shows MWNT structures in a 100 nm scale while Figure 6.1b shows MWNT 
structures in a 20 nm scale. Red arrows point to a MWNT structure.  

 

MWNTs MWNTs 
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Figure 6.2 Uptake of PAHs into earthworms from sandy loam soil during a 19 day 
exposure. Chrysene (a) and acenaphthylene (b) followed two very distinct patterns of 
PAH accumulation in both aged and unaged soils. Error bars indicate ±1 standard 
deviation of the mean, n=3.  
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Figure 6.3 PAH uptake from sandy loam soils (a) and silt loam soils (b) into C18-PSDs 
over time for two different aging periods.  Error bars indicate ±1 standard deviation of 
the mean, n=3.USD: unaged sandy loam; ASD: aged sandy loam; USL: uaged silt loam; 
ASL: aged silt loam. PAHs are acenaphthylene (Ace), fluorene (Fluo), phenanthrene 
(Phe), anthracene (An), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), 
benzo[a]pyrene (BaP) and benzo[g,h,i]perylene (Bg
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Figure 6.4 Correlations of maximum individual PAH (acenaphthylene, fluorene, 
phenanthrene, anthracene, pyrene) concentrations in C18-PSDs and earthworms. 
Error bars for concentrations in earthworm and C18-PSD indicate ±1standard 
deviation of the mean, n=3.  
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Figure 6.4 Continued Correlations of maximum individual PAH (acenaphthylene, 
fluorene, phenanthrene, anthracene, pyrene) concentrations in C18-PSDs and 
earthworms. Error bars for concentrations in earthworm and C18-PSD indicate ±1 
standard deviation of the mean, n=3.  
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Figure 6.4 Continued Correlations of maximum individual PAH (acenaphthylene, 
fluorene, phenanthrene, anthracene, pyrene) concentrations in C18-PSDs and 
earthworms. Error bars for concentrations in earthworm and C18-PSD indicate ±1 
standard deviation of the mean, n=3.  
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Figure 6.5 The relationship between maximum PAH concentrations in C18-PSDs 
and earthworms based on initial soil concentration.  The data presented are for 
all PAHs taken up in both sandy loam and silt loam soils with different aging 
periods. The data are grouped based on initial PAH concentrations in soil: a) 
0.25 - 0.64 µg/g and b) 0.74 - 1.36 µg/g. Error bars for concentrations in 
earthworms and C18-PSDs indicate ±1 standard deviation of the mean, n=3.  
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Figure 6.6 The relationship between maximum PAH concentrations in C18-PSDs 
and earthworms based on initial soil concentration and soil type. The data 
presented are for all PAHs taken up in either (a) sandy loam with initial PAH 
concentrations in soil of 0.74 - 1.08 µg/g or (b) silt loam with initial PAH 
concentration of 0.97 - 1.36 µg/g with different aging periods. The data are 
grouped based on soil type and initial concentration. Error bars for 
concentrations in earthworms and C18-PSDs indicate ±1 standard deviation of the 
mean, n=3.  
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CHAPTER VII 

CONCLUSION 

 

Environmental fate processes and environmental application of CNTs 

were evaluated in this dissertation research. The specific objective of this 

research was to explore fate of CNTs in terrestrial (Chapter III and IV) and 

biological systems (Chapter V), and evaluate an application of CNTs as a 

sorbent in passive sampling devices (Chapter VI).  

In Chapter III, the influence of MWNTs on sorption of naphthalene, 

fluorene, and phenanthrene in soil was investigated using a batch equilibrium 

approach. It was discovered that adsorption capacities of CNTs were three 

orders of magnitude higher than that of natural soil. However, at a concentration 

(2 mg/g) much higher than that of possible future environmentally relevant 

concentrations, MWNTs did not have a significant influence on PAH sorption 

capability of soil. More studies need to be conducted with more types of CNTs. 

Properties of CNTs, such as size, surface area, functional groups, and 

aggregation state have large influence on their interaction with PAHs. In this 

study, an equation (KT= KMɸ + KN (1- ɸ)) has successfully predicted sorption 

coefficients in MWNT-contaminated soil. This equation, after confirmation and 

modification with more studies, could be incorporated into risk assessment 

models of MWNTs in soil.  
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In Chapter IV, interactions of PAHs and CNTs in a soil column were 

evaluated in a local sandy loam. CNTs promoted the retention of PAHs in soil. 

With further investigation, this study revealed that physiochemical properties of 

both CNTs and PAHs influenced their interactions in a soil system. Specifically, 

hydrophobicity might be a good indicator of interactions in soil for MWNTs. 

However, molecular size of PAHs was another important indicator of interactions 

between SWNTs and PAHs since SWNTs were identified as a microporous 

material in BET measurements. Different types of CNTs have different 

physicochemical properties which may affect the impact of CNTs on PAH 

leaching behavior in soil and thus, each type of CNT should be evaluated on a 

case-by-case basis.  

In Chapter V, a microwave-induced heating method for quantification of 

CNTs in earthworms was developed and applied to the study of MWNT uptake 

and elimination in earthworms. Risk assessments and regulation of CNTs will 

require quantitative information, such as half maximal inhibitory concentration 

(IC50), half maximal effective concentration (EC50), and half maximal lethal 

concentration (LC50). A reliable analytical method to quantify the presence of 

CNTs is necessary to determine these toxicological values. However, limited 

CNT quantification methods have been reported. With the lowest reported 

detection limit of 0.1 µg per earthworm sample, the method developed in this 

chapter serves as a potential method to quantify MWNTs at environmentally 
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relevant concentrations. MWNTs did not bioaccumulate in earthworms with a low 

bioaccumulation factor of 0.015 ± 0.004. 

In Chapter VI, PSDs with two different sorbents, C18 and MWNTs, were 

evaluated individually as biomimetic samplers to assess the uptake of nine PAHs 

from sandy loam soils and silt loams. C18-PSDs reached equilibrium quickly (12 

to 19 d) and correlated well with bioaccumulation behavior (R2 = 0.79 – 0.9) in 

earthworms. C18-PSDs were found to be able to uptake PAHs, especially low 

molecular weight PAHs even in aged soils.  MWNT-PSDs were limited by the 

poor PAH extraction efficiency from MWNTs. However, with a cheaper price and 

higher PAH adsorption capacity, it is worthwhile to further investigate a better 

PAH extraction method for MWNT-PSDs. A microwave heated extraction method 

might be applied in the future if safety issues caused by overheating the 

extraction solution are addressed.  

In summary, this dissertation serves as a necessary pilot step for future 

risk assessment and regulations of CNTs. This study provides valuable 

information of CNT fate in terrestrial and biological systems. At the same time, 

two types of PSDs were also developed to facilitate future field contaminant 

screening tests for risk assessment.  C18-PSDs and MWNT-PSDS were found to 

be useful biomimetic tools for the evaluation of the bioavailability of contaminants 

in soil. CNTs had an influence on PAH environmental behaviors in soil at a high 

concentration (5 mg/g). More PAHs were retained on the surface or subsurface 
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of soil in the presence of CNTs. Future risk assessment should be aware of this 

influence of CNTs on the bioavailability of conventional contaminants. However, 

note that CNTs did not change PAH sorption capacity of soil at a concentration of 

2 mg/g; more studies need to be conducted at an environmentally relevant CNT 

concentration to better serve future risk assessment. Also, earthworms did not 

accumulate CNTs when exposed to highly contaminated soil (3 mg/g CNTs). At 

this point, at least based on the current literature and findings of this dissertation, 

potential risk of CNTs to organisms in a terrestrial system is minimal. Given the 

various types of CNTs and different CNT exposure scenarios, more studies are 

needed to better serve future risk assessment and regulations of CNTs.  

 

 


