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Abstract 

Single-walled carbon nanotubes (SWCNT) are unique, anthropogenic allotropes 

of nanoparticulate carbon. As numerous industrial and commercial uses of SWCNT 

result the heavy expansion of production of this material, the release of SWCNT is likely 

to occur, increasing their level in air, water and soil. SWCNTs have been shown to cause 

adverse impact in organisms from direct exposure through ingestion or inhalation. In 

addition to direct exposure, SWCNT can also induce toxicity to organisms by indirect 

exposure such as adsorption of hydrophobic contaminants (HOCs). One unique 

property of SWCNT is the quantized nature of their electronic structure, which is 

dependent on the chiral wrapping angle of the sp2 hybridized graphene sheet that 

comprises the wall of each SWNT species. Using probe HOCs – one planar polycyclic 

aromatic hydrocarbon (PAH)14 C-naphthalene and one halogenated aromatic 14 C-

hexachlorobenzene and purified conductive and semiconductive SWCNT species, my 

first study aimed at assessing the role of SWCNT electronic structure on HOC sorption. 

Despite their differences in electronic structures, the results indicated that overall the 

electronic structure does not influence the adsorption of HOCs. However, due to the 

large specific surface area, SWCNT have a general high affinity for HOCs. Upon release 

of SWCNT into aquatic environment, SWCNT have the potential to affect the 

distribution of organic contaminants by acting as strong sorbent.  
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A significant barrier to studying toxicity of SWCNT to animal models is the lack 

of in vivo techniques to track and quantify SWCNT for assessing their distribution, 

transport and bioaccumulation. The fluorescence resulting from the unique band gap of 

each species of semiconductive SWCNT allows the detection and quantification of a 

bulky SWCNT sample using near infrared fluorescence spectroscopy (NIRF).  NIRF is 

highly sensitive to detect SWCNT in biological tissues due to the low fluorescence in the 

near infrared region from biological samples. Two exposure routes were investigated 

using NIRF: ingestion from dietary track using fathead minnow (FHM) fish model in an 

aquatic environment and inhalation through lung using mouse model. The SWCNT 

extraction conditions were optimized and validated using spike recovery experiments.  

SWCNT were extracted from fish tissues, intestine, and liver using ultrasonic extraction 

in 2% sodium deoxycholate extraction. Proteinase K digestion was needed for dissolving 

mouse lung prior to SDC extraction. The quantification results showed that while 

SWCNT readily passed through fish dietary track with minimal partition into the lumen 

tissue and caused no acute toxicity; SWCNT was less mobile in respiratory system and 

was responsible for the long-term pulmonary disease induced. 

The fate, transport and bioaccumulation of SWCNT are essential information for 

risk assessment and making environmental regulations for nanomaterials. Currently the 

lack of standardized sensitive characterization and quantitative analytical methods for 

SWCNT determination at the current levels in the environment is one major barrier for 
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evaluation of their real impact to the environment. NIRF is sensitive for environmental 

samples. However, this technique is not sensitive to all types of SWCNT. Metal catalysts 

are widely used in synthetic production of SWCNTs, leading to total metal 

content ranging from 5 - 30%. The metal: metal ratios and metal: carbon ratios of 

SWCNT are very distinctive from many geological materials. A metal fingerprinting 

approach was developed by monitoring the metal type and metal: metal ratios, along 

with elemental carbon content. SWCNT can be principally quantified using inductive 

coupled plasma mass spectrometry (ICP-MS).  Metal content, metal: metal ratios, 

elemental carbon and metal: carbon ratios were analyzed for two aerosol matrices, the 

urban dust NIST SRM 1649b and aerosol collected at Duke University using three types 

of SWCNT: SG65 SWCNT, SG65i SWCNT and P2 SWCNT. Results demonstrated that 

the metal finger approach worked well with all aerosol matrices with detection limits 

near ng m-3. It worked best with elements that were less abundant in the background 

such as Co and Y. This method offers a robust and economic approach for application to 

occupational spaces for monitoring possible SWCNT release. 

 Applying a similar approach in sediment presents a significant challenge as 

background metals present in sediment complicates such analyses.  To overcome these 

challenges, we have applied density gradient ultracentrifuge (DGU) to isolate and 

separate SWCNT in sediment extracts prior to both NIRF and ICP-MS analysis. Several 

types of SWCNTs (arc discharge, CoMoCat, and HiPCO) were spiked and subsequently 
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extracted from estuarine sediments. SWCNTs were separated into different bands after 

DGU, primarily into two distinct horizons (one showed near infrared fluorescence, 

while the other did not). Two techniques,near-infrared spectroscopy (NIRF) and ICP-MS, 

were applied for quantitation of SWCNTs in these bands.  Results indicate excellent 

separation of SWCNT from interferences in sediments.  We have also discovered 

an apparent disconnect between the metal catalyst particles and SWCNT during density 

gradient ultracentrifuge separation.  It is clear that the SWCNT (within the NIRF 

band) is not physically associated with metal catalyst. This result was further confirmed 

using single-particle ICP-MS.  Although DGU separation seems to be an outstanding 

method for isolating SWCNT from aquatic sediment for analysis, our current findings 

indicate that metal fingerprints derived from residual catalyst may not be a good tracer 

for SWCNT occurrence and fate in marine sediments, as the associated metal 

catalyst particles in SWCNT preparations might be transported in different ways relative 

to the SWCNT. 

 Overall, my research explored several analytical techniques to detect and 

quantify SWCNTs at their relevant concentration in various environmental matrices. 

These techniques will provide essential information for evaluating the environmental 

impact based on SWCNTs fate, transport and bioaccumulation in the environment.  

 



 

 

viii 

Dedication 

For my daughter Alexandra K. Wiley, my sunshine and inspiration. 

 



 

 

ix 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ...............................................................................................................................xiv 

List of Figures .............................................................................................................................. xv 

List of Scheme .......................................................................................................................... xviii 

List of Abbreviations ................................................................................................................. xix 

Acknowledgements .................................................................................................................. xxii 

1. Introduction ............................................................................................................................... 1 

1.1 Single-walled carbon nanotube structure and physical-chemical properties .......... 1 

1.2 SWCNT synthesis, purification and characterization ................................................. 2 

1.3 The application and environmental impact of SWCNT ............................................. 6 

1.4 Toxicity of SWCNT .......................................................................................................... 8 

1.5 The detection and quantification of SWCNT in environmental matrices .............. 10 

1.6 Objectives ......................................................................................................................... 13 

2. Sorption of hydrophobic organic comtaminants to single-walled carbon nanotubes: 

influence of nanotube electronic structure .............................................................................. 18 

2.1 Introduction ..................................................................................................................... 18 

2.2 Experimental Section ..................................................................................................... 20 

2.2.1 Materials ..................................................................................................................... 20 

2.2.2 SWCNT suspension preparation and SWCNT characterization ........................ 21 

2.2.3 Adsorption method: common headspace partition  ............................................. 22 

2.2.4 Kinetic study .............................................................................................................. 24 



 

 

x 

2.2.5 Batch adosption  ........................................................................................................ 23 

2.2.6 Analysis of PAH concentration ............................................................................... 23 

2.3 Results and discussion ................................................................................................... 24 

2.3.1 Common headspace partition method ................................................................... 24 

2.3.2 Determination of Equilibrium time ........................................................................ 24 

2.3.3 Naphthalene and HCB isotherms ........................................................................... 25 

2.2.4 SWCNT surface area normalized isotherms ......................................................... 27 

2.2.5 Summary .................................................................................................................... 29 

3. The quantification and characterization of single-walled carbon nanotubes in 

biological tissues using near infrared fluorescence spectroscopy........................................ 37 

3.1 Introduction ..................................................................................................................... 37 

3.2 Materials and methods .................................................................................................. 39 

3.2.1 SWCNT suspension prepararion ............................................................................ 39 

3.2.2 Extraction of SWCNT from fathead minnow (FHM) tissues .............................. 40 

3.2.3 Extraction of SWCNT from mouse lung tissues ................................................... 41 

3.2.4 Detection and quantification of SWCNT suspension using near infrerad 

fluorescence spectroscopy ................................................................................................. 41 

3.3 Results and discussion ................................................................................................... 42 

3.3.1 Extraction of SWCNT from fish tissues .................................................................. 42 

3.3.2 NIRF analysis for SWCNT extracted from fish tissue .......................................... 44 

3.3.3. Extraction and NIRF analysis of SWCNT from fish food ................................... 44 

3.3.4  The bioaccumulation of SWCNT in fish digestive tract...................................... 45 

3.3.5  Extraction of SWCNT from mouse lung tissue .................................................... 47 



 

 

xi 

3.3.6 NIRF analysis for SWCNT extracted from mouse lung tissue ............................ 49 

3.3.7 The bioaccumunlation of SWCNT in mouse lung tissue ..................................... 50 

3.3.8 Summary .................................................................................................................... 51 

4. Detection and quantification of single-walled carbon nanotube using metal-finger 

printing approach in aerosol matrices ..................................................................................... 57 

4.1 Introduction  .................................................................................................................... 57 

4.2 Material and methods  ................................................................................................... 61 

4.2.1 Characterization of metal content in SWCNT ....................................................... 61 

4.2.2 Standard addtion of SWCNT to aerosol matrices ................................................. 62 

4.2.3 Analysis of the metal content in air filters using ICP-MS .................................... 63 

4.2.4 Analysis of elemental carbon on air filters ............................................................ 63 

4.3 Results and discussion ................................................................................................... 64 

4.3.1 Bulky metal analysis in SWCNT samples .............................................................. 64 

4.3.2 Detection and quantification of SWCNT in aerosol matrices using its embed 

metal catalysts ..................................................................................................................... 64 

4.3.3 Anaysis of the carbon content in aerosol matrices ............................................... 68 

4.3.4 Analytical performance of metal-finger printing appoach in aerosol matrices 

 ............................................................................................................................................... 69 

4.3.5 Summary .................................................................................................................... 69 

5. Separation and analysis of single-walled carbon nanotube in estuarine sediment using 

density gradient ultracentrifugation with NIRF and ICP-MS .............................................. 78 

5.1 Introduction ..................................................................................................................... 78 

5.2 Material and methods .................................................................................................... 82 



 

 

xii 

5.2.1 SWCNT materials ...................................................................................................... 82 

5.2.2 Experimental scheme ................................................................................................ 83 

5.2.3 SWCNT suspension preparation ............................................................................. 84 

5.2.4 Extraction of SWCNT from sediment ..................................................................... 84 

5.2.5 Isolation of SWCNT from sediment extract using density gradient 

ultracentrifugation (DGU)................................................................................................. 85 

5.2.6 Analysis of SWCNT using near infrared fluorescence spctroscopy (NIRF) ..... 86 

5.2.7 Analysis of  SWCNT and DGU fractions using inductive coupled plasma mass 

spectrometry (ICP-MS) ...................................................................................................... 88 

5.2.8 Analysis of DGU fractions using  single-particle inductive coupled plasma 

mass spectrometry (spICP-MS) ........................................................................................ 89 

5.2.9 Analysis of DGU fractions using UV-VIS spectroscopy ...................................... 90 

5.3 Results and discussion ................................................................................................... 90 

5.3.1 Bulk metal analysis.................................................................................................... 90 

5.3.2 Analysis of SWCNT pure solution after DGU ...................................................... 91 

5.3.2.1 Isolation and seperation of SWCNT using DGU ............................................. 92 

5.3.2.2 NIRF analysis ........................................................................................................ 92 

5.3.2.3 ICP-MS analysis .................................................................................................... 95 

5.3.2.4 spICP-MS analysis ................................................................................................ 98 

5.3.2.5 UV-Vis analysis ..................................................................................................... 99 

5.3.3 Analysis of sediment extract after DGU............................................................... 100 

5.3.4 Analytical performance of the method................................................................. 101 

5.3.5 Summary .................................................................................................................. 102 



 

 

xiii 

6. Conclusions ............................................................................................................................ 114 

Appendix A. The quantification and characterization of single-walled carbon nanotubes 

in biological tissues using near infrared fluorescence spectroscopy ................................. 120 

A.1 Optimizing extraction condition for SWCNT from GA or pluronic suspension 

 ............................................................................................................................................... 120 

Appendix B. Detection and quantification of single-walled carbon nanotube using metal-

finger printing approach in aerosol matrices ........................................................................ 128 

Appendix C. Separation and analysis of single-walled carbon nanotubes in esturine 

sediments using density gradient ultracentrifugation with NIRF and ICP-MS .............. 129 

C.1 Construction NIRF calibration curve for SWCNT .................................................. 129 

References .................................................................................................................................. 146 

Biography ................................................................................................................................... 161 



 

 

xiv 

List of Tables 

Table 2.1. Parameters for Freundlich and PMM model from the adsorption isotherms.34 

Table 2.2. Sepecific surface area of SWCNTs and diesel soot and Freudlich model fits to 

isotherms generated using normalized surface area ............................................................. 36 

Table 4.1. The percent of residual metal catalyst quantified in various types of SWCNTs

 ....................................................................................................................................................... 76 

Table 4.2. The limit of detection (LOD) and limit of quantitation (LOQ) for various types 

SWCNT in aerosol matrices based on the metal content, metal: carbon ratios and metal: 

metal ratios ................................................................................................................................... 77 

Table 5.1. Particle number and size determined from spICP-MS for selected fractions  129 

Table A.1. SWCNT quantified by spike and recovery experiment using mouse lung 

tissue . ......................................................................................................................................... 127 

Table C.1 The calibration equation and the selection of the peak for SWCNT in 2% SDC 

concentration calibration. ........................................................................................................ 130 

Table C.2. Density medium and ultracentrfugation conditions tested for SWCNT and 

MWCNT . ................................................................................................................................... 144 

Table C.3. ICP-MS operation parameters for metal analysis. ............................................. 145 

 

 

 



 

 

xv 

List of Figures 

Figure 1.1. The illustration of SWCNT roll up vector. ........................................................... 16 

Figure 1.2. A representation for the density of electronic states of semiconducting 

SWCNT ......................................................................................................................................... 17 

Figure 2.1. An illustration of common headspace partition(CHP) vessel ........................... 30 

Figure 2.2. Effective Kd of Naphthalene adsorbed onto SG65 SWCNT and the recovery of 

probe over time ........................................................................................................................... 31 

Figure 2.3. Sorption of 14C-naphthalene and 14C-hexachlorobenzene to SWNTs and diesel 

soot ................................................................................................................................................ 32 

Figure 2.4. The specific surface normalized isotherms for adsorption of A. Naphthalene 

and B. Hexachlorbenzene to various types of SWCNTs ....................................................... 33 

Figure 3.1. The amount and the recovery percentage of SWCNT (μg) quantified in fish 

intestine determined by 3 types of calibrations ...................................................................... 52 

Figure 3.2 The amount of SWCNT quantified using NIRF in the feeding experiment .... 53 

Figure 3.3. NIRF imaging and quantification of SWCNTs in fish intestines. ..................... 54 

Figure 3.4. Tracking and quantification of SWCNT in mouse lung tissue ......................... 55 

Figure 4.1. The metal content measured using ICP-MS in various spiked aerosol matrices

 ....................................................................................................................................................... 71 

Figure 4.2. The metal: metal ratios of various spiked aerosol matrices............................... 72 

Figure 4.3. The amount of total carbon (TC) and black carbon (BC) measured after CTO-

375 treatment in spiked aerosol matrices ................................................................................ 73 

Figure 4. 4. The metal: carbon ratios for various types of SWCNT and aerosol matrices 74 

Figure 4. 5. The metal: carbon ratios measured in various types of spiked aerosol 

matrices. ....................................................................................................................................... 75 

Figure 5.1. The amount of metal quantified for bulky SWCNT samples using ICP-MS 106 



 

 

xvi 

Figure 5.2. NIRF spectra for various SWCNT extracts ........................................................ 107 

Figure 5.3. Signal monitoring of the fluorescence and metal abundance in the fractions 

obtained after density gradient ultracentrifugation (DGU) for SWCNT pure solutions in 

2% SDC ....................................................................................................................................... 108 

5.4 Singnal monitoring of the fluorescence (solid line) and metal abundance (dashed 

lines) in the fractions obtained after density gradient ultracentrifugation (DGU) for 

sediment extracts in 2% SDC  .................................................................................................. 109 

Figure 5.5. UV-Vis absorbance monitoring for various kinds of SWCNT fractions 

obtained after DGU  .................................................................................................................. 111 

Figure 5.6. NIRF calibration using standard addition of SG65i SWCNT to 0.2g of 

sediment ..................................................................................................................................... 112 

Figure A.1. The compare of NIRF signal for SDC suspension and GA suspension ........ 121 

Figure A.2. Chirality and diameter distribution of SG65 SWCNT obtained by NIRF .... 122 

Figure A.3. NIRF spectra of SWCNT extracted from pellet fish food ............................... 123 

Figure A.4. NIRF liver spectra at selected time point during exposure through dietary 

track study ................................................................................................................................. 124 

Figure A.5. Comparative view of  NIRF emission spectra of SWCNT dispersed in SDC, 

pluronic or SDC-dialyzed pluronic ........................................................................................ 125 

Figure C.1. NIRF calibration curved for various type of SWCNT. The calibration was 

made using a single peak high in the emission spectra of the SWCNT. The calibration 

equation and the selection of the peak is listed in Table C.1 .............................................. 130 

Figure. C.2. full emission spectra of various kinds of SWCNT at different displacement 

distance ....................................................................................................................................... 131 

Figure C.3. Full absorbance spectra for selected NIRF band and metal band for various 

SWCNT ....................................................................................................................................... 132 

Figure C.4. spICP-MS counts for selected bands collected after DGU for SWCNTpure 

solution ....................................................................................................................................... 133 



 

 

xvii 

Figure C.5. SpICP-MS counts for selected bands collected after DGU for SWCNT 

extracted from sediment in duplicates ................................................................................... 138 

Figure C.6. Pre-DGU NIRF signal vs Post-DGU NIRF signal ............................................ 143 

 

 

  



 

 

xviii 

List of Scheme 

Scheme 5.1: Seperation of SWCNT using density gradient ultracentrifugation for 

analysis using NIRF and ICP-MS. .......................................................................................... 104 



 

 

xix 

List of Abbreviations 

AFM Atomic force microscopy 

BBC Bread and Butter creek  

BC Black Carbon 

BET Brunauer-Emmett-Teller theory 

Ci Concentration in inner compartment  

Co Concentration in outer compartment 

CHP Commom head space partition  

CNT Carbon nanotube 

CTO Chemothermal oxidation  

CVD Chemical vapor deposition  

DI Deionized 

DD Displacement distance 

DGU Density gradient ultracentrifugation 

DL Detection limit 

DOS Density of state 

FFF Field flow fractionation 



 

 

xx 

FHM Fathead minnow 

FTIR Fourier transform infrared 

GA Gum arabic 

HCB Hexachlorobenzene 

HOC Hydrophobic organic comtaminant 

HPLC High-performance liquid chromatography 

ICP-MS Inductive couple plasma mass spectrometry 

IS Internal standard 

Kd Distribution constant 

Kf Freundlich exponetial coefficient 

LOD Limite of detection  

LOQ Limite of quantitation  

MWCNT Multi-walled carbon nanotube 

NIR Near infrared 

NIRF Near infrared fluorescence spectroscopy 

PAH Polycyclic aromatic hydrocarbon 

PCB Polychlorinated biphenyl 



 

 

xxi 

PM  Particulate matter 

PMM Polanyi-Manes 

PTA  Programmed thermal analysis 

ppb part-per-billion 

SDC sodium deoxycholate 

SEM Scanning electron microscopy 

SRM Standard reference material 

SWCNT Single-walled carbon nanotube 

TC Total carbon  

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

XRD X-ray diffraction 



 

 

xxii 

Acknowledgements 

I am grateful to everyone who has supported me in my doctoral degree pursuit. 

Thank you, my advisor, Dr. P. Lee. Ferguson. Thank you for your guidance in my 

research and your continuous support and understanding for every other step of my life. 

Thank you Dr. Desiree. L. Plata and Dr. Jie Liu for your input and advices on my 

projects. Thank you Dr. Tara Sabo-Attwood and Dr. Joseph Bisesi for your brilliant 

research ideas and the wonderful collaboration on many of the projects. Thank you Dr. 

Mark r. Wiesner and Dr. Micheal  J. Therien for your continuous service as my 

committee members. Thank you Dr. Ashley Parks and Dr. Manuel Montano for the 

knowledge and support you contributed to my projects. Thank you my dear husband, 

Ben, and my daughter, Alexandra. You've brought so much joy to my life in Durham. 

And thank you my parents in China, Yingying and Zhiming. Thank you for your 

support for me to pursue my life overseas. Thank you for your endless love and 

understandings. I would never make my way here without you.



 

1 

 

1. Introduction 

1.1. structure and physical-chemical properties 

 Since their discovery in early 1900s, carbon nanotube (CNT) has attracted much 

research interest due to their exceptional properties, such as high mechanical strength 

which is 10-100 times stronger than steel at a fraction of the weight, high thermal 

stability up to 2800  in vacuum, high thermal conductivity which is twice of that of 

diamond, and tunable chemical properties due to the availability of functionalization of 

its surface [1-4]. Structurally, single-walled carbon nanotubes (SWCNT) can be 

visualized as a single sheet of graphite that has been rolled into a tube. SWCNT surface 

is composed of sp2 hybridized carbon with diameters ranging from 1-2 nm and lengths 

up to hundreds of micrometers [5]. The atomic structure of SWCNT is defined in terms 

of tube chirality, or helicity which are described by the chiral wrapping-angle index (n, 

m) (Figure 1.1). The chiral angle determines the helicity of the tube. Two limiting cases 

exist where the chiral angle equal to 0° (zig-zag) and 30° (armchair). The nanotube 

diameter is also determined by the chiral wrapping-angle since the since the inter-

atomic spacing of carbon atom is known [1, 6, 7]. 

 A combination of the diameter and chiral wrapping angle of SWCNT indicates 

the electronic structure of the nanotube. If n-m is an integer which can be evenly 

divisible by 3, the nanotube is metallic; if not, the nanotube is semiconductive. Since it 
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still remains challenging to synthesize SWCNT with controlled electronic structure, 

approximately 2/3 of a bulky SWCNT is semiconducting and 1/3 of them is metallic [8]. 

The unique optical and spectroscopic properties observed in SWCNT are largely due to 

the one-dimension (1D) confinement of electronic and phonon state, resulting the van 

Hove singularities in the nanotube density of state (DOS).  Each species of 

semiconductive SWCNT consist of two main van Hove transition states (Figure 1.2): E11 

and E22  [8-10]. The E22 transition is resulted from the excitation of an electron from the 

ground state via absorption of a photon between 550 nm and 900 nm [8, 9, 11]. The E11 

band gap is the result of the relaxation of the excited state electron back to the ground 

state through fluorescence [8, 9, 11]. The band gap energy has an inverse relation with 

the diameter of the SWCNT [12]. 

 

1.2. SWCNT synthesis, purification and characterization  

 There are three primary methods for synthesis of SWCNTS: chemical vapor 

deposition (CVD), arc discharge and laser ablation [13]. Among these three methods, the 

cost of laser ablation is more expensive. CVD and arc discharge methods are most 

commonly used in commercial SWCNT production. CVD is the most employed 

technique that it counts for 83% of the global nanotube market share (data from 2010) 

[14, 15]. CVD method involves exposing a layer of substrate composed of metal catalyst 
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particles to one or more volatile C-containing precursors, which decompose on the 

substrate surface [16]. SWCNT grows at the site of the metal catalyst. Under certain 

conditions, such as use of specific metal catalyst or tuning of synthesis temperature, 

CVD allows collection of groups of CNT with well-aligned structures, and with desired 

orientation of the layers [16]. In arc discharge method, SWCNT were prepared by 

applying a current across graphite rods under helium atmosphere. The graphite anode 

was filled with metal catalyst and the cathode was of pure graphite. SWCNTs generally 

grow behind the cathode [3]. 

 A diverse variety of metal catalysts have been applied to make SWCNTs. The 

type, quantity and morphology of the metal catalyst(s) impact greatly on the 

morphology and yield of the SWCNT during the synthesis. For example, Dai et al 

prepared SWCNTs by the disproportionation of CO at 1200  over Mo particles of a few 

nanometers dispersed in a fumed alumina matrix [17]. Saito et al. prepared SWCNT in 

the same way by using different catalysts. SWCNT formed a highway-junction pattern 

when using Fe/Ni bimetallic catalysts. Ni catalyst yielded long and thin tubes radially 

growing from the metal particles [18]. Though a diverse variety of metal or metal oxide 

catalyst were studied for SWCNT synthesis [19], only several of them were applied in 

large scale commercial production, such as Ni, Y, Co, Mo and Fe [20]. Plata et al 

evaluated the composition data for a variety of SWCNT from different manufactures, 
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and found that the metal: metal ratios of SWCNT from different manufactures were 

fairly distinctive [20]. The metal catalyst particle can stay at the tip of the nanotube 

during its growth, or remain at the nanotube base depending on the adhesion between 

the catalyst particle and the substrate [21]. 

 Purification was needed for removal of the impurities or obtaining SWCNT with 

certain electronic structure or chirality for application of SWCNT [22, 23]. During 

synthesis of CNTs, catalyst converts carbon precursors into tubular carbon structure but 

can also form encapsulating carbon overcoats. In addition, the metal oxide which is 

often used to support and increase the reaction surface can incorporated into the CNT 

product[24]. While acid wash was effective in removing unencapsulated metals, 

encapsulated ones required oxidative treatment for opening of the carbon shell [22]. This 

oxidative treatment can be carried out in controlled steps to best preserve the SWCNT 

structure. Currently, it still remains challenging for commercial production of isochiral 

SWCNT. Though a few studies have demonstrated synthesis of SWCNT with specific 

structure [25]. To obtain SWCNT with specific electronic structure are still mainly rely 

on purification techniques, such as electrophoresis, centrifugation and column 

chromatography [26-30]. Separation based on length, diameter and chirality can be 

achieved through use of density gradient ultracentrifugation (DGU) and size-exclusion 

chromatography [28, 31, 32]. However, to obtain pure (n, m) species of SWCNT still 
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requires extensive repetitive purification procedures and large amount of materials such 

as solvent or gradient medium. 

 SWCNTs can be characterized in a variety of ways. Imaging methods, such as 

transmission electron microscopy (TEM), scanning electron microscopy (SEM) 

, atomic force microscope (AFM) and X-ray diffraction (XRD) were widely used to 

determine the morphology of the SWCNT [33]. The specific area of the SWCNT is 

usually determined using nitrogen adsorption isotherms according to Bruauer-Emmett-

Teller (BET) theory[34]. Raman spectroscopy is used to determine the purity and the 

average diameter of a SWCNT sample [35, 36]. SWCNT gives two characteristic peaks in 

raman spectra: One occurs between 1500cm-1 and 1600cm-1 which is from the split 

tangential modes (G-band). The other peak at 150-200 cm-1 corresponds to the radial 

breathing modes (RBM). The frequency of RBM has an inverse relationship with the 

diameter of the SWCNT. Therefore, this frequency can be used to determine the average 

diameter of the SWCNT in a sample. A band which occurs around 1300cm-1 (D-band) 

corresponds to the disordered carbon, the defected carbon structure. The ratio of the 

D/G band is an indication of the quality of the sample that a small D/G ratio indicates a 

low level of defects in SWCNT walls. UV/Vis/NIR absorption can be used to evaluate the 

electronic structure of the SWCNT [37, 38]. The electronic structure for each (n, m) 

species is unique. Therefore, each type of SWCNT shows different transition in UV-Vis-
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NIR spectra with metallic species observed in UV/Vis region and semiconductive species 

observed in Vis/NIR region [39, 40]. In addition to the above techniques, Fourier 

transform infrared  spectroscopy (FTIR) is used to determine relative amount of 

functional groups in the sample [41]. 

 

1.3. The applications and the environmental impact of SWCNT 

The unique physical and chemical properties makes SWCNT a good candidate 

for many potential applications in various industrial areas in large volumes: e.g. 

composite material for sporting device and paint, battery electrodes, supercapacitors, 

transparent films and liquid crystal displays; and in areas in limited volumes: e.g 

sorbents, memory device, hydrogen storage electrodes, biosensors and novel drug 

delivery devices [13, 42, 43]. The demand created by these applications led to significant 

growth of the production of the CNTs. Currently, CNT account for 28% market share of 

overall nanomaterial demand [44]. In 2010, the global production capacity reached to 

2500 metric tons with an annual growth rate of 30% [14]. More than 100 companies 

around the world today are manufacturing CNTs; and several of them  have claimed to 

have >100 tons per year production capacity for MWCNT [14]. With such increase in 

production, the release of CNT into the environment is inevitable. 
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Possible release of CNT into the environment can occur during manufacture or 

leaching from consumer products [45, 46]. Aquatic environment is likely to be the sink 

for SWCNT release through waste streams [47]. SWCNT tends to aggregate into bundles 

when exposed to aquatic environment through van der Waal interaction. In the presence 

of organic matter, elevated ionic strength and particles, SWCNT undergo sedimentation 

like colloids [48, 49]. Because of the large specific surface area, SWCNT have higher 

affinity for other hydrophobic organic contaminants (HOCs) such as polycyclic 

hydrocarbons (PAHs) or polychlorinated biphenyls (PCBs) [50-53]. Hence, the presence 

of SWCNT might contribute to bioavailability of these materials and have an impact on 

the aquatic ecosystem. In addition of the aquatic environment, SWCNT can be released 

through atmosphere during product collection from furnace in occupational spaces [45]. 

The inhalation of SWCNT can induce serious respiratory disease [54]. Currently, the 

predicted environmental concentration of SWCNT is in in pg-ng Lwater-1, ng mair-3, or μg 

gsediments-1 which difficult for quantitation using the techniques generally used in 

laboratory [55, 56]. Therefore, it is important to develop detection and quantification 

methods for SWCNT in these environment to form a basis for environment risk 

assessment and development of environmental regulations.  
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1.4. Toxicity of SWCNT 

Due to its light weight, SWCNT is most likely to enter the occupational 

environment as suspended particulate matter (PM) of respirable sizes that they could 

pose an occupational inhalation exposure hazard [45, 57]. Significant research has been 

focused on toxicity tests of SWCNT to skin and lungs. It is found that regardless the 

process by which SWCNTs were synthesized, functionalized or nonfunctionalized, they 

were all capable of inducing serious respiratory disease, including inflammation, 

epithelioid granulomas (microscopic nodules), fibrosis, and biochemical/toxicological 

changes in the lungs[54, 58-61]. In a study which mice were given equal amount of 

toxicity material, SWCNT were found to be more toxic than quartz, which a serious 

occupational health hazard if it is chronically inhaled [60]. In addition, skin irritation can 

also be induced by exposure to SWCNT [62]. Oxidative stress is the main mechanism of 

the inflammatory toxicity, but size, agglomeration, chirality as well as metal impurities 

and functionalization are some of the structural and chemical characteristic contributing 

to the CNTs toxicity outcomes [63, 64].  

Besides exposure through atmospheric environment, a wider exposure of 

SWCNT to ecosystem is more likely to occur through water and soil. Aquatic 

environment is like to act as the sink for SWCNT entered through waste stream or 

leaching from consumer products [65, 66]. Compared with the extensive SWCNT 
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toxicity through inhalation, only a few studies has been focused on aquatic organisms. 

These studies mostly focused on bacteria and invertebrate models. While several studies 

shown that exposure through ingestion through dietary track did not cause serious 

health problems for the organism because SWCNT can be eliminated upon depuration 

with no partition into the gut lemen or tissues from Lumbriculus variegates and 

copepods[67-69]. And Parks el al, reported no toxicity was observed for estuarine 

benthic invertebrates, A. bahia and A. badita from the marine food chain[51]. Some 

studies showed SWCNT can induce adverse outcomes such as inactivation of bacteria 

commonly found in wastewater treatment plants and decreasing survival of Daphnia 

magna and the copepod Amphiascus tenuiremis[70, 71]. A few studies have investigated 

aquatic vertebrates, fish. The results showed that SWCNT can impact reactive oxygen 

species, induce immune response, reduce hatching rate and induce gill pathology[72]. 

However, one biggest barrier to the toxicity test is to assess the uptake, distribution and 

mobility of the nanomaterial within the model. To overcome this barrier, sensitive 

detection and quantification methods are needed for in vivo study. 

In addition to the toxicity induced by direct contact, SWCNT might be able to 

induce toxic response in aquatic organism by affecting the distribution of hydrophobic 

organic contaminants (HOCs) in sediment [67, 70]. HOCs such as polycyclic aromatic 

hydrocarbons (PAHs) and polychlorinated biphenols (PCBs) tend to adsorb onto soot, or 
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soot like materials, such as coal, charcoal and biomass char. Previous studies showed 

that due to its large specific surface area, SWCNT have higher affinity for HOCs such as 

naphthalene and hexchlorobenzene than soot [53]. Therefore, SWCNT is expected to 

affect more strongly on HOCs bioavailability to sediment ingesting organisms and 

possibly protect HOCs from microbial degradation. However, how the structure 

properties of SWCNT, such as chirality and diameter, affect the adsorption of HOCs 

have not been investigated. Part of the difficulties for carrying out corresponding 

experiments is the difficulty in obtaining SWCNTs with certain electronic structure with 

good efficiency. The investigation of this area could potentially reveal mechanism of the 

adsorptive property of SWCNT on molecular basis, which will be helpful to assess the 

fate of SWCNT in aquatic environment. 

 

1.5. The detection and quantification of SWCNT in 
environmental matrices 
 
Though studies revealed that SWCNT can induce adverse outcomes for a 

number of organisms, their real impact will be greatly dependent on the amount they 

occur in the environment.  Therefore, development of detecting and quantification 

techniques in environmental matrices is an essential part for nanomaterial risk 

assessment[73]. Due to the complexity nature of environmental samples, separation and 

isolating methods were needed first before applying determination methods[13]. Several 
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techniques have been developed to effectively separate SWCNT from the environmental 

matrices. Size exclusion chromatography (SEC), electrophoresis and field flow 

fractionation (FFF) are the commom methods to separate SWCNT from the matrices 

based on its size and mobility [31, 74, 75]. For spectroscopic analysis, SWCNT needs to 

be individually suspended in aqueous solution in order. This can be usually achieved by 

applying ultrasonication to the SWCNT suspension in surfactants or polymer [76, 77].  

Though robust techniques described in section 1.2 were developed for 

characterization and quantification of bulk samples of CNTs in laboratory studies. They 

were either limited to low sensitivity or the need for specific sample preparation 

procedure and were not suitable for analysis of SWCNT in real environmental or 

biological samples [13]. There are generally two categories of methods that are capable 

of determining and quantifying SWCNTs in environmental matrices: spectroscopic 

methods, such as UV-Vis-NIR spectroscopy, ramen spectroscopy and near-infrared 

fluorescence spectroscopy (NIRF)[47, 78-80]; and thermal methods, such as 

thermogravimetric analysis (TGA), programmed thermal analysis (PTA), chemothermal 

oxidation method (CTO-375) and microwave-induced heating (MIH)[81-84]. Most 

thermal methods have the detection limit (DL) in several μg mL-1 in water or several μg 

g-1 in solid samples and are limited to MWCNT. Spectroscopic methods work for both 

SWCNT and MWCNT. UV-Vis-NIR spectroscopy is able to quantify SWCNT at mg L-1 
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range. Raman spectroscopy is limited in selectivity as it measures a change in the 

vibrational and rotational energy of a molecule which is not a property unique to 

SWCNT. Recent advances in NIRF allows sensitive quantification of  semiconductive 

SWCNT in aqueous solution such as extracts from sediment (DL = 1ng mL-1 in water and 

62 ng g-1 in sediment). This method utilized the unique band gap resulted from the 

electronic structure for each species of semiconducting SWCNT. The unique band leads 

to specific excitation-emmission fluorescence in the near infrared region, allowing the 

characterization of the SWCNT structure. This method works particularly well for 

biological samples because they usually have no or low fluorescence in the near infrared 

region, resulting a high signal-to-noise ratio from SWCNT [80, 85]. However, the 

predicted concentration of CNT in environmental matrix are in ng Lwater-1, ng mair-3, or 

sub-μg kgsediments-1 range [56, 86]. Thus far, only single-particle inductive coupled plasma 

mass spectrometry (spICP-MS) is able to detect SWCNT at ng Lwater-1. However, this 

method is element dependent that it works better with elements which have less 

dissolved abundance in the background such as Y and Co [87]. The concentration gap 

for CNT particle detection motivates the development of sensitive detection and 

quantification methods for assess the real distribution of CNTs in the environment in 

order to evaluate their fate and toxicity. 
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1.6. Objectives 

In spite of numerous toxicity test has been done to study the impact of SWCNT 

to the environment. A major barrier to understanding the real impact of the 

nanomaterial is the lack of data on the fate, transport and bioaccumulation of SWCNT. 

Part of this lacking of understanding is because of the lacking of appropriate techniques 

for characterization and quantification methods for determining the current levels of 

SWCNT in the environment. Therefore, I structured my dissertation research to provide 

a comprehensive study on detection, characterizing and quantification of SWCNT for 

evaluation of its fate, transport and bioaccumulation in various environmental matrices. 

The first aim of my research was to investigate the interaction between SWCNT 

and HOCs in aquatic environment for evaluation of its fate in aquatic environment 

(Chapter 2). This research would give more information on the possible non-direct 

environmental impact induced by SWCNT through interaction with HOCs in the 

aquatic environment. In this study, I investigated how the electronic structure of 

SWCNT affect the adsorption of HOCs by using purchased SWCNTs with enriched 

electronic structures. A hypothesis was made that the electronic structure of SWCNT 

will influence more on the adsorption of planner HOC molecule, naphthalene, than non-

planner molecule, hexachlorobenzene because of the primary interaction between 

SWCNT and HOCs was through plane-to-plane interaction. The results were discussed 
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in content of the mechanism of the adsorption and the fate, transport and interaction of 

SWCNT in aquatic environment. 

The second aim of my research was to develop characterization and 

quantification methods for SWCNT in biological tissues in order to study the uptake, 

transport, bioaccumulation and toxicity of SWCNT in vivo (chapter 3). Two most 

common exposure routes were studied: exposure to fish through digestive tract in 

aquatic environment and exposure to mice through inhalation. The extracting conditions 

from various organs were optimized for NIRF analysis of SWCNT. Spike recovery 

experiments were carried out for quantification method validation. Thus, the subsequent 

toxicity and impact to the animals were evaluated based on the uptake, transport, 

bioaccumulation of SWCNT through these two exposure routes.  

Based on the fact that the major gap for evaluation of SWCNT’s environmental 

impact is the lack of the technique, which can detect and quantify SWCNT at their 

relevant environmental concentrations, the third aim is to develop robust and economic 

methods for detection and of the SWCNT in environmental matrices (Chapter 4 and 

Chapter 5). Based on previous success on using the embedded metal catalyst as the 

proxy for detecting and quantification of SWCNTs [87], a  hypothesis was made that a 

metal-finger approach which uses the unique metal-to-metal ratio and metal-to-carbon 

ratio would be able detect and quantify SWCNT from various environmental matrices at 
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low concentrations. The detection limit could reach to ng m-3 in air and ug g-1 in 

sediment. This approach would work well in a matrix where there are less content for 

background metals, such as aerosol (chapter 4). In addition to quantification, the unique 

metal: metal ratio can be a good mark for tracing the source of possible SWCNT 

contamination as different types and quantities of metal catalyst is required to the 

synthesis of SWCNT using different techniques. In complexed matrix, sediment, 

separation and isolation of SWCNT from the matrix was needed prior to analysis 

(Chapter 5). I hypothesized that density gradient ultracentrifuation (DGU) would be 

able to separate and isolate SWCNT effectively from the matrix, thus the detection limit 

of SWCNT in sediment can be improved. Both determination methods, NIRF and metal 

analysis was performed to SWCNT fractions collected after DGU. The results were 

discussed in term of method sensitivity and application scope. 

A summary of the impact of the developed analytical methods, its application 

and the impact in terms of each exposure route were presented in Chapter 6.  
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Figure 1.1. The illustration of SWCNT roll up vector. ch = na1 + ma2. The limiting cases of 

(n,0) zigzag and (n,n) armchair tubes are indicated with dashed lines. As represented 

here, the angle between the zigzag configuration and ch is negative. 

Adapter from Odom TW, Huang JL, Kim P and Lieber C. 1998. Atomic structure and 

electronic properties of single-walled carbon nanotube. Nature 391: 62-64. 
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Figure 1.2. A representation for the density of electronic states of semiconducting 

SWCNT. Adapted from Weisman RB, Bachilo SM, and Tsyboulski D.2004. Fluorescence 

spectroscopy of single-walled carbon nanotube in aqueous suspension. Appl Phys A-

Mater Sci Process 78:111-1116. 
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2. Sorption of hydrophobic organic contaminants 
to single-walled carbon nanotubes: Influence of 
nanotube electronic structure 
 

2.1 Introduction  

Single-walled carbon nanotubes (SWCNT) are unique, anthropogenic allotropes 

of nanoparticulate black carbon that have been applied to a range of technologies.  With 

the increasing number of potential applications for SWCNT, the large production of 

these nanomaterial is imminent. The estimated total production of carbon nanotubes 

(single-walled and multi-walled carbon nanotube, MWCNT) is estimated to range from 

55-100 metric tons per year in the United States alone [88]. Extensive research has been 

focused on the ecotoxicity of SWCNT release in to the environment. While much toxicity 

is likely to occur through direct exposure to SWCNT [70, 89-92], SWCNTs may have the 

ability to induce toxic response in aquatic organisms by affecting the distribution of 

hydrophobic organic contaminants (HOCs) in sediments. A large amount of research [53, 

93, 94] has been carried out in order to understanding the adsorption of HOCs, such as 

polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biohenyls (PCBs) in soil 

and sediment. Studies [95, 96] have shown that PAHs sorb onto carbonaceous particles 

such as coal, charcoal and cenosphere strongly. Thus the bioavalability of the PAHs in 

sediment can be significantly altered with the presence of these materials. Rust et al[97] 
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determined that the prescence of soot in sediments generally resulted in a lower 

bioaccumulation of PAHs in marine bethic invertebrates compared to sediment without 

soot.  

Due to the similarity in structure of carbon nanotubes to soot, carbon nanotube 

has the potential to act as strong sorbent for HOCs.  In one study[53] comparing 

SWCNTs, MWCNTs, and fullerenes, PAHs are found to be more strongly adsorbed to 

SWCNTs, followed by MWCNT and fullerenes. Due to their high surface area and 

porous nature, studies have shown that SWCNTs act as strong sorbent of HOCs and 

thus affect HOC bioavailablity to sediment ingesting. For example, one study[98] 

showed that SWCNT can act as a contaminant carrier for phenanthrene which 

subsequently can cause accumulation of phenanthrene in fish digestive tract. On the 

other hand, SWCNT can effectively adsorb PCB (polychlorinated biphenyl) compound 

[70], thus to reduce the toxicity and bioaccumulation of these HOCs to benthic 

organisms. Therefore, the presence of SWCNT in aquatic environment should be 

evaluated with specific HOC compound. 

One unique property of SWCNT is the quantized nature of their electronic 

structure, which is dependent on the chiral wrapping angle described by the chiral 

wrapping- angle index (n, m) of the sp2 hybridized graphene sheet that comprises the 

wall of each SWNT species. If n-m is evenly divisible by 3, the SWCNT is metallic; if not, 
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the SWCNT is semiconducting [99, 100]. To date, no study systematically investigated 

how the electronic structure of SWNTs affect the adsorption of HOCs. This study aims at 

determining how SWNT electronic structure may affect surface-adsorption of 

hydrophobic organic contaminants (HOCs). Our results will be discussed in context of 

how electronic structure of SWNT may control association of HOCs with nanotubes and 

the implications of this behavior for transport, fate, and exposure of HOCs in the aquatic 

environment.  One planar polycyclic aromatic hydrocarbons (PAHs) (14C-naphthalene) 

and one halogenated aromatic (14C-hexachlorobenzene) are chosen for this study. We 

hypothesize that planer HOCs will be more susceptible to change in its isotherms for 

SWNTs enriched in different electronic structures as the interaction between sorbent and 

HOCs is more dominated by the plane interaction. 

 

2.2 Experimental section  

2.2.1. Materials 

Five types of SWCNTs were purchased from two manufactures: SG65 SWCNT, 

SG76 SWCNT and CG200 SWCNT were CoMoCat SWCNT from Southwest 

Technologies; Ultra-pure, semiconducting SWCNT 99.9% and metallic SWCNT 99.9% 

were produced by arc discharge method by Nanointegris. All SWCNTs were used 

directly  in the experiments without further purification. The soot used in this study was 
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a standard reference material, diesel particulate matter 2975 (SRM 2975). All chemicals 

used in the study were analytical grade purchased from Sigma Aldrich (sodium 

phosphate monobasic dihydrate  NaH2PO4·2H2O, sodium phosphate dibasic Na2HPO4 

and sodium azide NaN3). The 14C probe, naphthalene-ul-14C (31.3 mCi mmol-1) and 

hexachlorobenzene –ul-14C (13.3 mCi mmol-1) were purchased from Sigma Aldrich. 

Deionized water (18.2 mΩ) used throughout this study was provided by a Hydro 

Picopure 2 system. 

 

2.2.2. SWCNT suspension preparation and characterization 

5 μg mL-1 SWCNT (SG65, SG76 and CG200 SWCNT) in 2% sodium deoxycholate 

(SDC) suspension was prepared by applying 45W sonication for 10 minute on an ice 

bath. 1mg mL-1 SWCNT suspension in deionized water was prepared using the same 

sonication set up for batch adsorption experiments. The near infrared fluorescence 

spectra was taken for SWCNT suspended in 2% SDC solution, using NS1 

Nanospectralyzer (Applied nano fluoresce LLC) utilizing three excitation laser source 

(638 nm, 691nm and 782nm). The specific surface area of these SWCNT was measured 

by Brunauer–Emmett–Teller (BET) method.  
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2.2.3.  Common headspace partition vessel 

Multi-point adsorption isotherms were measured for 14C-naphthalene and 14C-

hexachlorobenzene in association with multiple SWNTs (SG65, SG76, CG200, ultra-pure, 

semicondcting and metallic SWCNTs) and soot using the common-headspace 

partitioning (CHP) method shown in Figure 2.1. The outer vial is a 20 mL glass 

scintillation vial containing 10mL of phosphate buffer (10 mM phosphate and 5 mM 

NaN3, pH = 8) and 14C probe. The inner vial is a 5 mL glass vial containing 40 μg of 

sorbent suspension in 3mL phosphate buffer. The vessel was sealed with indium foil 

under the cap. The model sorbates equilibrated between vials through a common 

headspace. Since there was no direct contact of the sorbate and the adsorbent, the 

colloidal interference was minimized for the experiment.  

 

2.2.4.  Kinetic study 

3 μL of 14-C naphthalene in acetone was added to the outer compartments of the 

CHP vessels.  The vessels were incubated at 15 °C on an incubator shaker (Exceller E25) 

with shaking at 140 rev min-1. Kinetic experiments were carried out for a total of 9 days 

to assess the equilibrium time needed between the inner compartment and outer 

compartment. The probe activity was measured every 24 hours for the first 5 days, then 

every 48 hours for the last 4 days. 
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2.2.5. Batch adsorption  

Once the equilibrium time was determined, batch adsorption experiments were 

carried out to obtain the adsorption isotherms. 5 μL of either 14-C HCB or 14-C 

naphthalene in acetone was added to the outer compartment of CHP vessel. The initial 

concentrations of naphthalene ranged from 3.5 × 10-4 μmol L-1 to 0.35 μmol L-1; the initial 

concentrations of HCB  ranged from 7.0 × 10-4 μmol L-1 to 0.15 μmol L-1 . The vessels 

were incubated at 15 °C with shaking 140 rev min-1 for 72 hours.  

 

2.2.6. Analysis of PAH concentrations 

Upon completion of incubation, the inner vial was removed from the vessel. This 

inner vial was added into another 20 mL glass scintillation vial. 10mL of scintillation 

cocktail (Ecoscint, National Diagnostics) was added to the outer vials of CHP vessels 

and the vial containing the inner vials. The activity of 14C-Naphthalene and 14C-HCB in 

the inner vial and outer vial was analyzed by liquid scintillation spectroscopy (Beckmen, 

LS6000 IC). 
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2.3 Results and discussion 

2.3.1. Common headspace partition method 

Sorption of the contaminants occurred though commom headspace partitioning, 

where the volatile contaminant and the sorbent are separate, initially in the sealed 

container. The contaminants are allowed to partition from the aqueous buffer in the 

outer compartment into the headspace, then into the inner compartment containing the 

sorbent in the same buffer. The benefit of using this approach is that there is no 

subsequent separation of sorbent and liquid (phosphate buffer) once the equilibration is 

established. Since there is no direct contact of the sorbent and the contaminants, the 

colloidal interaction is minimized for the experiment. 

 

2.3.2. Determination of equilibration time 

The distribution constant (Kd) of naphthalene between the aqueous buffer and 

sorbent (SG65 SWCNT) is determined using the following equation: 

   
          

           
 

 

Where    is the naphthalene concentration in the inner compartment;    is the 

naphthalene concentration in the outside compartment;    is the water volume in the 
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inner compartment; and        is the mass of SWCNT loaded in the inner compartment. 

Figure 2.2 shows the Kd value for naphthalene over 144 hours. Kinetic measurements 

revealed that 144 hours of incubation was sufficient for equilibrium sorption of 14C-

naphthalene to SWCNT. The partition of the semi volatile naphthalene from the outside 

compartment to the inner compartment of CHP mostly occured during the first 24 hours 

of incubation.  It was determined that a 72-hour incubation period was adequate to 

allow for complete equilibrium. Therefore, I decided to proceed the batch adsorption 

experiments with 72-hour incubation. The kinetic result was also used to evaluate if any 

loss of naphthalene occurred during incubation. The recovery percentage of naphthalene  

was ploted in Figure 2.2, which was >90% over 144 hours. The average LogKd value for 

naphthalene sorbed onto SG65 SWCNT is 5.72   0.17. This value is about 1 to 2 orders 

bigger than the value of naphthalene sorbed onto soot. This is consistent with the result 

reported by Peng et al[101] and Yang et al[53].  

 

2.3.3. Naphthalene and HCB isotherms 

Batch adsorption experiments showed that both14C-naphthalene and 14C-

hexachlorobenzene adsorbed more strongly to SWCNTs than diesel soot, but with no 

systematic differences among SWCNT electronic structures.  Figure 2.3.3 showed the 

resulting isotherms of naphthalene and HCB with respect to each type of SWCNT. The 
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data in Figure 2.2.3 were fitted with two isotherm models: Freundlich and Polanyi-

Manes (PM) using Origin software. Both models were found effective in describing 

adsorption of HOCs to carbon nanotubes in previous study [53, 102]. The resulting 

parameters are summarized in Table 2.1.  The Freundlich model takes the form: 

 

where Q is the HOC loading on the sorbent (μmol·kg-1); Cw is the aqueous concentration 

of the HOC (μM); Kf is the Freundlich constant  ((mg g-1)/(mg L-1)1/n);  and n is a measure 

of isotherm linearity.  This model is useful for describing sorption in cases where there is 

significant nonlinearity due to mixed-mode, concentration-dependent sorption.  A more 

complex isotherm model based on Polanyi adsorption theory was also applied.  This 

model is useful for describing sorption of HOCs on porous or heterogeneous sorbents 

where multiple mechanisms of sorbate-sorbent interaction may occur over the range of 

concentrations in an isotherm.  This model can be expressed in the form: 

 

Where Q and Cw are as described above for the Freundlich model, Q0 is the 

sorption capacity (μmol·kg-1), S is the aqueous concentration of solute at saturation (μM), 

Vs is the molar volume of the solute (cm3·mol-1), and a and b are fitting parameters.  The 
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combined term RTln(S/Cw) is equivalent to ε, the adsorption potential (J·mol-1).  Both of 

the isotherm models used in the present work have previously been found to be useful 

in describing sorption of HOCs to black carbon, including carbon nanotubes [53, 102-104] 

Overall, the Freudlich model had a better fit for isotherms of naphthalene with 

most types of SWCNTs. The linearity constants n of the Freudlich model obtained from 

naphthalene sorb onto SWCNT had a value close to 1 in all cases, indicating the sorption 

of naphthalene molecule on SWCNT does not affect the adsorption potential of other 

available pores on the surface of SWCNT. Compared to naphthalene, HCB showed 

higher adsorption affinities at equivalent concentrations. This is mostly likely due to the 

smaller size of HCB and its increased ability to intercalate into the pores on SWCNT 

surface. Compared to naphthalene, the isotherms of HCB is much less linear, indicating 

the mechanism of HCB sorb on to SWCNT surface involves multiple modes that the 

pores adsorbed HCB affect the adsorption potential of other available pores. And, PM 

model showed better fitting with the HCB data. Yang et al reported PM model gave the 

best fit for PAH to SWCNT among six models they used in their study (Freudlich, 

Langmuir, BET, dual-mode model and dual-Langmuir model).The exact mechanism of 

adsorption of HCB is still not possible to determine from this experiment since PM 

model is capable of both pore filling and flat surface corresponding modeling. 
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Experiments, such as competitive adsorption and desorption may help the further 

understanding of SWCNTs adsorbing HOCs.  

 

2.3.4. Surface-area normalization isotherms 

 For better understanding of the adsorption of HOCs on carbon based materials, 

we measured the specific surface area of multiple SWCNT samples (SG65, SG76 and 

CG200) and normalized experimental data according to the specific area of SWCNTs 

with Freudlich model. The results were summarized in Table 2.2. Due to the limited 

amount of arc discharged SWCNT we purchased (< 10mg), their specific area was not 

measured in this study. After surface normalization, the fitting parameters obtained 

overlapped in their confidence level. It is clearer that SWCNTs had identical sorption 

behavior for HOC probes, regardless of their electronic structure. The higher specific 

area of SWCNT results the higher adsorption potential of HOCs than soot. This result 

aligned with results published by Yang et al[53]. 

 

 

 

 

 



 

29 

 

2.3.5. Summary 

SWCNTs showed very high affinity for HOCs in aqueous solutions, which is the 

result from their higher specific surface area. Compared to soot, both naphthalene and 

HCB were shown to adsorb to SWCNTs to a higher extent. These results indicate that 

upon release of SWNTs in aquatic environment, SWCNTs will strongly affect the 

distribution of organic contaminants by acting as strong sorbents. If designed properly, 

SWCNT can be applied in PAH removal for water remediation purpose. Naphthalene 

sorption to SWNT was well described by a Freundlich isotherm. In some cases, PM 

model, a polyenergetic sorption model, provided a better fit for HCB sorption. Also, 

HCB was shown to have higher adsorption capacity to both SWCNTs and soot 

compared to naphthalene. Overall, HOC sorption to SWNT did not appear to be 

influenced by nanotube electronic structure. The fate and transport of HOC is less likely 

to be correlated to SWCNT types. 
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Figure 2.1. An illustration of common headspace partition(CHP) vessel. 

 
 
 
 
 
 

 The cap was sealed with indium foil 

 Model sorbates equilibrate between 

vials across a common headspace 

 Inner vial contains 40 μ  of sorbent 

suspension 

 Outer vial contains 10 mM phosphate 

buffer (pH 8) with 5 mM NaN3, 5μ  
14C probe was added. 
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Figure 2.2. Effective Kd of Naphthalene adsorbed onto SG65 SWCNT and the 

recovery of probe over time. 
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Figure 2.3. Sorption of 14C-naphthalene and 14C-hexachlorobenzene to SWNTs and diesel 

soot. Solid lines represent the fit from a Freudlich isotherm sorption model.  Dotted lines 

represent linear isotherm contours of Freudlich model when n=1. 
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Figure 2.4. The specific surface normalized isotherms for adsorption of A. Naphthalene 

and B. Hexachlorbenzene to various types of SWCNTs. 
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Table 2.1. Parameters for Freundlich and PMM model from the adsorption isotherms of 

A. naphthalene, and B. hexachlorobenzene to various types of SWCNTs 
 

A.  

Naphthalene 

 

 

 

 

 

Freudlich  

model  

 Polanyi 

model  

Adsorbent Kf n R
2
  log Q0 a b R

2
 

SG65 8.8 × 105 1.0 0.92  6.33 4× 10 3 1.24 0.89 

SG76 1.1× 106 1.1 0.83  5.15 2.7× 102 0.65 0.49 

CG200 9.1× 105 0.87 0.95  4.67 -5.18× 10 7 2.73 0.94 

NanoIntegris-ultrapure 7.7× 105 0.99 0.99  7.20 -2× 10 2 0.993 0.99 

NanoIntegris-S 9.6× 105 0.96 0.97  6.63 -5× 10 3 1.21 0.99 

NanoIntegris-M 1.1× 106 0.90 0.70  5.46 -4.15× 10 5 2.01 0.92 

soot 2.6× 103 0.54 0.90  3.17 -1.16× 10 9 3.75 0.99 

 

n

wf CKQ 

b

s

w

V

C

S
RT
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B.  

Hexachlorobenzene 

 

 

 

 

 

Freudlich  

model  

 Polanyi 

model  

Adsorbent Kf n R
2
  log Q0 a b R

2
 

SG65   3.0× 105 0.57 0.70  3.66 -2.40× 10 3 1.49 0.96 

SG76   1.4× 105 0.48 0.29  3.8 -1.00× 10 2 1.18 0.91 

CG200  13× 105 0.49 0.24  3.8 -2.37× 10 3 1.51 0.94 

NanoIntegris-ultrapure  6.4× 104 0.46 0.15  17.1 -1.58× 102 1.49× 10 2 0.90 

NanoIntegris-S  1.2× 106 0.79 0.56  3.56 -7.93× 10 5 2.31 0.81 

NanoIntegris-M  5.8× 105 0.73 0.71  3.87 -5.60× 10 2 0.81 0.89 

soot 2.8 × 105 0.68 0.94  3.69 -4.80× 10 2 0.85 0.96 

 

n

wf CKQ 

b

s

w
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RT

aQQ
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Table 2.2. Sepecific surface area of SWCNTs and diesel soot and Freudlich model fits to 

isotherms generated using normalized surface area: A. Naphthalene and B. 

Hexachlorobenzene 

 
A. 

 

Adsorbent Specific area m
2
/g Kf n 

SG65 SWCNT 495 0.017 ± 0.02 1.01 ± 0.05 

SG76 SWCNT 720 0.24 ± 0.04 1.14 ± 0.09 

CG200 SWCNT 900 0.087 ± 0.009 0.78 ± 0.047 

Diesel Soot (SRM2975) 91* 0.0094 ± 0.0015 0.49 ± 0.06 

 
 
B. 

 
Adsorbent Specific area m

2
/g Kf n 

SG65 SWCNT 495 0.058 ± 0.20 0.056 ± 0.073 

SG76 SWCNT 720 0.019 ± 0.017 0.48± 0.20 

CG200 SWCNT 900 0.014 ± 0.11 0.46 ±0 .14 

Diesel soot (SRM2975) 91* 0.22 ± 0.02 0.79 ± 0.024  

 
 
*Data retrieved from Certificate of Diesel Particulate Matter SRM 2975 from NIST. 
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3. The quantification and characterization of 
SWCNTs in biological tissues using near 
infrared fluorescence spectroscopy 

 

3.1. Introduction  

Single-walled carbon nanotubes (SWCNTs) are unique cylindrical carbon 

allotrope structures composed of sp2 hybridized carbon. They are an important variety 

of carbon nanotubes because they exhibit electric properties that multi-walled carbon 

nanotubes (MWCNTs) does not have [8, 99, 100]. These materials are currently being 

used in a variety of products including lithium-ion batteries, electronics, chemical 

sensors, and have the potential for a wide range of commercial applications [43, 105]. 

With the increasing production volume, its release into the environment through 

multiple pathways is expected, such as through the air and through the waste stream 

into the aquatic environment.   

The understanding of the implication of the release of SWCNTs into the 

environment for human and environment health will require detailed studies of the 

toxicity and bioaccumulation of SWCNT. While much of the research have been focused 

on the toxicity of SWCNTs in the environment, however, the uptake, distribution, and 

sub lethal toxicity of SWCNTs is not well understood [59, 89, 106]. One of the biggest 

barriers to comprehensive toxicity assessment has been the difficulty in the detection 
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and quantification of SWCNTs in vivo. Though a number of techniques, such as 

transmission electron microscopy (TEM), Raman spectroscopy, size exclusion 

chromatography, thermogravitric analysis and absorbance measurements have been 

applied for quantifying SWCNTs [10, 12, 107-109]. They are limited to either 

complicated laboratory settings which require time consuming sample preparation, or 

low sensitivities for environmental samples due to matrix effect. Rapid and sensitive 

techniques are needed for quantifying SWCNTs in assist to the toxicity study of 

SWCNTs. 

Recent application of using near-infrared fluorescence spectroscopy (NIRF) in 

imaging and quantification of SWCNTs in cells and whole organisms has emerged as a 

rapid and sensitive technique to assess the distribution of these material [8, 47, 80]. This 

technique utilizes the fluorescence in the near-infrared range (900-1500 nm) of 

individualized semiconducting SWCNTs with specific chiral indices (n, m) [8, 11]. Each 

species of SWCNT gives distinct fluorescence emission which allows the quantification 

and characterization of a bulky SWCNT sample. This technique is especially effective to 

quantify SWCNT in biological and environmental matrices such as sediment due to the 

low fluorescence in the near-infrared region in environmental samples resulting the high 

signal to noise ratio of samples. Although the fluorescence of SWCNT in aqueous 

suspension is unique, it can be quenched by aggregation, chemical functionlization or 
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acidification[110]. And, the fluorescence quantum yield of SWCNT is highly dependent 

on the suspension matrix[11]. For applying NIRF to quantify SWCNT in biological 

matrices, the major challenge has been to dissolve the tissue and to disperse 

individualized SWCNT. Schierz et al demonstrated that sonication is effective to extract 

SWCNT from sediment using 2% sodium deoxycholate (SDC) solution using high 

power sonication [47]. We hypothesized SWCNT can be efficiently extracted from 

biological tissues using high power sonication in a similar way.  The goal of this study is 

to develop effective extraction and disperse methods for quantifying and characterizing 

SWCNT in biological tissues, such as fish and mouse. The result will be useful in 

assisting evaluate the exposure, impact and fate of SWCNT in various animal models 

and environments. 

 

3.2.  Materials and Methods 

3.2.1. SWNT suspension preparation for exposure study 

 SG65 SWCNT and SG65i SWCNTs were graciously donated by SouthWest Nano-

Technologies (Norman, OK) in dry form. The surface of these as-prepared SWCNT is 

composed mainly of sp2 hybridized carbon. For fish exposure,  SWCNT suspensions 

were freshly prepared from powdered nanotubes in 0.5% gum arabic (Sigma Aldrich, St. 

Louis, MO) or 2% sodium deoxycholate (Sigma Adrich, St. Louis MO) dissolved in 
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nanopure water. Initially, 1mg mL-1 suspension was made in test tubes on ice using 

sonication for two 10 minute intervals at 50% amplitude using a Branson 450 sonifier 

fitted with a 1/8” diameter microtip probe.  After sonication, an aliquot of the suspension 

was saved in a microcentrifuge tube.  The rest of solution was centrifuged at 14100 rpm 

for 5 min. The resulting supernatant was carefully collected and the final concentration 

of SWCNTs in solution was determined by taking the absorbance ratio at 775nm of post-

centrifuged suspension to the pre-centrifuged suspension according to a previous 

study[111]. The suspension prepared for mouse lung exposure was prepared by my 

collaborators at University of Florida. 1mg mL-1 suspension was first made in 2% SDC 

suspension by applying ultrasonication. This suspension was dialyzed with 1% pluronic 

solution for 3 days. The concentration of dialyzed SWCNT was determined by taking 

the absorbance ratio at 775nm of dialyzed SWCNT to pre dialyzed SWCNT in 2% 

suspension. 

 

3.2.2 Extraction of SWCNT  from fathead minnow (FHM) tissues 

Fathead minnow tissue, intestines or livers (typically <50 mg wet) were received 

in frozen form. They were suspended in 0.75 mL of 2% SDC and was sonicated (Branson 

Sonifier 450) using a 1/8” microtip probe at 50%  amplitude for 10 min on ice.  A second 

round of sonication was applied by adding an additional aliquot of 1 mL 2% SDC 
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solution. Two calibrations were made. The first calibration was made using five point 

concentration using dilutions made from SWCNT  2% SDC stock suspension. Another 

calibration was made with five point matrix-matched standard addition of SG65 

SWCNTs to non-exposed intestine tissue to account for any matrix effects on 

quantification (e.g., internal filter effects or reduced recovery in extraction). SWCNT 

burdens were reported as mass SWCNT per fish. Similar extraction condition was 

applied in attempt to extract SWCNT from various types of fish food I received from my 

collaborator. Upon completion of sonication, the food suspension was centrifuged at 

3000g to remove some suspended solid matters. 

 

3.2.3  Extraction of  SWCNT from mouse lung tissue 

Lung samples were homogenized in 2mL 2% sodium deoxycholate using a 1/8” 

microtip probe sonicator (Branson Sonifier) at 50% amplitude for 10 minutes on ice. Post 

sonification, 2mL of proteinase K (Qiagen, Germany) in buffer (80µL proteinase K, 

720µL ATL buffer and 1200µL water) were added to each suspension for incubation for 

24h at 60˚C on an orbital shaker (Exceller, E25) at a speed of  120rpm/minute. Upon 

completion of incubation, the suspension were resonicated in the incubation falcon tube 

for 10min at 50% amplitude. NIRF spectra were collected using NS1 spectrofluorometer 

followed the second round of sonication. 
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3.2.4. NIRF analysis of the SWCNT suspension 

The tissue suspension were transferred to quantz cuvette (Starna Cell) upon 

completion of sonication. NIRF emission spectra were collected using an NS1 

spectrofluorometer (Applied NanoFluorescence, Houston, TX) at three laser excitation 

wavelengths (638, 691, and 782 nm). Emmision spectra was collected from 900 nm to 

1300nm. For quantification, the spectra were integrated using fitting function implanted 

in the NS1 software which fit the spectra according to the individual semiconductive 

SWCNT chrial species.   

 

3.3. Results and discussion  
 

3.3.1.  Extraction of SWCNT in fish tissue 

 Bile salts such as sodium deoxycholate were know for their effectiveness to 

disperse individualized SWCNTs in water through electrostatic repulsion mechanism 

[112, 113]. However, due to the intrisinc toxicity of bile salts to living organisms [114, 

115], such as toxicity to liver, the feeding SWCNT suspension used in fish digestive tract 

study was first made in a natural polymer, 0.5% gum arabic (GA). This polyer disperses 

SWCNT through wrapping mechanism [116]. GA dispersed SWCNTs have significant 

lower quantum yield than SDC (Figure A.1, Appendix A), that dispersed in same 
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concentration, the NIRF intensity is much lower for GA.  Therefore, SWCNTs were 

extracted from tissue using 2% SDC by applying sonication.  

 Initially, the extraction efficiency from fish intestine tissue was approximately 

75±6% which is determined by spiking SWCNTs to control intestine tissue (Table A.1. SI). 

Homoginization of the tissue did not increase the extraction efficiency. However, during 

a test gavage experiments, the extraction efficiency from fish tissue is lowered to 60% 

with 50% variance in the triplicate samples shown in Figure 3.1. The amount of 

recovered SWCNTs (μg) and the average recovery percentage at different time point of 

the experiment were recorded in Figure 3.1. Though variance in individual fish 

digestion rate could be responsible for the variance in the data at later time points of the 

experiment. There was a similar variance in the quantified SWCNT at the beginning of 

the experiment when the fish was initially gavaged with SWCNT. A number of reasons 

could contribute to the moderate recovery rate and the significant variance in the data, 

such as quenching of signal from the components within the intestine tissue or possible 

randomness of slipped food from fish. In order to minimized the loss of quantified 

SWCNT, five-point matrix match calibration were made by standard addition of 

SWCNTs to non-exposed intestine tissue. The recovery of the samples improved 

significantly with this matrix matching calibration. 
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3.3.2 NIRF data analysis for fish tissue 

 Two modes of data fitting approaches were attempted. One approach was to 

integrate the individual peak originated from different semiconductive species 

according to their predicted emission wavelength using the implanted software on NS1 

spectrofluorometer. The advantage of this method is that it can not only quantify the 

amount of SWCNTs within the sample; but also useful in extracting the structural 

information such as chirality and diameter distribution of SWCNTs within the sample. 

The other approach was to integrate the whole area of the spectra, thus to minimize 

possible poor fitting due to the shift of emmison wavelength resulted from biological 

matrix [110, 117, 118]. Fitting according to the emmisions from specific chiral species 

showed better recovery yield. Therefore, this fitting method was used to process the 

fluorescence spectra to quantify the amount of SWCNT in fish or mouse tissues. The 

chirality and diameter information of the sample was included in Figure A.2, Appendix 

A. 

 

3.3.3. Extraction and NIRF analysis of SWCNT in fish food 

 The SWCNT extraction approach was found to be effective in extracting 

SWCNTs from fish food. I extracted SWCNT from a variety form of fish food: gel food 

or pellets. 2mL of 2% SDC were added to approximately 0.3 g of fish food. The resulting 
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suspension was quite cloudy initially and the NIRF signal was weak. NIRF signal 

improved after applying centrifugation to the suspension. Quantification using fitting 

according to emission was applied to the gel food in one study [92] as the NIRF is signal 

was strong and the recovery percentage was approximately 80%. In another study with 

my collborators, the SWCNT was added in the pellets food at a much lower 

concentration (approximately 2μg g-1). The resulting spectra were lack of typical SG65 

SWCNT emissions as shown in Figure A.3, Appendix A. Another spectra data analysis 

approach was applied that the calibration was made from the adjusted peak intensity 

which was obtained from subtracting the most intense peak height (the peak resulted 

from (6,5) SWCNT species,  excitation wavelength = 782 nm and emission wavelength = 

983 nm) from the peak height in control food.  The final quantified value for the SWCNT 

food is 1.53 ug g-1. While a value of 0.53 ug g-1 was quantified in the food without 

SWCNT. However, this value did not hit the detection limit of the method which is 0.6 

ug g-1. Therefore, we concluded no SWCNT was present in the control food. 

 

3.3.4. The bioaccumulation of SWCNT in fish digestive tract 

 SWCNTs were extracted and quantified from fish intestine tissue which came 

from a feeding study over 160 hours shown in Figure 3.2 [90]. These fish were gavaged 

with SWCNT food suspension made in 0.5% GA at t=0 h. At each time point, 3 of the fish 
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were dissected and quantified for the SWCNT remained in its intestine. Similar to the 

significant variance of NIRF signal I observed during the test gavage experiment, these 

samples showed huge variance at each time point. Generally, the amount of residual 

SWCNTs in the intestine declined over time. At the end point of the experiment t = 160 h, 

the amount of of residual SWCNTs was not detectable on the NIRF instrument. This 

result suggested, the fish body was able to metabolize SWCNT out of the body through 

digestive tract. SWCNTs are less likely to cause long-term health problem in fish 

through dietary exposure.   

 The quantified amount of the SWCNTs were also compared with the high 

resolution NIRF image taken by my collaborators at University of Florida. The 

quantitation results were in agreement with the high-resolution NIRF image shown in 

Figure 3.2 [90] that samples showed higher intensities in the high-resolution NIRF image 

were quantified with higher amount of SWCNTs.  Attempts were also made to track and 

quantify SWCNT in fish by feeding the fish food which contains SWCNTs [92]. Gel food 

containing SWCNT were fed to fish at various time point and upon feeding, the amount 

of SWCNT was measured in its intestine using NIRF. Figure 3.3 [92] showed the amount 

of SWCNTs in fish intestine after each feeding. It showed the random amount of food 

the fish actually swallowed after each feeding that there was no general trend of the 

curve over time. In this study, we demonstrated NIRF was capable of tracking the 
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SWCNT source and its movement in aquatic vertebrate. Overall, SWCNT did not 

accumulate or penetrate in fish gastrointestinal system even with presence food causing 

direct toxicity. However, the potential interactions between SWCNT and the nutrient in 

food led to the examination of sublethal impacts on the bioavailability of nutrients in 

food. The results from my collaborators showed SWCNT can lower expression on pept2 

and cck regions of the intestine, indicating subtle effects on nutrient transport [91]. 

 In addition to fish intestine tissue, I also quantified SWCNTs in the liver tissues 

from the same experiment to assess the loss of SWCNT in intestine tissue and to 

evaluate the possible partition of SWCNT within the body. Weak fluorescence was 

observed in fish liver tissues through high-resolution NIRF imaging by our collaborators. 

Therefore, I attempted extracting SWCNT from livers using the same procedure as for 

intestine tissue. The resulting NIRF spectra for fish liver shown in Figure A. 4 (Appendix 

A) was lack of the characteristic emission for the semiconductive SWCNT species used 

in the study. By comparing the spectra from the SWCNT gavaged fish liver samples and 

control sample, there was no significant change of emission in the spectra. Therefore, we 

concluded the fluorescence from the liver was originated from components of the liver 

tissue. There was no partition of SWCNT into liver tissue from fish digestive tract. 
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3.3.5. Extraction of SWCNT in mouse lung tissue  

 Proteinnase K was previously reported to be capbale of dissolve rat lung tissue 

leaving the surface of CNT intact for thermal analysis [119]. We suspected this method 

would also work well for SWCNT for NIRF analysis since the surface of the SWCNT 

remained intact after the digestion. Upon completion of the digestion, the suspension 

became a transparent dark yellow solution with minimal amount of solid particulates. 

Upon second round of sonication, the suspension became all clear. NIRF signal was 

highly improved after digestion and resonication. The NIRF recovery yield for mouse 

lung samples prepared using proteinase K digestion protocol was about 80% compared 

to 50% without proteinase K digestion. I performed experiments to optimize the 

effectiveness proteinase K digestion.  Method 1 was to homogenize lung tissue first 

followed by sonication of the sample in 2% SDC solution, adding digestion buffer in the 

end. Method 2 was to sonicate sample in 2% SDC solution, then add digestion buffer 

directly.  Method 3 was to sonicate the sample in deionized (DI) water and add digestion 

buffer. Upon completion of digestion, 4% SDC was added to the sample to make 2% 

SDC final concentration in the end.  Comparing the result from method 1 and method 2, 

the results indicated that homogenization of the sample did not improve the NIRF signal.  

Comparing method 2 and method 3, no difference in quantification result was observed 

regarding adding SDC solution at the beginning or adding SDC solution after digestion. 
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It was concluded that the presence of surfactant, SDC, does not interfere the activity of 

proteinase K. Therefore, I quantified the mouse lung samples using method 2 for due to 

its easiness in operation. 

 

 

3.3.6. NIRF analysis of SWCNT in mouse lung tissue 

 Mouse model has been examined in a number of studies to access the pulmonary 

toxicity of CNTs [57, 61, 89, 120]. It has been concluded that SWCNT have apparent 

pulmonary toxicity that it is more toxic than quartz. However, no study tracked and 

quantified the amount of SWCNT remaining in lung tissue during the experimental 

period. A better understanding of the retention of SWCNT in lung tissue requires 

quantification techniques for evaluation of the does-toxicity response in mouse model 

and to assess its long term health effect.  

 In order to avoid the intrisinct toxicity induced by bile salt to animal, the 2% SDC 

SWCNT suspension was dialyzed in 1% pluronic solution before intratracheal 

instillation. The quantum yield of CNTs in pluronic is much weaker then in 2% SDC 

Figure A.5 (Appendix A) that the signal from SWCNT in 1% pluronic solution was much 

weaker than in 2% SDC at the same concentration. Upon proteinase K digestion and re-

sonication, the resulting suspension became a clear solution with tinted yellow color. 
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The amount of SWCNT was quantified with a calibration made from stock SWCNT in 1% 

pluronic solution extracted in 2% SDC solution.  The recovery was approximately 66.7% 

for intratracheal instillation experiments, while the recovery was 90% for spike-and-

recover experiments (Table A. 2. Appendix A). 

 

3.3.7. The bioaccumulation of SWCNT in mouse lung tissue 

 Figure 3.4 showed sample spectra of the lungs and the quantified results at 

different time points after the intratracheal instillation of SWCNT in mouse lungs. 

Though the amount of residual SWCNTs decreased over the period of the study which 

was likely a result of early action of mucociliary clearance in the upper airways, 

SWCNTs persisted in lung at all time points examined. This is consistent with previous 

studies that SWCNT can pose long-term toxicity in lung tissue that SWCNTs tends to 

remain in lungs after exposure [60]. Therefore, it is important to monitor and regulate 

the environment where SWCNTs can be exposed into the air such as the industrial 

SWCNT production factories and laboratories handles CNT material.  

To investigate the loss of the SWCNT during the intratracheal instillation 

experiments, I extracted SWCNTs from mouse stomach tissue using proteinase K 

digestion protocol. The typical SG65i SWCNT emission was observed in several samples 

that these samples were from early time point during the experiment (SI).  Partition of 
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SWCNT from respiratory system to digestive tract was unlikely, since there is no 

evidence that the SWCNT partitioned into the tissue layer. The SWCNT possibility made 

its way into stomach through coughing and swallowing. Also, the results suggested 

SWCNT was able to be moved out of mammal digestive tract because no SWCNT is 

quantified in the samples collected at later time points in the experiment. 

 

3.3.8. Summary 

NIRF can provide qualitative and quantitative accessement of SWCNT in vivo 

Studies. It is highly sensitive and reliable in detecting and quantifying semicondctive 

SWCNTs in biological tissue. With proper digestion and dissolving tissue method 

developed, NIRF is useful in tracking SWCNT transport and distribution in animal 

models as well as tracing its presence in the source, such as fish food in this study. Once 

the transport and bioaccumulation data in animal models are available, the time and 

dose dependence of SWCNT can be better evaluated for toxicity studies. Two animal 

models were investigated during the method development for quantifying SWCNTs in 

biological tissues: fish and mouse. Indeed, the bioaccumulation of SWCNT impacts 

greatly on its toxicity to organisms. The NIRF quantification results in indicates that 

while SWCNTs tend to be metabolize out of fish digestive tract through a relative short 

period of time 160 hours. Minimal health influence is likely to be induced by SWCNT 
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direct exposure to aquatic vertebrate. In another case, SWCNTs can have long-term 

health impact in mammal respiratory system due to its immobility after exposure to 

lungs.  
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Figure 3.1. The amount and the recovery percentage of SWCNT (μg) quantified in 

fish intestine determined by 3 types of calibrations: Black data points represent the 

amount of SWCNT quantified using a calibration made from SWCNT extracted 

using 2% SDC from stock SWCNT suspension in 0.5% GA. Red data points represent 

the amount of SWCNT quantified using a matrix match calibration made by 

standard addition of SWCNT to unexposed fish intestine. Blue data points represent 

the amount of SWCNT quantified using the total intensity-calibrated using matrix 

matching calibration data. 
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Figure 3.2 The amount of SWCNT quantified using NIRF in the feeding experiment: 

A. NIRF images of fish intestines over time demonstrate strong fluorescence after 

initial gavage decreasing over time with 168 h required for total excretion. Scale bars 

= 5 mm. Amount of SWCNT quantified during feeding experiment and selected 

NIRF spectra at several time point during the experiment.[90] 

 
Reprinted with permission from Environmental Science & Technology. 

Copyright 2014 American Chemical Society. 

 

A 

B 
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Figure 3.3. NIRF imaging and quantification of SWCNTs in fish intestines. NIRF was 

used to track SWCNT movement in intestines throughout SWCNT exposures. The solid 

white line is a scale bar representing 5 mm. (a) Light image of typical FHM intestine 

with proximal portion oriented on the bottom left moving to distal portion; (b) NIRF 

image of control intestine; (c–g) NIRF images of representative intestines from FHM 

exposed to a SWCNT diet for 2, 12, 24, 48, and 96 h of feeding, respectively; (h) 

Quantitation of SWCNTs in fish intestines using NIRF spectroscopy [92].  

 

Reprinted with permission from Nanomaterials. 

Copyright 2015, MDPI, Basel, Switzerland. 
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Figure 3.4. Tracking and quantification of SWCNT in mouse lung tissue: A. Timeline 

of near-infrared fluoresence images and bright field images of control and SWCNT-

exposed lungs captured over the 21-day exposure period. B. quantitation of 

SWCNTs present in lung tissue from exposed mice using NIRF spectroscopy (bars) 

and NIRF images (line). Graph of SG65i mass (µg) recovered from lung tissue across 

treatment groups versus fluorescence recovery of SWCNT exposed lungs was 

measured over the 21-day exposure period 
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4. Detection and quantification of single-walled 
carbon nanotube using metal-finger printing 
approach in aerosol matrices 

 

4.1. Introduction 

 Currently, with the rapid manufacturing and application of single-walled carbon 

nanotube, the contamination and bioaccumulation of such material in the environment 

is expected [66, 88]. Several techniques have been applied to quantify and characterize 

single-walled carbon naotube (SWCNT) such as transmission electron microscopy, UV-

Vis, thermogravimetry-mass spectroscopy and programmed thermal analysis [35, 81, 

109, 121, 122]. However, these methods are either limited to specific laboratory settings 

and were not capable of quantifying SWCNT at their relative environmental 

concentrations which is in pg-ng Lwater-1, mair-3, or gsediments-1 [56]. Though near infrared 

spectroscopy showed improved detection limit for SWCNT in sediment or tissues [47, 

90]. This method is not sensitive to all types of SWCNT that only semiconductive 

SWCNT gives fluorescence [9, 99].  Depending on their chiral wrapping angle which is 

defined by the chiral indices (n, m), if n-m is an integer, this SWCNT is conductive; if not 

the SWCNT is semiconductive [9]. To date, it still remains challenging to synthesize 

carbon nanotubes with controlled electronic structure, that statistically about 2/3 of the 

SWCNT within a bulky SWCNT sample is expected to be semiconductive.  Moreover, 
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the resource of the released CNT is difficult to be traced. SWCNT can be released into 

the occupational environment during its disposal process, such as collection from 

furnace and purification with acid [123]. Additionally, contaminants such as black 

carbon soot (BC) and polycyclic aromatic hydrocarbons (PAH) can be formed during 

SWCNT production, and CNT also exhibits asbestos-like pathogenic behavior, which 

can induce serious respiratory disease [61, 89]. Therefore, a method with high detection 

limit to measure SWCNT concentrations in atmospheric environment is essential. 

 The synthesis of carbon nanotubes (CNTs) requires the use of several unique 

metals such as Fe, Co, Ni, Mo, Mn, Cu, Y, La, Mg, Al, and Si [5, 124-129]. And unpurified 

CNT sample can have up to 30% metal contents by weight [20, 130], which is fairly 

distinct from BC and many other sources of organic carbon in the natural environment 

that have very low or undetectable metal contents. Even for the purified carbon 

nanotubes, they can still have up to 4% metals contents by weight [131]. Studies have 

shown that these metal impurities were intercalated within carbon nanotube structure 

that they remain within carbon nanotubes even after acid purification [131]. Up to date, 

though there are hundreds of protocols to mass produce MWCNTs, only a few 

approaches can be utilized to produce SWCNT in industrial scale. And, the metal types 

and metal: metal ratios are more special than MWCNTs. Most commercially available 

SWCNT are produced by arc-discharge method or catalytic chemical vapor deposition 
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(CVD) method. Both methods utilize Ni, Y, Fe, Co and Mo as catalysts most commonly 

[21, 125]. Therefore, we propose that by tracking the metal abundance in environmental 

samples, in combination with other elements, such as carbon, SWCNT can be traced and 

quantified for environmental samples. This method was first proposed by Plata et al [20]. 

One advantage of this method is that it will not be limited to CNTs with specific 

electronic structure.  

 Indeed, others have utilized the unique metal composition of an aerosol sources 

to study their environmental transport , such as platinum from catalytic converters) [132] 

and zinc for tire dust [133]. The metal types and metal to metal ratios of SWCNT are 

fairly distinctive from many of the geological materials. For example, the Ni:Y ratio of 

the commercial SWCNTs varied between 2.9 and 4.9 and these ratios are also distinct 

from coal (Ni:Y=1.3), petroleum (Ni:Y=66,000) and continental crust (Ni:Y=0.9) [20]. 

Hence, abnormal higher Ni:Y ratio within a sample could indicate the presence of CNT. 

For another example, in the CoMoCat tube (from SouthWest Technologies) which only 

uses Co and Mo as combination metal catalysts, the Co:Mo ratio was 0.31±0.01 (SG65 

SWCNT) or 0.59±0.04 (SG76 SWCNT) and 2.6± 0.12(SG65i SWCNT). The Co:Mo ratios in 

these SWCNT are lower than the SWCNT produced by other manufactures (2.9±0.1 for 

NanoAm and 4.0±0.2 for SES )[20]. Therefore, the metal catalyst ratios may be used to 

distinguish specific SWCNTs types produced by a manufacturer. The metal finger-prints 
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will be particularly useful for identifying the responsible party for certain type of 

SWCNT pollution indentified in the environment. 

 However, using metal data or metal: metal finger-prints alone, might not be 

sufficient to identify a certain type of SWCNT from the environment. Unlike Ni:Y 

abundances, the Co:Mo ratios in industrially synthesized SWCNTs (0.31±0.01 to 4.0±0.2) 

overlap with those of coal (1.67) and petroleum (0.43) [20], making it difficult to identify 

natural and anthropogenic SWCNT sources using metal ratios alone. However, 

SWCNTs have relatively high Co:C content (0.31 and 0.88) compared to coal 

(Co:C=5.6×10-6), petroleum (Co:C=4.0×10-6), and continental crust (Co:C=3.7×10-3) [20]. 

Thus, the unique metal:carbon ratio of SWCNTs can be useful for tracing these emerging 

contaminants , considering that black carbon (BC) soot and other natural nanoparticles 

are expected to have relatively low metal contents. It is reasonable to suspect that the 

approach could be readily deployed in occupational settings and near factories for 

aerosol analysis. Indeed, it is extremely useful in these cases, where the metal content of 

the CNTs is well known. The goal of this study is to establish a robust approach for 

detecting and quantifying SWCNT in aerosol matrices by monitoring the metal: metal 

ratio along with the other element, carbon. 
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4.2.  Materials and methods 

4.2.1.  Metal characterization of SWCNT 

 All glassware used in this study were soaked in 3M of hydrochloric acid for at 

least 2 days prior to use. SWCNT used in this work were CoMoCAT nanotubes (SG65 

SWCNT and SG65i SWCNT) donated from Southwest NanoTechnologies and NiY arc- 

discharged nanotubes (P2 SWCNT) from Carbon Solutions Inc,. Both SWCNT were as 

prepared tubes with no further functionalization of the surface. The experiments were 

carried out in triplicates. Approximately 20 mg of SWCNT were weighed in quartz 

beaker. These SWCNT were combusted in muffle furnace for 8 hours at 500 °C. Then the 

ashed SWCNT were digested on a hot plate at 160 °C with 2mL of concentrated Nitric 

acid followed by 2 mL of concentrated hydrochloric acid for approximately 30 minutes. 

The solution in the quartz beaker was evaporated to dryness and redissolved in 10 mL 

of 2% (v/v) nitric acid and 0.5% (v/v) hydrochloric acid. The resulting solution was made 

in 1:20 dilution and submitted ICP-MS analysis for Co, Mo, Ni and Y. This combustion 

and digestion protocol was adapted from Plata et al [20]. A lower combustion 

temperature was used to conserve the resulting metal oxide, especially for MoO3, as 

study indicates MoO3 will sublimate at 520 °C [134]. 
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4.2.2.  Standard addition of SWCNT to air filters  

 To test the feasibility of the metal-finger approach, the initial experiments were 

carried out with the standard addition of SG65 SWCNT to a standard reference material, 

SRM 1649b urban dust (NIST) on the filters. The urban dust is well characterized for its 

organic and inorganic components. The filters were muffled at 450 °C for 12 hours prior 

to use. 0.2μg -2000μg of solid phase SG65 SWCNT were mixed with 20mg of urban dust 

in 50 mL falcon tube. The mixture was vortexed vigorously with 40 mL of ethyl acetate. 

The suspension was filtered through glass microfiber filters (diameter 47mm, Whatman) 

with the assistance of vacuum suction. The filters were then dried in covered plastic 

container under hood for 24 hours.  

To get a more broad and realistic aerosol matrices, aerosol samples were 

collected on quartz filters (prepared in the University of Wisconsin) using air pumps 

(KNF Neuberger vacuum pump, model PU426–N026.3 8.90 or SKC AirCheck XR5000) 

on the roof top of CIEMAS building on Duke university campus during Nov 27th to Oct 

3rd 2016. 12 samples were collected over 3 48-hour periods for a total of 36 samples. 

These pumps collected the aerosol at a flow rate of 4 L minute-1 for a total of 2880 

minutes. Upon completion, the aerosol samples were securely sealed and stored at -20  

prior to use. 1mg mL-1 of SG65i SWCNT and P2 SWCNT suspension was prepared in 

ethyl acetate by applying ultra sonication for 20 min at 50W power input (microtip, 
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sonifier 450, Branson Ultrasonics, Danbury, CT). Each quarter of the filters were loaded 

with SWCNT in ethyl acetate suspension by pipetting. The amount of SWCNT loaded 

varied from 3 ng to 30000ng to achieve SWCNT concentration in the aerosol from 1ng m-

3 to 10000 ng m-3. Upon loading of the SWCNT, the filters were dried under the fume 

hood for 24 hours. The experiments were carried out in triplicates. 

 

4.2.3 Metal analysis of the filters 

 Half of each filter were combusted and digested using the same procedure used 

for bulky metal analysis in SWCNT. The filters were combusted in muffle furnace at 

500 °C for 8 hours, then redissolved in 2% nitric and 0.5% hydrochloric acid. The 

solution was centrifuged at 3000g to remove any debris from the quartz filter. The 

supernatant was carefully collected and submitted ICP-MS analysis for Co, Mo, Ni and 

Y.  

 

4.2.4 Elemental carbon analysis of the filters 

 The remaining of the half filters were split into quarters. One quarter of the filter 

was combusted by chemothermol oxidation at 375 °C (CTO-375) for measurement of the 

black carbon (BC). The other half was measured for total carbon content (TC). The filters 

were delivered into silver capsules (15mm X 7.5mm) which were kept dry in a furnace at 
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60 °C prior to use. Then the filters were carefully wrapped in the capsules and submitted 

for carbon analysis using Elementar CHN analyzer.   

 

4.3.  Results and discussion  

4.3.1 Bulk metal analysis in the SWCNT 

 Table 4.1. summarized the metal content quantified in this study. Beside SG65, 

SG65i and P2 SWCNT. The amount of the residual metal various form 4%-12% which 

are in agreement of the the manufacture claim. The variance for each element for each 

type of nanotube is within 5%. For those SWCNTs which use a combination of two 

metal catalyst, the ratios of the key elements remain consistent in different replicates. 

Therefore, this key metal: metal ratio can be used to identify the SWCNT source from 

possible contamination site. 

 

4.3.2 Detecting and quantifying SWCNT in aerosol using its 

embedded metals 
 Due to the diversity of metal catalysts used in nanotube synthesis, there is no 

universal metal ‘fingerprint’ for all SWCNTs. However, by tracing the metal abundances 

in environmental samples, the presence of SWCNT might be detected.  Others have 

utilize the embeded metals as proxies to trace the presence of SWCNT in aqueous 

samples using single-particle inductively coupled plasma-mass spectrometry (spICP-MS) 
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[87]. This technique detects SWCNT using the characteristic pulses originated from the 

sequential introduction of the intercalated metal within nanotube structure into the 

plasma. Co and Y were found to be the most effective elements for differentiating of 

particulate pulses from background due to their low abundance in water.  

 SWCNT over a range of concentrations were spiked to collected aerosol samples. 

Bulky metal analysis of the aerosol showed that aerosol matrices generally contained 

low background in the metal of interest (Figure 4.1). Therefore, a higher than usual 

amount of such metal, especially a combination of metals (eg, Co and Mo, or Ni and Y) 

in an aerosol sample, could indicate the presence of SWCNT. Due to the lack of 

information on the particulate matter (PM) density of NIST dust, I normalized all data 

on same PM mass basis. The PM mass of Duke collected aerosol was calculated based on 

total carbon: PM mass = 0.25. This value was obtained from measuring the aerosol 

samples collected at Duke during the same sampling time as this study. Linear 

relationship was observed for the addition of several types of SWCNT to different type 

of aerosol concentrates over several orders of magnitude. The percent recovery of 

SWCNT based on the metal content detected was 81±11% (Co) and 79%±11% (Mo) 

during a pilot experiment (Table C.1, Appendix B).  This table also included the percent 

recovery of SWCNT based on metals for standard addition experiments. The 

background metal in the aerosol probably resulted the higher percent recovery for the 
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lower concentrations.  The data in Figure 4.1 were fitted with linear regression. The limit 

of detection (LOD) was determined based on the 3 times of the standard deviation of the 

metal abundance in aerosol background (Table 4.1.). Elements which are lower in 

background, gives the method detection limit in several ng m-3, such as Co for SG65i 

SWCNT (3.5ng m-3), Mo for SG65 SWCNT (3.8 ng m-3), and Y for P2 SWCNT (6.2 ng m-3). 

Elements which are higher in background, such as Mo for SG65i SWCNT (45 ng m-3) and 

Co for SG65 SWCNT (14 ng m-3), gave lower detection limit. Ni for P2 SWCNT gave the 

lowest LOD (303 ng m-3). This is probably a result from both the high abundance in 

background and higher variance in samples due to the possible cross-contamination 

during sample preparation process. 

 The metal: metal ratios are unique for each type of SWCNT: SG65 SWCNT (Mo: 

Co =3.2 ± 0.03), SG65i (Co: Mo=2.7 ± 0.1) and P2 SWCNT (Ni: Y=3.8± 0.4).Though the 

ratios of the key metal elements tested in this study were not significantly different from 

that of the aerosol matrices (urban dust : Mo: Co=0.78± 0.3, and Duke collected aerosol 

Co: Mo= 0.21± 0.02, Ni:Y= 24± 8) (Figure 4.2). The coincidence of same metal: metal ratio 

is rare for natural materials. Therefore, using key metal: metal ratio as a detection 

method for SWCNT has more specificity for SWCNT than using metal abundance alone. 

The limit of detection based on metal: metal ratios were determined as following: SG65 

(LODMo:Co =  83 ng m-3), SG65i (LOD Co:Mo= 63 ng m-3 , and P2 (LOD Ni:Y= 219 ng m-3 ).  
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4.3.3 Carbon analysis of the aerosol matrices 

 Due to the possible overlap of metal: metal ratios between SWCNTs and aerosol 

matrices, elemental analysis of the samples were performed to get additional 

composition information on the samples (Figure 4.3). Both the total carbon (TC) and 

black carbon (BC) after CTO-375 treatment were measured. CTO-375, a thermal analysis 

method to isolate soot from environmental samples, was previously found effective in 

isolating carbon nanotubes (CNTs), especially for MWCNT (multi-walled carbon 

nanotubes) from complexed environmental samples [83]. SWCNT usually can not 

survive the chemothermal oxidation at 375 °C; while MWCNT can because of their high 

stability at high temperature. Though a number of studies attempted to quantify CNTs 

in environmental samples, such as in soil or rat tissue used thermal methods [83, 119], 

these methods are more limited to multi-walled carbon nanotubes. Due to sensitive of 

the elemental analyzer, which usually quantify carbon in micro grams (μg), is not 

sensitive enough to quantify ng m-3 SWCNT in aerosol matrices (Figure 4.3). Significant 

increase of TC was observed after 1000 ng m-3 of SWCNT addition to the aerosol sample,  

that using carbon data along would not able to quantify SWCNTs  in aerosol below 1000 

ng m-3. 

 Although quantifying carbon along is not sufficient to determine the presence of 

SWCNT in aerosol samples at low concentrations. The metal: carbon ratio for SWCNT 
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and aerosol were fairly distinctive that they were magnitudes away from each other 

(Figure 4.4). The aerosol matrices investigated had relatively low metal: carbon ratios.  

Mainly, the metal: carbon ratio was dominated by the amount of metal which was 

introduced by the addition of SWCNT. A slight addition of metal-rich SWCNT would 

result a higher than usual metal: carbon ratio in the sample. Therefore, an increase of 

metal: carbon ratio of the aerosol sample can be a good marker for possible presence of 

SWCNT in the air. The LOD determined by metal: carbon ratios were summarized in 

Table 4.2. 

  

4.3.4 Analytical performance of metal-fingerprint approach  

 Bulk metal analysis showed good LOD for SWCNTs, however, this method is 

lack of specificity. Many other substances in the air could contribute to the increase of 

the abundance of a single source of metal. Detection based on fingerprints originated 

from the unique metal: metal ratios or metal: carbon ratios have more specificity to 

determine the presence of SWCNT. Since SWCNT can not survive CTO-375, the 

remaining BC within the sample was solely dependent on the aerosol sampling size 

which remained similar for all dilutions. The metal: BC ratio was in linear relation with 

the addition of SWCNT. Both metal: TC and metal: BC data were fitted with linear 

regression. The resulting method limit of detection LOD of quantification (LOQ) were 
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summarized in Table 4.2 A. (SG65i in aerosol collected at Duke), B. (P2 in aerosol 

collected at Duke) and C. (SG65 SWCNT NIST dust). As the density of urban dust was 

not available, an assumption of 10 μg m-3 was made for the calculation. In all scenarios, 

the metal: BC ratio gave the highest detection limit which is in several ng m-3. For 

CoMoCat SWCNTs, the element which has more abundance in the SWCNT, shows 

better LOD: Mo for SG65SWCNT (1.2 ng m-3), Co for SG65i SWCNT (3.5 ng m-3). Though 

Ni is more abundant in P2 SWCNT (9.2% compared to Y 2%). Due to its high abundance 

in the background and bigger variance in sampling, it is much less sensitive than Y 

(6.2ng m-3). While metal: metal ratio is not the best in its detection limit [SG65 (LODMo:Co 

=  83 ng m-3), SG65i (LOD Co:Mo= 63 ng m-3 , and P2 (LOD Ni:Y= 219 ng m-3 )), this 

approach is the most conclusive detection method among all fingerprints, due to the low 

probability of occurrence of the same ratio. 

 

4.3.5 Summary  

 Overall, metal-fingerprint approach worked well for detecting and quantifying 

SWCNT in a matrix which have low metal content and high carbon content, such as 

aerosol. This method is capable of quantify SWCNT in aerosol in several ng m-3 range.  

This method offers a fast and affordable approach to screen possible contamination of 

SWCNT in the atmospheric environment and could be extremely helpful to evaluate 
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occupational places which are prone to such contamination. Though there is no 

universal metal-fingerprint for all kinds of SWCNT. To identify SWCNT in aerosol was 

possible if the composition data is available for the suspected SWCNT. Furthermore, 

with proper extracting and isolating methods, it is possible to apply this approach to 

other environment matrices, since the metal: metal and metal: carbon ratios are distinct 

from many other geological materials. 
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Figure 4.1. The metal content measured using ICP-MS in various spiked aerosol matrices. 

The horizontal dashed lines represent the background metal content within each matrix. 

The vertical solid lines are the detection limit of each type of SWCNT using its 

corresponding metal catalyst.  
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Figure 4.2. The metal: metal ratios of various spiked aerosol matrices. The red dashed 

lines represent the background metal: metal ratios in the aerosol matrices. The blue 

dashed lines represent the metal: metal ratio in the SWCNT. The vertical line is the 

detection limit based on metal: metal ratio. SG65 was loaded to 20mg urban dust in the 

standard addition experiments. A. SG65i spiked on Duke aerosol. B. SG65 spiked on 

NIST dust, and C. P2 spiked on Duke aerosol. 
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Figure 4.3. The amount of total carbon (TC) and black carbon (BC) measured after 

CTO-375 treatment in spiked aerosol matrices: A. urban dust and B. Duke aerosol . 

 

 

 

 

 

 

 

 

A 

B 



 

74 

 

 

 
 

Figure 4.4. The metal: carbon ratios for various types of SWCNT and aerosol matrices  
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Figure 4.5. The metal: carbon ratios measured in various types of spiked aerosol matrices. 

TC is the total carbon; BC is the black carbon. Horizontal dashed lines represent the 

metal: carbon ratio in the background aerosol. Vertical lines represent the detection limit 

A. 

C. 

B. 
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determined using the corresponding metal: carbon ratio for each type of SWCNT.A. 

SG65, B. SG65i and C. P2.  

 

Table 4.1. The percent of residual metal catalyst quantified in various types of 

SWCNTs.  

 

SWCNT  Manufacture  Metal catalyst(s)  

SG65  Southwest Techonologies  Co: 1.25±0.15%; Mo: 3.61±0.33%  

SG65i  Southwest Techonologies  Co: 2.42±0.26%; Mo: 0.93±0.07%  

P2  Carbon Solution Inc.  Ni: 10.3±1.07%; Y: 2.1±0.7%  
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Table 4.2. The limit of detection (LOD) and limit of quantitation (LOQ) for various types 

SWCNT in aerosol matrices based on the metal content, metal: carbon ratios and metal: 

metal ratios. a. SG65 I in aerosol collected at Duke; b. P2 in aerosol collected at Duke; 

and c. SG65 in urban dust, if density of the dust = 10 µg/m3.  

A. 

SG65i detection 

method  LOD (ng/m3)  LOQ (ng/m3)  

Co  3.5  11.5  

Mo  44.9  148.3  

Co: TC  39.7  131.0  

Co: BC  2.4  8.0  

Mo: TC  49.0  161.6  

Mo: BC  191.3  631.4  

Mo: Co  63  186.0  

B. 

P2 detection 

method  LOD (ng/m3)  LOQ (ng/m3)  

Ni  303.8  1002.4  

Y  6.2  20.6  

Ni: TC  112.1  370.1  

Ni: BC  71.9  237.4  

Y: TC  13.5  44.7  

Y: BC  5.6  18.6  

Ni: Y  219.0  657  

C. 

SG65 detection 

method  LOD (ng/m3)  LOQ (ng/m3)  

Co  14.2  46.9  

Mo  3.9  12.9  

Co: TC  9.8  32.4  

Co: BC  6.3  20.7  

Mo: TC  2.8  9.1  

Mo: BC  1.2  6.5  

Co: Mo  83  249  
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5. Separation and analysis of single-walled carbon 
nanotubes in estuarine sediments using 
density gradient ultracentrifugation with NIRF 
and ICP-MS 

 

5.1. Introduction 

 Single-walled carbon nanotubes (SWCNTs) are unique allotropes of 

nanoparticulate black carbon that have been applied to a range of technological 

applications [67, 89]. The total carbon nanotube (both single-walled and muti-walled 

carbon nanotubes) production is estimated to range from 55-1100 metric tons per year in 

the United States alone [88]. With the increasing manufacturing and application of these 

materials, their release into the environment is expected. The aquatic and sediment 

environments are likely to be the sinks for such contaminants due to possible release 

through manufacture waste streams and leaching from consumer products. Significant 

research has focused on characterizing the fate, transport and ecotoxicity of SWCNT 

exposure to aquatic organisms, including bacteria [91], invertebrate [67, 135] and fish [90, 

92]. These studies indicated SWCNT could cause adverse outcomes such as pulmonary 

toxicity and cytotoxicity. However, the expected concentration of SWCNTs is in the ng 

L-1 range in water [86] and up to 1 μg kg-1 in sediment [56, 65], requiring sensitive 

analytical techniques for their detection and quantification. Additionally, 
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the quantification of SWCNTs in sediment is particularly challenging because of the 

likely association of SWCNTs with particulates (e.g. sediments) and the inherent 

complexity of environmental samples. Sensitive and reliable quantification and 

characterization methods are needed to facilitate the ecological risk 

assessment of SWCNT in aquatic environment.  

 Quantification methods for SWCNTs at environmentally relevant concentrations 

are still under-developed. Though a number of analytical techniques such as 

transmission electron microscopy (TEM), Raman spectroscopy , UV-Vis, size exclusion 

chromatography , thermogravimetry-mass spectroscopy have been applied for 

quantitative analysis[20, 107, 109, 121]. These methods are limited to well-defined 

laboratory settings, high detection limits (in mg L-1 range) and poor performance in 

environmental matrices.  

 Near-infrared fluorescence spectroscopy (NIRF) shows its capability of 

quantification and characterization of SWCNT in sediment and aquatic organisms in 

previous studies[47, 90, 92]. This technique is highly sensitive to semiconductive 

SWCNTs due to the weak photoluminescence in NIR region from biological and 

environmental matrices, that resulting NIR emission from SWCNTs having high signal-

to-noise ratio relative to the background. The previous reported detection limit [47] is 
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62ng g-1 in sediment and 1.0 μg L-1 in water including using an ultracentrifugation 

concentration step. However, this technique is not sensitive to all types of SWCNTs. 

Depending on their electronic structure, which is described by the chiral wrapping-angle 

index (n, m), SWCNT can be classified as metallic (if n-m is evenly divisible by 3) and 

semiconducting [9, 99]. Each semiconducting SWCNT species gives distinctive 

fluorescence emissions according to their distribution of chiral indices (n, m); whereas 

metallic SWCNTs does not fluoresce. Most commercially available SWCNTs contain 

more or less mixtures of both types SWCNTs since the large scale production of SWCNT 

with controlled electronic structure remains a significant challenge. 

 The synthetic production of SWCNTs involves the use of specific combinations 

of metal catalyst, such as Co, Mo, Ni, Y and Fe, leading to a total metal content of 5-30% 

by weight [5, 136]. By using this metal catalyst as a proxy for SWCNTs detection, some 

studies have used bulky metal for quantification of SWCNTs [130, 137]. Most SWCNTs 

were purified after synthesis to remove the metal impurities for applications. However, 

studies have shown that even after acid purification, trace amounts of these metals 

remain intercalated within the carbon nanotube structure [138, 139]. By exploiting these 

metal impurities, single-particle ICP-MS (spICP-MS), a technique which is based on the 

generation of discrete pulses of ions that arises from the particles sequentially 

introduced to the ICP-MS, has been previously reported to be capable of detecting 
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SWCNT at very low concentrations which was in ng L-1 range[140]. The pulses arise 

from nano particles enables the differentiation of the particle quantification and 

characterization from dissolved metal in the solution. The metal : metal and metal : 

carbon ratio in these SWCNTs are fairly distinct from many of the geological materials 

[20]. Therefore, by monitoring the embedded metal catalyst types, metal : metal ratio 

along with monitoring elemental carbon content, SWCNT can, in principle be quantified 

using ICP-MS. This method will not be limited to semiconducting SWCNT.  

 The goal of this study is to quantify SWCNT in estuarine sediment at a 

concentration in sub μg g-1 sediment. Background metals from sediment present 

challenges to trace the metal source. Thus, we have applied density gradient 

ultracentrifuge (DGU) to isolate and separate SWCNTs in sediment extracts prior to 

both NIRF and ICP-MS analysis. DGU is extensively applied in biological research to 

separate objects by their subtle differences in density [141]. This technique has been 

extensively applied to sort CNT by different electronic types, chirality or diameters [28, 

142, 143]. The small specific density differences between the SWCNT and other 

components in the sediment extract will enable us to isolate SWCNT sediment matrix. 

Thus, using DGU will increase the specificity of metal measurement using ICP-MS. In 

this study, we will compare the analytical performance of NIRF and ICP-MS in 

quantifying SWCNTs at low concentrations in sediment for various types of SWCNTs. It 
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was  hypothesized that ICP-MS will be able to quantify lower concentrations of 

SWCNTs in sediments than NIRF since possible quench of fluorescence might occur due 

to association of particulate in sediment with SWCNTs.   

 

5.2. Experimental section 

5.2.1. Experimental Material.  

 To demonstrate the wide applicability of this approach, five different types of 

SWCNT from three suppliers were tested in this study. Four of them were produced by 

chemical vapor deposition (CVD) method: SG65 SWCNT (lot-no. 0036), SG76 SWCNT 

(lot-no. 24) and SG65i SWCNT (lot-no. 55) are CoMoCat SWCNT (SouthWest 

NanoTechnologies Inc., SWeNT, OK); HiPCo SWCNT (lot-no. p0261, Unidym Inc, CA), 

was synthesized using Fe as catalyst. Another SWCNT, P2-SWCNT (lot-no. 02-A008, 

Carbon Solutions, Inc, CA) was produced by arc-discharged method which utilized 

nickel and yttrium as catalysts. According to the manufacture, the SWCNTs were 

purified with acid treatment after synthesis for removal of the majority of metal 

impurities. The residue metal remained in these SWCNT various from 5%-15% by 

weight. All SWCNT were used as received without any further purification. Deionized 
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water (18.2 mΩ) used throughout this study was provided by an in-house Hydro 

Picopure 2 system. Sodium deoxycholate (SDC) (Analytical grade, 98%) used in SWCNT 

dispersion and Iodixonol used for preparation of the density gradient were purchased 

from Sigma Alrdich. Nitric acid (trace metal grade) and hydrochloric acid (trace metal 

grade) used in ICP-MS prepration were purchased from Fisher Scientific. FC-40 

Fluorinert electric liquid was used as a liquid piston to fractionate the density gradient, 

purchased from 3M. The estuarine sediment used in this study is a well characterized 

sediment collected from Bread and Butter Creek, South Carolina, U.S.A (dry weight 

               )[70]. 

 

5.2.2. Experimental design 

 A brief experimental scheme is shown in Scheme 5.1. SWCNTs were extracted 

from sediment using 2% SDC by applying ultrasonication followed by an initial 

centrifugation step [47].  The supernatant was collected carefully and was transferred to 

the top of density gradient in a ultracentrifuge tube. The samples were ultracentrifuged 

for isolation of SWCNT prior to NIRF and ICP-MS. The real time fluorescence was 

collected during fractionation process. The collected fractions were ashed and acid 

digested prior to analysis on ICP-MS.   
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5.2.3. SWCNT suspension preparation 

  SWCNT suspensions were prepared in 2% w/v sodium deoxycholate (SDC) in 

DI water by probe ultrasonication for 10 min at 50W power input (microtip, sonifier 450, 

Branson Ultrasonics, Danbury, CT) over an ice-water bath.  This suspension was 

centrifuged for 5 min at 17860 g for removal undispersed SWCNT bundles. The 

supernant was carefully collected. The initial well-suspended SWCNT concentration in 

the supernatant was determined by UV-vis spectroscopy (SpectraMax 5 Multimode 

Plate reader, Molecular Devices Inc.) using the ratio of the absorbance at 775 nm before 

and after centrifugation [111]. 

 

5.2.4. Initial extraction of SWCNT from sediment.  

 SWCNT (100μg) in 2% SDC solution was spiked to 0.2 g of sediment. 2 mL of 2% 

SDC was added to sediment. The mixture was votexed vigorously. The spiked samples 

were ultrasonicated for 10 minute at 50 W twice, then centrifuged for 5 minute at 17860g. 

The supernatant was collected. 

 



 

85 

 

5.2.5 Density gradient ultracentrifugation (DGU)  

 Each set of DGU experiments contained 3 replicates for 1 type of SWCNT ( either 

in pure SWCNT solution or sediment extract). For each set of DGU experiment, four 

identical 9mL density gradients were created directly in the centrifuge tubes (Ultraclear 

11mm   13cm, Beckman) with Optiprep 60% w/v iodixnol  and 2% sodium 

deoxycholate using a gradient maker (50 mL, Labconco) connected with four identical 

outlets. A 7 mL gradient was added on top of 2mL underlayer of 60% w/v iodixanol.    A 

SWCNT suspension (approximately 0.1 mL) which contains 100 g of SWCNT 

determined by UV-VIS was mixed with 10% v/v Optiprep iodixnol. This mixture was 

injected approximately 1 cm from the top of the gradient at 0.1mL min-1 using a syringe 

pump (KD Scientific). Approximately 2mL of 2% w/v SDC was added on top of the 

gradient to fill the remainder of the tube.   

 Ultracentrifugation for sediment extracts were prepared similarly.  However, the 

sediment extracts containing SWCNT were added directly on top of the gradient 

(approximately 2 mL) to Approximately 1mL of 2% SDC was added to fill the remainder 

of the tube. Since the sediment extract contains significant volume of liquids. Adding on 

top of the gradient prevented the disruption of the linearity of the gradient.  
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 All samples were ultracentrifuged for 12 h at 25   and 41000 rpm (Beckman-

Coulter, SW41 rotor). This method was adapted from the methods in previous studies 

[28, 142]. Experiments were performed in triplicate for SWCNT pure solution and 

duplicate for SWCNT extracts from sediment. 

 

5.2.6. NIRF analysis. 

 The near infrared fluorescence and absorption spectra were collected using an 

NS1 Nanospectralyzer (Applied Nano-Fluorescence, LLC), utilizing three excitation 

laser sources (638 nm, 691 nm and 782 nm). In order to quantify SWCNT concentration, 

a five point calibration curve was generated by acquiring spectra of the SWCNTs over a 

range of concentrations range from 0 to 20 mg L-1 (Figure C.1. Appendix C). 

 The concentration of SWCNT in pure SWCNT solution or sediment extracts were 

measured using the single spectrum mode on NS1. Prior to loading SWCNT solution or 

sediment extract, a NIRF spectra was collected for these solutions made in 1: 100 

dilution. This was done in order to compare the total amount of SWCNT recovered after 

DGU process. 
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 Upon the completion of DGU, the samples were analyzed using NS1 in its 

sequential mode. Fractionation was performed by placing the centrifuge tube in a 

custom built fractionator, where the bottom of the centrifuge tube was pierced with a 25 

gauge needle, and the top was sealed and connected to the inflow tube of the flow cell 

(Z-dimension 9nm, nominal volume 40µL, Starna Cells, Inc) in NS1 Nanospectralyzer. 

The content in the ultracentrifuge tubes were fractionated utilizing upward 

displacement at 0.2mL min-1 using Fluorinert FC-40 as the dense chase medium which 

was injected from the bottom of the centrifuge tube using a syringe pump. In the mean 

time, the sample flow through flow cell was excited with three lasers (638 nm, 691 nm 

and 782 nm) and its NIRF spectra was collected. The NS1 instrument was set at a 

collection interval of 45 seconds over 3000 seconds for collecting NIR fluorescence and 

NIR absorbance. The fractions were collected at an interval of every 5 min (1mL in 

volume). A total of 11 fractions were collected from each centrifuge tube. 

 To determine the method detection limit. Calibration was performed by five-

point matrix-matched standard addition of SG65i SWCNT to 0.2g of butter creek 

sediment using the peak intensity at excitation wavelength equals to 782 nm and 

emission wavelength equals to 983nm (from (6, 5) SWCNT species). 
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5.2.7. ICP-MS analysis. 

 The ICP-MS analysis for bulk metal in the samples were performed using an 

Agilent 7700 (Agilent Technologies) ICP-MS equipped with type C-miramist nebulizer, 

Scott double-pass spray chamber, and quartz injector. Typical operating conditions can 

be found in Table C.3 in Appendix C. An internal standard containing Sc, Ge, Rh, In, Tb 

and Bi was used at 500 ppb concentration to correct for potential matrix effects. 

 All glasswares were cleaned and soaked in 3M hydrochloric acid for 1 week 

prior to use. The collected fractions were transferred to 20 mL scintillation glass vials 

and dried over night at 60 . These samples were combusted at 500   for 8 hours. Upon 

combustion, they were digested in 2mL 16M nitric acid for 30 minutes by refluxing, 

evaporated to dryness, dissolved in 4mL 12M hydrochloric acid, evaporated to dryness 

again, and finally redissolved in 10 mL of 2% nitric v/v and 0.5 v/v hydrochloric acid. 

The digestion method was adapted from this Plata et al [20]. These samples were 

centrifuged at 2000g to remove any remaining undissolved solid matter. The digested 

samples were prepared in 1: 5 dilution with 2% nitric and 0.5% hydrochloric acid prior 

to ICP-MS analysis (Agilent 7700). Multi-elements, Co, Mo, Ni, Y, and Fe was screened 

for all samples.  
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 Bulky metal analysis was done to analyze the metal content in SWCNT dry 

powder. The same combustion and digestion methods were applied to 10mg of SWCNT 

samples. The samples were made in 1:20 dilution prior to ICP-MS analysis for co, Mo, Ni, 

Y and Fe. If the amount of metal was exceeding the detection limit of the instrument, 

another 1:10 dilution was made to analyze the samples. 

 

5.2.8. Single particle ICP-MS (spICP-MS) 

 Selected fractions collected from DGU seperation were diluted in deionized 

water 1:1000 and bath-sonicated for 2 minutes just prior to analysis on ICP-MS. The 

analysis was performed on Agilent 7900 (operating parameters included in Table C.3 

Appendix C) using 100 μs dwell times and a total analysis time of 60 s for both samples 

and standards. A 10% methanol rinse between each sample was performed to ensure 

flushing of iodixanol and SDC. Transport efficiency was determined using nominal 

60nm NIST RM8013 Au nanoparticles.  

 spICP-MS data analysis was performed according to Pace et al[144] using Origin. 

Data points which are above the mean plus 3σ of the entire data set were indentified as 

pulses.  
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5.2.9. UV-Vis analysis 

 Full spectrum (from 300nm- 950nm, interval =5nm) was collected for 40μL 

samples from all fractions collected after DGU using 384 well plates (SpectraMax 5 

Multimode Plate reader, Molecular Devices Inc.)  

 

5.3. Results and discussion 

5.3.1. Bulky metal analysis of SWCNT 

 The amount of residual metals in SWCNT used in this study was plotted in 

Figure 5.1. Though a variety of metal or metal catalysts were applied to the synthesis of 

SWCNT in a number of studies, only several of them were applied for mass production 

of SWCNT commercially. The mostly commonly used SWCNT catalyst are Co, Mo, Ni, 

Y and Fe [108]. The residual metal remained in the five types of SWCNT used in this 

study was among this list with each manufacture utilizing a specific type / types  of 

metal catalyst(s). CoMoCat SWCNT contains more or less amount of Co and Mo. SG65 

contains 1.2% Co and 3.6% Mo; SG65i contains 2.4% Co and 0.9% Mo and SG76 contains 

0.9% Co and 5.2% Mo. HipCo SWCNT contains 9.2% Fe. And, P2 SWCNT consists of 

10.3% Ni and 2.1% Y. The variance within each type of SWCNT was relatively small 

(<4%). 
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5.3.2. Analysis of SWCNT pure solution after DGU 

5.3.2.1 Isolation and separation of SWCNT using DGU  

 DGU was applied extensively in biological research for separation of proteins 

and many cell structures based on their small differences in density. This method has 

been previously applied to separate carbon nanotube based upon their electronic 

structure, chirality and diameter [28, 32, 145]. During the process of optimizing the 

ultrcentrifugation conditions, I tested a variety of SWCNT and MWCNT with a variety 

of gradient mediums, such as iodixnol, sucrose and caesium chloride. Sucrose and 

iodixnol gradient were both capable of separating SWCNT from sediment. Upon 

completion of DGU, SWCNT were separated into primarily 2 narrow bands. And these 

bands were stable at least for two days. Due to the high ionic strength of caesium 

chloride, SWCNT aggregated during the centrifugation process and the separation was 

not successful. The gradient medium tested in this study were not suitable for 

separating SWCNT, as the specific density of MWCNT exceeded the density of any 

gradient medium tested. The list of gradient medium tested was summarized in Table 

C.1 (Appendix. C.) 

 Ultracentrifugation at 41,000 rpm using Ti 41 rotor for 12 hours was sufficient for 

excellent separation of SWCNT from sediment matrix with minimal subsequent 

separation of SWCNT based on their diameter or chirality. The monitored NIRF signal 
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through the flow cell (Figure 5.2), showed a high resolution peak at the top band which 

occurred at displacement distance (DD) = 4 cm. This high resolution peak indicated an 

excellent separation of SWCNT from interfering matrix. Full emission NIRF spectra was 

retrieved from several different DD (Figure C.2, Appendix C) for evaluation of chirality 

separation. No significant change in spectra shape and peak ratios were observed. 

Therefore, I proceeded the experiments with this ultracentrifugation condition. Due to 

the combustion step was needed for ICP-MS sample preparation, iodixnol was chosen as 

the gradient medium over sucrose, as this medium was able to be evaporated to dryness. 

 

5.3.2.2. NIRF analysis 

 The unique fluorescence of each semiconductive (n, m) species is originated from 

their unique band gap [99]. Due to the differences in the synthetic techniques, such as 

synthesis method, the use of catalyst and synthesis conditions, the SWCNT produced by 

different manufactures were quite different in the chirality composition or electronic 

structures. For example, Southwest Technologies claims to at least 40% (6, 5) SWCNT 

were in SG65 SWCNT or SG65i SWCNT.  SG 76 SWCNT is more rich in (7, 6) species 

while still containing a significant amount of (6, 5) species. Figure 5.2 showed the typical 

NIRF spectra for the 5 types of SWCNT used in this study. These NIRF spectra were 



 

93 

 

from 1:100 dilution of the SWCNT in 2% SDC solutions. The SWCNTs produced using 

CVD method, all CoMoCat SWCNT and HipCo SWCNT, gave fluorescence emissions 

on NS1 Nanospectralyzer. P2 SWCNT from Carbon solution Inc, did not give 

fluorescence. According to the manufacture, P2 SWCNT, produced by arc-discharge 

process, is a mixture of semiconducting and metallic SWCNT. The amount of 

semiconducting in P2 SWCNT was not likely the reason for the lack of fluorescence since 

no fluorescence was observed for P2 at any concentrations. The large diameter of P2 

SWCNT was most likely the cause for this lack of fluorescence. The excitation energy has 

an inverse relationship with the tube diameter [9]. The lasers equipped on NS1, 638 nm, 

691nm and 782 nm were unable to excite P2 SWCNT. A laser with higher wavelength 

was needed for P2 SWCNT excitation. With the limitation from the instrument, the NIR 

absorbance (800 nm to 1600nm) was collected for P2 SWCNT during fractionation 

instead. Regardless of SWCNT electronic structures, SWCNT all gives optical absorption. 

Absorption in nanotubes originates from electronic transitions from 

the v2 to c2 (energy E22) or v1 to c1 (energy E11) levels, that the absorption of metallic 

SWCNT usually occurs in the UV/Vis region and absorption of semiconductive SWCNT 

occurs in Vis/NIR region [76, 79, 146]. Though many nanotubes have similar E22 and E11 

energies, optical absorption is not sensitive to identify or quantify SWCNT species. 

Monitoring the NIR absorption of P2 SWCNT during fractionation process was 
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sufficient represent the relative SWCNT position in the ultracentrifuge tube.  CSI 

SWCNT showed broad absorbance at 1035nm. 

 The NIRF signal (Figure 5.2) showed DGU is capable of separating and isolating 

SWCNT from sediment effectively. SWCNT, except P2 SWCNT, were separated into 

different bands after DGU, primarily into two horizons after DGU. A high resolution 

NIRF peak (at emission wavelength= 986 nm) was observed at displacement distance 

(DD) = 4- 5cm for four CVD catalyzed SWCNT (SG65, SG76, SG65i and HipCo). A low 

intensity shoulder was observed following the major NIRF peak until DD approximately 

= 8 cm. The other horizon, at DD= 8, showed little or no fluorescence emission. The full 

NIRF emission spectra (emission wavelength from 880 nm to 1576nm) at three excitation 

wavelength (638nm, 691 nm and 782 nm) were retrieved for DD=4.5 cm, DD=6 cm and 

DD=8 cm (Figure C2, Appendix C). The characteristic emission peak for each SWCNT 

showed significant change in intensities, but not in shape, at different DDs. Therefore, it 

is concluded minimal chirality and electronic structure separation was associated with 

the DGU separation. P2 SWCNT was lack of the fluorescent horizon, that only one 

horizon was presented after DGU at approximately DD=8cm. 

I quantified the total amount of SWCNT in the ultracentifuge tube after DGU 

seperation by summing up the SWCNT quantified using the peak height at each 
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collected data point. The amount of SWCNT at each data point was quantified using the 

calibration curves made by stock SWCNT suspension is 2% SDC solution (Figure C.1. 

Appendix C). The calculation was based on the assumption that the concentration of 

each data point represented the average concentration of the 0.2 mL sample flowed 

through the flow cell. The sum of these points gave a total recovery of approximately 

100% for all kinds of CVD catalyzed SWCNT. The majority (> 80%) of the quantified 

fluorescent SWCNT was located in the horizon around DD= 4- 5cm where the density is 

approximately 1.15g mL-1.This result indicated that DGU was excellent in seperating 

individually suspended SWCNT from sediment. Iodixnol has miminal matrix effect on 

NIRF quantitation. NIRF is capable of quantifying semiconductive SWCNT isolated 

using DGU. 

 

5.3.2.3 ICP-MS analysis 

 Contrary to the observation of high resolution peak of NIRF in the first horizon 

in centrifuge tube after DGU, the majority of metal content was not detected in this 

horizon but in the other one (at approximately DD=8). Figure 5.2 showed the 

comparison of signals from NIRF and ICP-MS. Compared to the sharp NIRF peak, the 

metal peak is much broader in its shape. Metal content began to increase right after the 
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NIRF peak, at DD= 5cm. The amount of metal peaked at approximately DD= 8 cm; and 

decreased after DD= 8cm.  The metal peak at DD= 8 cm had lower resolution. Much less 

data points were collected for metal analysis contributed to this. However, the broad 

distribution of how much metal catalyst was associated with SWCNT was likely the 

major reason for the broad metal peak. At smaller DD, less metal was associated with 

the SWCNT making its specific density smaller. And at larger DD, more metal was 

associated the SWCNT making its specific density bigger.  

 The separation of NIRF signal and metal signal was observed for all types of 

SWCNT tested in this study. For SG65, SG76, SG65i and P2 SWCNT which use a 

combination of two kinds of metal catalysts, both metal catalysts showed paralleled 

trend which reflected the relative ratio of those metal in bulky metal analysis. The metal: 

metal ratio SG65, SG76 and SG65i SWCNT at DD= 8cm remained particularly similar to 

the results from bulky metal analysis. Since these SWCNTs were purified by the 

manufactures, the metals associated with the SWCNT are more likely was intercelated 

within the carbon structure. This result clearly indicates that metal catalysts are not 

associated with fluorescent SWCNT. A variety of reasons could contribute to this 

phenomenon. The catalyst is possible to associate more with metallic SWCNT or other 

carbon impurities. Another possible reason is that the association of metal catalyst(s) 

will quench the fluorescence from semiconductive SWCNT.  In order to better 
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understand the form of carbon (SWCNT or amorphorous carbon), we conducted 

experiements to measure the full UV-Vis spectra (300nm-950nm) of all the fractions after 

DGU which is discussed in the UV-Vis section. 

For P2 SWCNT the metal, Yttrium, peaked at DD= 8cm, the position which was 

parallel with the peak from NIR absorbance measurment at 1035nm (Figure 5.2.E).  

Nickel content for P2 SWCNT was not plotted, because possible cross contamination 

occurred during sample preparation caused the quantified nickel exceeded the amount 

of SWCNT tested in the experiments. 

 

5.3.2.4. Single-particle ICP-MS (spICP-MS) analysis 

In addition to the bulky metal analysis of all fractions, Single-particle ICP-MS 

(spICP-MS) was performed for selected bands for each type of SWCNT: one sample 

before NIRF band (fraction 3), the NIRF band (fraction 4 or fraction 5), one sample in 

between NIRF and metal band (fraction 6), metal band (fraction 7 or fraction 8) and one 

fraction  after metal band (fraction 9 or fraction 10). The NIRF band and metal band 

spectra were included in Figure 5.2. This technique was developed in recent years for 

detecting and quantifying engineering nanomaterials, especially for nano sized metal 

particles.  Recently, this method was applied to monitor the concentration of carbon 
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nanotube by monitoring the residual catalyst metal content such as Mo and Y embedded 

in the nanotube [87]. The reported detection limit for carbon nanotube is at low the ng L-

1 range. Compared to other laboratory nano material characterization techniques, such 

as transmission electron microscopy (TEM), dynamic light scattering techniques (DLS) 

or atomic force microscopy (AFM) [147], spICP-MS filled the gap of obtaining the 

information on the number, size as well as the elemental form of the particle in only one 

measurement for the samples. The performance of spICP-MS was compared with the 

previous mentioned techniques; and they showed similar accuracy [148]. In addition, the 

requirement for sample preparation is relatively simple –making aqueous solution 

contained very diluted concentration of analyte. I prepared the samples by sonicating 

the solution in 1: 1000 dilution. The basic assumption behind sp-ICPMS is that each 

recorded pulse represents a single nanoparticle [149]. Compared to soluble form of the 

element, this pulse will be an outlier in the data. The number of pulses represents the 

number of nanoparticles; and the intensity of the peak represents the size of the particle. 

For spICP-MS data processing, the particle number and size was determined 

based on the assumption that the particle was in spherical shape. The quantified results 

were summarized in Table 5.1. The particle count plots for NIRF band and metal band 

were included in Figure 5.2. Particle count plots for other measured samples were 

included in Figure C.4. (Appendix C).  The number of pulses in the particle count plot 
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reflected the relative amount of metal particles within the sample. The particle number 

obtained using spICP-MS was consistant with bulky metal analysis that fluorescent 

band was associated with no/ few metal particles.  It was clear that the metal band 

contained significant more amount of metal particles. Fewer pulses were measured for 

the fraction after metal band. These pulses generally had higher intensity indicating 

bigger size of the particle. This observation can be explained by the nature of DGU, the 

separation based on specific density. The association with larger metal particles 

increased the buoyant density of SWCNT, therefore the bands at further DD had more 

intense pulses. 

 

5.3.2.5 UV-Vis analysis 

 Full UV-Vis absorption spectra was collected for all fractions obtained after DGU 

for further understanding of the form of carbon within the band. The full spectra of 

NIRF band and metal band were included in Figure C.3. (Appendix C). The UV-Vis 

signal was monitored at selected wavelength, the wavelength at where the most strong 

transition occurred, for all five types of SWCNT (Figure 5.5.). Since all types of SWCNT 

shows UV-Vis absorption through E22, or E11 or both transitions. The UV-Vis signal was 

able to provide information on the relative amount of SWCNT within the sample. 
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Generally, metallic transitions occurs at UV-Vis region. Semiconductive transitions occur 

in the Vis-NIR region [79]. The results suggested SG65i SWCNT contained the majority 

of SWCNT within the NIRF band. SG65, SG76 and HipCo SWCNT showed SWCNT 

were present in both NIRF and metal band. And P2 mostly contained SWCNT in the 

metal band. The bands showed higher signal in UV-Vis, such as fraction 4 from GS65 

and SG65i, fraction 7 from SG76 and HipCo and fraction 8 from P2, generally showed 

clearer peaks in full absorption spectra. These peaks were presented through all UV-Vis 

region, indicating that for either NIRF band or metal band, the SWCNT detected was a 

mixture of both semiconductive and metallic species. This is consistent with the chirality 

check result from NIRF (Figure C. 2): The DGU applied to separate SWCNT from 

sediment extract  was able to isolate SWCNT without electronic structure or chirality 

separation. This result also indicated the association with metal catalyst will quench 

SWCNT fluorescence. 

 

5.3.3. Analysis of sediment extracts after DGU 

 Same DGU process was applied to SWCNT in sediment extracts. The NIRF and 

ICP-MS results were summarized in Figure 5.4. These results were similar to the results 

obtained from SWCNT pure solution. After DGU, the SWCNT were primarily separated 

into two horizons: The horizon at approximately DD = 4 cm showed strong signal in 
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NIRF; While the other horizon at DD= 8 cm showed no fluorescence but significant 

amount of metals. Compared to pure SWCNT solution, the NIRF signal was almost 

identical, indicating DGU was excellent in separating SWCNT from interfering matrix. 

NIRF was sensitive and reliable to quantify SWCNT isolated using DGU. ICP-MS results 

showed even after DGU, background metal were elevated for NIRF fractions as well as 

metal fractions. The apparent disconnect of metal with fluorescent SWCNT and this 

elevation in metal background, both suggested using metal as proxy for analysis of 

SWCNT in sediment was not suitable. The results suggested metal catalyst or SWCNT 

associated with metal might be transported differently in the environment. Therefore, I 

proceed the experiments to evaluate the analytical performance of DGU-NIRF method 

for SWCNT quantification and characterization in sediment. 

 

5.3.4. Analytical performance of the method 

 DGU showed excellent separation of SWCNT from sediment. Therefore, I 

performed a 5-point standard addition calibration of SWCNT to sediment in duplicates 

using NIRF followed DGU (Figure 5.6.). One NIRF spectra was collected for sediment 

extracts prior to DGU (Figure C.6., Appendix C). The NIRF signal of pre-DGU sample 

was compared with the signal post-DGU (Figure C.6., Appendix C). It is clear that at 1 
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ppb, DGU can effectively increase the S/N ratio of the analyses from the background. 

The detection limit of the method was determined from the calibration is 0.35ng mL-1 

and 1.7ng g-1 sediment. This result is 30 times better than previous reported result (62 ng 

g-1) [47]. NIRF coupled with DGU process is capable of quantifying SWCNT at sub ng g-1 

concentration. 

 

5.3.5. Summary 

 Sensitive and reliable detection techniques are important for evaluation of nano 

material for their fate, transport and bioaccumulation in the environment. These 

information are essential for establishing environmental regulations regarding these 

materials. Aquatic environment is likely to be the sink for SWCNT release through 

waste streams. Detection and quantification of SWCNT in such complexed environment 

is challenging because of the possible association with particulates.   In priciple, by 

monitoring the metal types and metal: metal ratio along with monitoring elemental 

carbon content, SWCNTs can be quantified in  environmental samples using ICP-

MS. However, background metals from sediment present challenges to such analyses, 

Thus, we have applied density gradient ultracentrifuge (DGU) to isolate and separate 

SWCNT in sediment extracts prior to both NIRF and ICP-MS analysis.   
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 Several types of SWCNTs (arc discharge, CoMoCat, and HiPCO) were spiked 

and subsequently extracted from estuarine sediments. SWCNTs were separated into 

different bands after DGU, primarily into two distinct horizons (one showed near 

infrared fluorescence, while the other did not). Two techniques,near-infrared 

spectroscopy (NIRF) and ICP-MS, were applied for quantitation of SWCNTs in these 

bands.  Results indicate excellent separation of SWCNT from interferences in 

sediments.We have also discovered an apparent disconnect between the 

metal catalyst particles and SWCNT during density gradient 

ultracentrifuge separation.  It is clear that the SWCNT (within the NIRF band) is not 

physically associated with metal catalyst. This result was confirmed using single-particle 

ICP-MS.  Although DGU separation seems to be an outstanding method for isolating 

SWCNT from aquatic sediment for analysis, ourcurrent findings indicate that metal 

fingerprints derived from residual catalyst may not be a good tracer for 

SWCNT occurrence and fate in marine sediments, as the associated metal 

catalyst particles in SWCNT preparations might be transported in different ways relative 

to the SWCNT. 
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Scheme 5.1. Seperation of SWCNT using density gradient ultracentrifugation for 

analysis using NIRF and ICP-MS. 
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Figure 5.1. The amount of metal quantified for bulky SWCNT samples using ICP-MS. 
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Figure 5.2. NIRF spectra for various SWCNT extracts in 1: 100 dilution: a. SG65 

SWCNT, b. SG76 SWCNT, c.SG65i SWCNT, d. HipCO SWCNT and e. NIR 

absorbance for P2 SWCNT 
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Figure 5.3. Signal monitoring of the fluorescence (black line) and metal abundance 

(dashed lines) in the fractions obtained after density gradient ultracentrifugation 

(DGU) for SWCNT pure solutions in 2% SDC. The particle count obtained by single-

particle ICP-MS (spICP-MS) for selected fraction was shown at the bottom of the 

figure: (A). SG65,  NIRF excitation wavelength =638nm, emission wavelength =986 

nm;(B). SG76 SWCNT, NIRF excitation wavelength =638 nm, emission wavelength 

=1037 nm; (C).SG65i SWCNT, NIRF excitation wavelength= 638 nm, emmison 

wavelength= 986 nm; (D). HipCO SWCNT, NIRF excitation wavelength =638 nm, 

emission wavelength= 927 nm ; and (E). P2 SWCNT, NIR absorbance monitored at 

1035 nm. SpICP-MS monitored Co59 for SG65, SG76 and SG65i SWCNT; Fe57 for 

HipCo SWCNT; and Y89 for P2 SWCNT. 
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Figure 5.4. Signal monitoring of the fluorescence (solid line) and metal abundance 

(dashed lines) in the fractions obtained after density gradient ultracentrifugation 

(DGU) for sediment extracts in 2% SDC. The particle count obtained by single-

particle ICP-MS (spICP-MS) for selected fraction was shown at the bottom of the 

figure: (A). SG65,  NIRF excitation wavelength =638nm, emission wavelength =986 

nm;(B). SG76 SWCNT, NIRF excitation wavelength =638 nm, emission wavelength 

=1037 nm; (C).SG65i SWCNT, NIRF excitation wavelength= 638 nm, emmison 

wavelength= 986 nm; (D). HipCO SWCNT, NIRF excitation wavelength =638 nm, 

emission wavelength= 927 nm ; and (E). P2 SWCNT, NIR absorbance monitored at 

1035 nm. SpICP-MS monitored Co59 for SG65, SG76 and SG65i SWCNT; Fe57 for 

HipCo SWCNT; and Y89 for P2 SWCNT. 
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Figure 5.5. UV-Vis absorbance monitoring for various kinds of SWCNT fractions 

obtained after DGU: A. SG65 SWCNT adjusted absorbance= Abs570 nm – Abs 750 

nm; B. SG76 SWCNT adjusted absorbance= Abs 655nm- Abs830 nm; C. SG65i 

SWCNT adjusted absorbance = Abs570nm- 750nm; D. HipCO SWCNT, adjusted 

absobance= Abs 655nm- Abs830nm; and E. P2 SWCNT adjusted SWCNT = Abs 

750nm- Abs 830nm.  
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Figure 5.6. NIRF calibration using standard addition of SG65i SWCNT to 0.2g of 

sediment. SWCNT was isolated and separated by DGU prior to NIRF analysis. 
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Table 5.1. Particle number and size determined from spICP-MS for selected fractions. 

Fraction 4 or 5 is the NIRF fraction; fraction 8 is the metal fraction. 

 

 

  number of 

particles 

(particles/mL) 

Particle size 

(metal) 

Particle size 

(metal oxide) 

SG65 fraction 4 7.91E+02 17.7±3.6 19.2±3.9 

fraction 8 9.74E+03 23.8±3.9 25.7±4.2 

SG76 fraction 4 1.98E+02 20.1±6.6 21.8±7.2 

fraction 8 1.43E+03 22.7±5.6 24.6±6.1 

SG65i fraction 5 1.43E+03 32±7.4 34±7.6 

fraction 8 1.78E+05 42±11.5 45±12.4 

HipCO fraction 5 1.14E+02 141±22 159±25 

fraction 8 4.19E+02 181±36 204±40 

P2 fraction 4 1.07E+03 22.6±7.2 21±11 

fraction 8 8.94E+03 20.74±6.3 22.4±6.8 
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6. Conclusions 
 

 With the advances in CNT synthetic technique, the cost of making this material 

decreases tremendously and its mass production is readily available nowadays. It is 

inevitable for CNTs to make their way to various consumer products. The release of 

CNTs into the environment will increase their level in air, soil, and water. Because of 

this, it is essential to carry out investigation of the behavior, including the fate, transport, 

bioaccumulation and toxicity in the environment.  

 During the investigation of how the electronic structures of SWCNT influence 

the sorption of HOCs, it was found overall the electronic structure does not influence the 

sorption of HOCs. In the mean time, it was found that the specific area of SWCNT 

dominated the adsorption capacity for the HOCs. Compared to diesel soot, HOCs have 

higher affinity for SWCNT. Therefore, the contamination of SWCNT in the aquatic 

environment will likely to cause secondary toxicity to some organisms because of the 

accumulation of HOCs in addition to the toxicity caused by direct exposure to SWCNT.  

The transport of SWCNT will likely to affect the HOC distribution as well. Therefore it is 

important to detect and track SWCNT in aquatic environment. On the other hand, the 

adsorptive property of SWCNT might be utilized to make engineered material for 

removal of contaminants in aquatic environment if the cost of making SWCNT can be 

reduced significantly in the future. The method used in this study, common head space 
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partitioning is an effective methods to study the distribution of volatile molecules in 

different compartments within a system. By using radiolabeled elements C14, and 

scintillation spectroscopy, this method minimized the colloidal effects between the 

sorbent and compartment as well as simplified the sample preparation procedure to 

analyze the amount of organic molecule of interest. 

 In addition to study the fate, transport and interactions of SWCNT aquatic 

environment, the major focus of my research aimed to establish methods for detection 

and quantification of SWCNTs in various environmental matrices. One of my research 

goal was to develop such method for in vivo quantification of SWCNT to assess the 

uptake, distribution and bioaccumulation of SWCNT. NIRF is extremely sensitive for 

detecting semiconductive SWCNT in aqueous solutions. This method has been 

previously found effective in quantify SWCNT in sediment extracts in 2% SDC solution. 

With proper extraction protocol developed for extracting SWCNT from various kinds of 

biological tissues, NIRF showed its capability of tracking and quantifying SWCNT for 

biological use. For cultured fathead minnow (FHM) intestine and liver tissues, direct 

extraction with 2% SDC by sonication is sufficient to extract SWCNT material. Though 

fish tissue matrix reduced the recovery of SWCNT greatly, matrix match calibration can 

be made to minimize the matrix effect. The developed quantification method was 

utilized in a couple studies for assessing the uptake, distribution, bioaccumulation and 
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toxicity study of fish through dietary tract exposure[90, 92]. The majority of SWCNT was 

excreted out of fish over 160 hours and no acute toxicity was observed for fish. The 

results contributed to the knowledge of SWCNT’s impact on aquatic vertebrates. In 

another model, exposure of SWCNT to mouse through inhalation, proteinase K 

digestion of lung tissue was needed prior to extraction SWCNT using 2% SDC. The 

digestion step removed most of the solid phase tissue from the mouse lung while 

leaving the SWCNT intact. The resulting extraction efficiency of SWCNT from mouse 

lung tissue was approximately 70%. While no acute toxicity was observed for fish, the 

quantification results of SWCNT in mouse lung indicates SWCNT to have to long-term 

effect in mammal respiratory system that the amount of SWCNT persist through the 

period of study. This result is consistent with previous studies which revealed SWCNT 

pulmonary toxicity[54]. Overall my research results added knowledge to the dose-

toxicity response of SWCNT in different organisms. NIRF enables assessing the uptake, 

distribution and bioaccumulation of SWCNT in animal models. The quantification 

results indicates less toxicity is likely to association with dietary exposure because of the 

mobility of SWCNT in the dietary tract; and confirmed pulmonary toxicity is likely to 

occur for inhalation exposure because of the immobile nature of SWCNT in lungs. 

 In order to fill the gap left between current detection limit of quantification 

techniques and the relevant environmental concentrations, I carried out experiments to 



 

117 

 

develop such detection and quantification methods for improved sensitivity of SWCNT 

in various matrices. These researches are important, because it would enable us to assess 

the real distribution of SWCNT in the environment in order to study its toxicity and 

impact. Though extensive researches have concluded CNT can induce serious 

respiratory disease and CNT is considered as an airborne pollutant, only a few 

researches have been done in effect to establish a detection and quantification methods 

of CNTs in air [82]. These studies mostly used MWCNT and thermal methods for 

quantification with a detection limit in μg m3 to a few hundred ng m3. I used the 

embedded metal catalyst as the proxy to detect SWCNT in aerosol. SWCNT was much 

more abundant in these metal catalyst than aerosol. It was found the type and amount of 

metal and the metal: metal ratio in each type of SWCNT is fairly distinctive from many 

geological materials. This metal-fingerprint can be utilized to identify and quantify a 

specific type of SWCNT. Moreover, the metal: metal and metal: carbon ratio can be also 

diagnostic for identification of a certain responsible party for the SWCNT pollution at a 

site. As the metal: carbon ratio of SWCNT is several magnitudes away from that of 

aerosol, this ratio can be used to quantify SWCNT in air at very low concentrations. The 

results of my study showed the metal fingerprint approach worked well with metals 

which have low abundant in the air, such as Co and Y. The detection limit of the method 

using these elements reached to several ng m3. This is approximately 40 times better 
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than previously reported detection limit of CNT in air.  In addition to the improved 

detection limit, this metal finger-print approach has another advantage that it will not be 

limited to semiconductive SWCNT as NIRF. With the compositional data available for 

the SWCNT of interest, metal fingerprint approach can be readily employed in 

occupational site for air quality test. As currently, there is no standardized methods for 

quantify SWCNT in environmental matrices, this approach offers an opportunity for 

establishing such standardized method. 

 I attempted applying the metal-fingerprint approach to analyze SWCNT in 

marine sediment as well. This matrix is much more complicated than aerosol in terms of 

the background metal content. Therefore, I applied DGU to separate and isolate SWCNT 

prior to analysis. DGU is highly effective in separating SWCNT from the interfering 

matrix that SWCNT were isolated into narrow bands along the centrifuge after DGU. 

Two determination techniques were applied to analyze the bands: NIRF and metal 

analysis using ICP-MS. The results revealed the metal catalyst dissociated from SWCNT 

during the DGU separation that there was an apparent disconnect between NIRF signal 

and the metal signal. Therefore, it was concluded tracking metal is not a good approach 

to quantify SWCNT in sediment matrix. Standard addition experiments were carried out 

to evaluate the analytical performance of DGU coupled NIRF analysis. The results 

indicated DGU can effectively increase the sensitivity of NIRF analysis through isolating 
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and concentrating SWCNT from sediment matrix. The method detection limit reached to 

0.35ng mL-1 in water and 1.7ng g-1 in sediment, which is 30 times better than previously 

reported result (62ng g-1 in sediment[47]).  

 Overall, my research explored possible ways to achieve significant improvement 

in detecting and quantification methods for SWCNT in aerosol and aquatic environment. 

Such techniques will be helpful in assessing the distribution of SWCNT in these matrices 

for further study of its fate, distribution, transportation and bioaccumulation. These 

information is essential for risk assessment and making environmental regulations for 

engineering materials. For SWCNT, its uptake and distribution within animal models 

can be easily tracked and quantified by NIRF. While SWCNT can be mobilized out of 

dietary tract easily and cause no acute health effects; SWCNT is mostly immobilized in 

respiratory system and cause long-term respiratory disease.    
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Appendix A. Detection and quantification of SWCNT in 
biological matrices 
 
A.1. Optimizing extraction condition of  SWCNT from 0.5% GA or 1% 

pluronic suspension 

  Due to the intrinsic toxicity of bile salt, SDC, to animals, the SWCNT suspension 

prepared for exposure experiments were made in other types of suspension. SWCNT 

suspension was made in 0.5% gum arabic for fish exposure. The SWCNT was made in 2% 

SDC suspension and was dialyzed in 1% pluronic solution for mouse lung exposure. 

NIRF measurements were made to 10μL 0.5% GA or 1% pluronic extracted with 990 μL  

2% SDC by ultrasonication over ice for 10 minute at 50% amplitude. The spectra were 

compared with the original GA or pluronic suspension in 1:100 dilution. The NIRF 

intensity was significantly improved. 
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Figure A.1. The compare of NIRF signal for SDC suspension and GA suspension. NIRF 

spectra of 20µg/mL SG65 SWCNT in 2% SDC suspension extracted from 0.5% GA 

suspension(left) and 0.5% GA suspension (right).  
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Figure A.2. Chirality and diameter distribution of SG65 SWCNT obtained by NIRF. 
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Figure A.3. NIRF spectra of SWCNT extracted from pellet fish food. Control is food 

coated with gum arabic gelatin; SWCNT is food coated with SG65 SWCNT in gum 

Arabic and gelatin; SPUN is food coated with supernatant of centrifuged mixture of 

SG65 and EE2; and NOT SPUN is food coated with mixture of SG65 and EE2 and gelatin. 
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Figure A.4. NIRF liver spectra at selected time point during exposure through dietary 

track  study. 
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Figure A. 5. Comparative view of  NIRF emission spectra of SWCNT dispersed in SDC, 

pluronic or SDC-dialyzed pluronic  
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Figure A.6. NIRF spectra for mouse stomach extracts. A1 stomach is a day 1 exposure 

stomach. C1 and D1 are stomach tissue obtained on day 3. J1 stomach is obtained on day 

21.  
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Table A.1. SWCNT quantified by spike and recovery experiment using mouse lung 

tissue. 
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Appendix B. Detection and quantification of SWCNT in 
aerosol matrices using a metal-finger printing approach 
 
Table B.1. SWCNT percent recovery based on metal content detected: a. CNT % 

recovered from pilot experiment  of spiking SG65i SWCNT to aerosol collected at Duke. 

b. CNT% recovered from standard addtion experiments carried out using aerosol 

collected at Duke. 

 

a. 

 

b. 
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Appendix C. Separation of SWCNT from sediment for 
analysis using NIRF and ICP-MS 
 
C.1. Construction of calibration curve for SWCNT suspensions 

 Five dilutions of SWCNT stock suspension in 2% SDC (concentration varied 

from 0.05 μg mL-1 to 10μg mL-1)  was made by diluting stock suspension in 2% SDC 

solution followed by 10 minute sonication at 30% amplitude over an ice bath. Emission 

spectra were collected on NS1 nano fluorometer. The calibration curve was constructed 

using the peak height of the most intense emission peak for each type of SWCNT. For 

example, SG65 calibration curve was constructed using the emission peak of (6,5) species 

at emission wavelength =986 nm. The selection of peaks were listed in Table C.1. 
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Figure C.1. NIRF calibration curved for various type of SWCNT. The calibration was 

made using a single peak high in the emission spectra of the SWCNT. The calibration 

equation and the selection of the peak is listed in Table C.1. 

 

 

Table C.1 The calibration equation and the selection of the peak for SWCNT in 2% SDC 

concentration calibration. 

 

 

E11 position 

E11 

coresponding 

species slope intercept R
2
 

SG65 983 nm (6, 5) 6.90E-13 -7.16E-14 0.98 
SG76 1035 nm (7,6) 3.83E-14 2.42E-14 0.99 
HipCo 1116 nm (9,4) 3.31E-14 1.99E-14 0.99 
SG65i 1035 nm (6,5) 2.95E-12 2.25E-12 0.99 
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Figure. C.2. full emission spectra of various kinds of SWCNT at different displacement 

distance  
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Figure C.3. Full absorbance spectra for selected NIRF band and metal band for various 

SWCNT  
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Figure C.4a. spICP-MS counts for selected bands of SG65 SWCNT in triplicates  
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Figure C.4b. spICP-MS counts for selected bands of SG65i SWCNT in triplicates   
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Figure C.4c. spICP-MS counts for selected bands of SG76 SWCNT in triplicates 
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Figure C.4d. spICP-MS counts for selected bands of HiPCO SWCNT in triplicates 
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Figure C.4.e. spICP-MS counts for selected bands of P2 SWCNT in triplicates 
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 Figure C.5.a. spICP-MS counts for selected bands of SG65 SWCNT extracted from 

sediment in duplicates  
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Figure C.5.b. spICP-MS counts for selected bands of SG65i SWCNT extracted from 

sediment in duplicates  
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Figure C.5.c. spICP-MS counts for selected bands of SG76 SWCNT extracted from 

sediment in duplicates  
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Figure C.5.D. spICP-MS counts for selected bands of HipCO SWCNT extracted from 

sediment in duplicates  
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Figure C.5.e. spICP-MS counts for selected bands of P2 SWCNT extracted from sediment 

in duplicates  
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Figure C.6. pre-DGU NIRF signal vs Post-DGU NIRF signal : A. pre-DGU sediment 

extract NIRF full emission spectra. B. NIRF signal during fractionation. C. NIRF signal at 

emission wavelength = 982 nm (6,5) species during fractionation  
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Table C.2. Density medium and ultracentrfugation conditions tested for SWCNT and 

MWCNT. 

 Density Medium 

Centrifuge 

Condition 

(Beckman 41 

Ti Rotor) 

60% wt/V 

Iodixanol 

Density 

=1.32 g/mL 

Iodixanol 

linear 

gradient 

Density 

varies from 

1.32 g/mL 

to 1.0 g/mL 

from bottom 

to top 

Sucrose 

gradient 

Density 

varies from 

1.29 g/mL 

to 1.0 g/mL 

from bottom 

to top 

CsCl 

gradient 

Density 

varies from  

1.87 g/mL 

to 1.0g/mL 

from bottom 

to top 

 

80% V/V 

Glycerol  

Density = 

1.21 

g/mL 

8000 RPM 

for 40 min 

SWNTs forms 

a relatively 

narrow band; 

some of 

MWNTs forms 

a wide band at 

the bottom of 

the tube; soot 

and some 

MWNTs forms 

sediment  

SWNTs forms 

a relatively 

narrow band; 

some of 

MWNTs forms 

a wide band at 

the bottom of 

the tube; soot 

and some 

MWNTs forms 

sediment 

SWNTs forms 

a wide band 

on top; 

MWNTs and 

soot forms 

sediment 

N/A SWNTs 

forms a 

relatively 

narrow 

band; some 

of MWNTs 

forms a 

wide band 

at the 

bottom of 

the tube; 

soot and 

some 

MWNTs 

forms 

sediment 

22000 RPM 

for 2 hours 

SWNT forms a 

narrower band; 

MWNTs and 

soot forms 

sediment 

SWNT forms a 

narrower band; 

MWNTs and 

soot forms 

sediment 

SWNT forms 

a narrower 

band; MWNTs 

and soot forms 

sediment 

N/A SWNT 

forms a 

narrower 

band; 

MWNTs 

and soot 

forms 

sediment 

41000 RPM 

for 12 hours 

SWNT forms a 

narrower band; 

MWNTs and 

soot forms 

sediment 

SWNT forms a 

narrower band; 

MWNTs and 

soot forms 

sediment 

N/A No Separation: 

Due to the 

high ionic 

strength of the 

medium, 

carbon 

nanotubes 

aggregate to 

bundles 

N/A 
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Table C.3. ICP-MS operation parameters for metal analysis. A. bulky metal analysis on 

Agilent 7700, and B. spICP-MS on Agilent 7900. 

 

a. Agilent 7700 

 

Parameter  Value  

RF power  1550 W  

Nebulizer gas flow  15.01 mL/min  

Auxillary gas flow  0.9 mL/min  

Carrier gas flow  1.05 L/min  

Omega Bias  -120V  

Mode:  He 

 

b. Agilent 7900 
 

Parameter  Value  

RF power  1550 W  

Nebulizer pump  0.1 rps  

Omega Bias  -65 V  

Use gas   No  

Dwell time  0.0001 sec  
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