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ABSTRACT

The stability, strength, and good electrical conductivity of graphite raise interest in designing
materials with graphite-like structures. Biochar and carbon nanotubes (CNTs) are two commonly
used materials with a graphite-like structure. Methods for their quantification in environmental
samples are needed to assess exposure risk and perform full life cycle assessments.

Use of biochar in agriculture and carbon sequestration raises the need for its quantification in
soil. Difficulty lies in the presence of natural soil organic matter. In order to differentiate the two
species, thermogravimetric analysis (TGA), chemical oxidation with total organic carbon analysis
(TOC), and nuclear magnetic resonance (NMR) were applied to analyze two soil samples, two
biochar samples, and their mixtures. Results suggest that '*C cross polarization/ magic angle
spinning NMR (1*C CP/MAS NMR) was the most effective quantification method of the three
investigated. Although a detection limit was not determined, biochar was detected in soil at 0.5 wt%
using NMR. The high analysis cost of NMR likely will limit its widespread application.

The potential ecological impact of CNTs calls for reliable nanometrology that is applicable to
ng/L concentrations. Single particle inductively coupled plasma mass spectrometry (spICP-MS)
was shown to have the needed elemental specificity and low detection limit. By monitoring
intercalated catalyst residual metals in CNTs, micro-second dwell time spICP-MS (us-spICP-MS)
was successful for mass quantification and particle number counting. The method was applied to

track CNT released from polymer nanocomposites under UV radiation. The proportionally lower
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release of CNT as compared to polymer mass loss indicated an accumulation of CNTs in the
residual polymer.

The ps-spICP-MS was also applied to biological organisms (D. magna) and sediment water
extracts. CNTs associated with Daphnia magna were measured at aqueous exposure
concentrations in the low pg/L concentration range. Association of CNTs with D. magna was
influenced by the presence of a surfactant. Analysis of 3 different SWCNTSs spiked into sediments
at low mg/kg range confirmed the detection capability of spICP-MS, even in complex
environmental samples. While there is room for improvement in the ps-spICP-MS methodology,

it appears to be a promising approach to examine CNT environmental fate.
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CHAPTER 1

INTRODUCTION

In this dissertation research, I examine two forms of carbon that are currently introduced into
the environment. Biochar, produced by pyrolysis of plant matter, is being purposely introduced
into the environment as a soil amendment in agriculture. Carbon nanotubes (CNTs) are being
increasingly used in nano-enabled materials. Through the use and disposal (end-of-life) of these
materials, CNTs are likely being released into the environment. Tacking the distribution of these
two materials requires accurate and precise analytical methods that are specific to biochar and
CNTs. The work presented in this thesis includes an evaluation of existing methods for biochar

analysis and development of a new method for CNT quantification.

1.1 Carbon and its allotropes

Carbon is the chemical element with an electron configuration of 1s?2s*2p® which makes it
nonmetallic and tetravalent, available for strong covalent bonding [1]. Carbon atoms can form sp?,
sp?, and sp' bonds. Four equivalent 2sp> hybrid orbitals are oriented around the carbon atom, which
is possible to form four equivalent tetrahedral o bonds (single bond). The valence of the electrons
in the carbon atom also allows the formation of three 2sp? hybrid orbitals with one 2p orbital which
is not involved in the hybridization (double bond). Two 2sp' orbitals and two unhybridized 2p
orbitals can occur to form two linear ¢ bonds and two m bonds (triple bond) [2]. This gives carbon

the ability of form a variety of bonds.



Carbon is the fourth most abundant element in universe by mass. It is also the 4" most
abundant element in soil [3]. Carbon oxides, especially carbon dioxide, exist in the atmosphere
and are dissolved in natural waters (carbonic acid, bicarbonate, carbonate). Carbon also exists in
the earth’s crust (15" most abundant element) as the form of carbonates and carbides. In addition,
organic and biological compounds, which are the basis of life, contain roughly 45-50 % carbon in
the structure [3-5]. Carbon also forms carbon-metal bonding in organometallic compounds.

Despite diverse compounds containing carbon, elemental carbon can also form many
different allotropes due to its valence. Allotropes of carbon draw attention due to the various
properties caused by their different structures [6]. Before people obtained the ability to produce
allotropes, naturally-occurring allotropes of carbon were discovered and studied [7, 8]. The most
well-known allotropes are diamond, and graphite. These two materials, as the allotropes of the
same element, show large differences both in physical and chemical properties [8-10].

Diamond is known as the hardest natural occurring material. For each carbon atom, it is
bonded with other four carbon atoms with sp* ¢ bond in a tetrahedral array (Figure 1.1 a). Each
tetrahedron binds to four other tetrahedral, thus a strongly covalently-bonded crystalline structure
of diamond is formed (Figure 1.1 b & c) [6, 8]. The stable structure is the reason for the incredible
hardness and high melting point of diamond [11]. Diamond has been applied in industry as cutting,
drilling, grinding, and polishing materials. Other than the use in industry, diamond shows its

dispersion of light, clear and sparkling, which makes it desirable as an item of jewelry[9, 11].



(b)

Figure 1. 1 Schematics of the structure of diamond: (a) the diamond tetrahedron; (b) the face-
centered cubic crystal structure; (c) 3-D structure with unit cell [8, 10].

Though diamond is the hardest known natural mineral, graphite is the most stable form of
carbon under environmental conditions, even though it is the softest. Graphite has a layered, planar
structure. In each layer (graphene sheet), each carbon uses only three outer energy level electrons
in covalently bonding. The one extra electron contributes to delocalization of electrons and results
in ability to conduct electricity[7, 8, 12].

There are two forms of graphite: alpha, with the hexagonal array of carbon atoms in a single
layer and the stack of layers in the sequence ABABAB; and beta, the rhombohedral form with a
stacking sequence ABCABC (Figure 1.2). Both forms have the same in-plane C-C distance of 142
pm, and similar interlayer distance of ~350 pm [7, 8]. Rhombohedral graphite is
thermodynamically unstable and usually converts to the hexagonal form by high temperature heat-
treatment (above 1300 C). On the other hand, hexagonal graphite can revert to the rhombohedral
form by deformation processes such as grinding[8]. These two forms show similar properties,

which explains the stability of graphite[6, 8, 10, 12]. Thus, materials with graphite-like structures



should be relatively resistant to mechanical or thermal treatment, and display relatively good
conductivity. The good electrical and thermal conductivity in the planar direction, and the stability
of graphite leads to many applications. Industrial applications of graphite also include lubricating.
The scientific community is attracted to the idea of mimicking the graphite structure in the

laboratory and synthesizing engineered carbon allotropes with similar stable properties [6, 13, 14].

(a)

Figure 1. 2 Schematics of graphite crystalline structures: (a) alpha, hexagonal form with the
stacking sequence of ABABAB; (b) beta, thombohedral form with the stacking sequence of
ABCABC [14].

Elemental carbon was first discovered and used as charcoal in prehistoric times. Ancient
people realized that not only can charcoal be used as a fuel, it could also help water purification
and enhance soil fertility because of its adsorptive properties [15-18]. Ever since these early
discoveries, the production of charcoal utilized heating wood in pyramid covered with clay to
exclude oxygen [19]. More sophisticated means of the synthesis of carbon allotropes has been
developed over the past several hundred years. After researchers discovered that diamond was pure
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carbon, many attempts have been made to convert other forms of carbon into this crystalline form.
In addition to the traditional method of high pressure, high temperature (HPHT) method, more
recently chemical vapor deposition (CVD) has been widely used to produce diamond. Synthetic
diamonds have been used as cutting tools, thermal conductors, semiconductors, optical materials,
and gemstones [20, 21]. The first successful synthesis of graphite was in the mid-1890s by Edward
G. Acheson using high temperature processing of amorphous carbon [22]. Synthetic graphites find
their applications as electrodes and lubricants, just as the natural graphite[13, 22]. The possibility
for further carbon allotrope synthesis motivates studies of other synthesized carbon allotropes.
Two synthesized carbon allotropes will be discussed in this thesis: biochar, and carbon
nanotubes (CNT). Both materials contain graphite-like structures with similar stability that allows
for long-term applications. With potential exposure to ecosystems, it is critical to understand how
these materials behave during life cycle for better risk assessment (CNT) as well as resource

management (biochar).

1.2 Biochar

Biochar, a material with graphite-like structure will be discussed first, with details given of
its structure, properties, applications, and common characterization methods.
1.2.1 Biochar: Its structure, properties, and applications

Biochar is the carbon-rich solid residue formed by combustion of biomass under oxygen-

limited conditions. It only differs from charcoal by application (charcoal for fuel and energy



applications, biochar for environmental management applications). Though biochar received its
current definition as a specifically-defined chemical material in the 21 century, it has existed and
been applied for thousands of years [16]. Naturally generated by wild fire and the subsequent
smoldering of biomass, pre-Columbian Amazonians found the usage of biochar (terra preta de
Indio, “black earth™) to enhance soil productivity. They were believed to start producing it by
smoldering agricultural waste in trenches [23, 24]. Modern productions of biochar include
pyrolysis and gasification: the former involves the thermal conversion of biomass feedstocks in
the absence of oxygen, while the latter is the oxygen-deficient thermal decomposition of organic
matters [17].

Similar to graphite, carbon atoms in biochar are combined together in hexagonal form. But
due to the diversity of the original biomass and synthesis condition, the biochar macro- and
microscopic structure may vary. Morphologies of cellular biomass depend on the origins of the
material and indicate an essentially amorphous structure for biochar. But biochar still contains
some local crystalline structure, which can be visualized as flat aromatic (graphene) sheets
arranged in a random manner [25]. Pyrolysis is the process used to increase this crystallization.
When the pyrolysis temperature increases, the aromatic carbon portion increases, with a more-
ordered arrangement (graphitic) in the third dimension [26]. Properties of biochar, such as
composition and morphology, can vary significantly depending on the feedstock and production
conditions [27, 28]. However, they share in common the residual structure of the original botanical

biomass, which contributes to the high-carbon content and porosity in biochar [29].



The porous structure of biochar leads to a high surface area. In addition, biochar surfaces are
chemically heterogeneous and complex due to a variety of chemical reactions occurring during
production. These surface properties promote the adsorption and absorption (collectively called
sorption) of compounds from water and air. The various functional groups on the surface exhibit
different types of sorption [26, 30]. Thus, biochar with these properties can be applied as an
efficient sorbent. It has been shown that although only one type of biochar does not have the ability
to remove all contaminants, a combination of various biochar does have the potential to remove
organic/inorganic contaminants in both soil and water [18, 28, 30]. Additionally, the complex high
specific surface area (m? per gram) can be the key property for soil improvements. The high cation
exchange capacity of biochar surface can help in adjusting soil pH. The porosity results in a high
capacity for retaining water and nutrients, as well as in creating an improved culture of beneficial
soil microbes [15, 31]. Elements in biochar, such as nitrogen, sulfur, and phosphorus, can serve as
direct nutrients [32]. All these biochar characteristics show potential for agricultural profitability.
For example, biochar addition improved grain and biomass yield by 91 and 44 % in maize (Zea
mays L.); durum wheat grain yield was increased by up to 30% with 60 t ha™! biochar application
[33, 34]. High-carbon content and graphite-like structure ensures biochar stability in soil, creating
a great source for carbon sequestration to curb greenhouse gas emissions [17, 35]. Not only carbon
dioxide, but other greenhouse gases such as methane and nitrous oxide emissions can also be
reduced both due to physical adsorption and chemical reactions [17, 26, 35]. Outside the

agricultural use, there are also applications such as conductors and catalysts due to the crystalline



and porous structure of biochar [16].

1.2.2 Characterization and quantification methods of biochar

Evaluating the beneficial properties of biochar when applied to fields requires knowledge of
the nature and amount of biochar applied, as well as its spatial distribution. It is therefore important
that analytical methods that are specific to biochar be available. There are many different
characterization and quantification methods to study the physical and chemical properties of
biochar. In this work, I evaluate their ability to be used for biochar analysis in a soil matrix, which
presents potential interferences to biochar analysis.

The porosity of biochar results in differences in density allowing for characterization by
density measurements. The bulk density of char can be determined by measuring the mass of a
sample with known volume (or in a container with known volume). However, the bulk density
includes intra- and inter-particle pore space volume, and is thus relatively lower than a true density
that only includes the volume occupied by molecules. The true density, or particle density, can be
measured by a helium pycnometer. This is performed by detecting the change in pressure due to
displacement of helium by the solid sample, from which the skeletal volume can be measured [36].
Porosity is also an important property to evaluate biochar characteristics. The porous structure can
be easily seen in scanning electron micrographs. By scanning the sample with a focused beam of
electrons, the signals are generated by the interaction between electrons and atoms from the sample.
Secondary electron signals are collected to produce an image containing information about surface

topography of the sample [37]. Besides the visual presentation, porosity can also be measured by



gas sorption and mercury porosimetry [36]. Utilizing carbon dioxide or nitrogen with Brunauer-
Emmett-Teller (BET) analysis for sub-micropores and micro-/meso-pores is not sufficient
considering the large size range of pores present in biochar structure [38, 39]. Mercury porosimetry,
on the other hand, can characterize pores ranging from nanometer to micrometer in diameter. But
the safety concern in handling mercury, as well as the inaccuracy in distinguishing intra- and inter-
particle porosity, limits the application of the method [40]. Combination of methods is needed for
better porosity analysis. Although porosity in an important characteristic to evaluate for biochar,
measurement of porosity or density does not provide quantitative analysis of biochar in a soil
sample.

In biochar production, as the pyrolysis proceeds, other non-carbon elements (heteroatoms)
are slowly removed from the structure, leaving carbon to form new aromatic rings. As temperature
increases, the biochar product becomes more ordered. Eventually, this carbon arrangement will
achieve graphite structure at the highest temperature. Thus, the carbon content and carbon
arrangement provide a potential means to characterize, and possible quantify, biochar.

For elemental analysis, samples are dry combusted and quantified for carbon, hydrogen,
nitrogen, oxygen, and sulfur contents [26, 27, 41]. Alternatively, the measurement of weight loss
during heating by thermogravimetric analysis (TGA) can test the thermal degradation profile to
confirm the carbon content, and thermal resistance of biochar (or pyrolysis status). This analysis
is performed by gradually heating the sample in a nitrogen gas flow while measuring weight loss

[42]. Analysis of carbon-loss or weight-loss, if made specific to biochar, can be used to quantify



biochar in environmental samples.

X-ray diffraction (XRD) is usually used to study the crystallinity of materials [43, 44]. After
applying a beam of X-ray to the sample, the diffracted beams with different angles and intensities
will be analyzed to understand the crystal structure [45]. This approach has not been often used to
examine biochar crystallinity.

Functional groups in biochar, such as phenyl, carboxyl, hydroxyl, phenolic hydroxyl, and
carbonyl groups, are essential for the interaction between biochar and the environment [26]. With
exposure to the environment, biochar surface functional groups may change corresponding to the
specific conditions. Fourier transform infrared spectroscopy (FTIR) can be used to detect
functional groups in biochar [41]. The method measures absorption of light at different
wavelengths to identify different resonances generated by chemical bonds in functional groups.
Due to the limitation of detection and resolution, FTIR is usually used for qualitative analysis.

Another informative option is using '°C solid state nuclear magnetic resonance spectroscopy
(13C NMR). Nuclei in atoms have nuclear spin (7). Sometimes these spins are paired against each
other, thus result in no overall spin. But for some atoms with odd number of neutrons and odd
number of protons ('H, 13C, "°F, *'P, etc.), the nuclei have / = 1/2. When such nuclei are placed in
amagnetic field, they have 2 possible orientations: the nuclei can either align with the field (ground
energy state), or align against it (higher energy state) according to Boltzmann distribution [46, 47].
NMR spectroscopy is based on the phenomenon of nuclei absorbing and re-emitting

electromagnetic radiation energy [47, 48]. Nuclei are excited by the applied magnetic field and
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jump to higher energy state from ground state. Then they relax back to the ground energy state.
The relaxation process is observed and recorded. The emitted energy is at a specific frequency,
which depends on the applied magnetic field strength and the properties of the target atoms. For
certain nuclei having different chemical environments, in other words atoms present in different
functional groups, the electromagnetic radiation frequencies will be different. The differences are
shown in NMR spectrum as peaks with different chemical shifts from a standard. Other than just
identifying molecule structures, NMR 1is also known as a powerful technique for quantitative
analysis. When the observed nuclei are directly excited, the integrated area of a peak is directly
proportional to the number of nuclei which absorb energy at the certain frequency [46, 49]. This
principle is usually used to determine the chemical structure of an unknown compound by
providing relative numbers of protons with different chemical and electronic environment in the
molecule using 'H NMR spectra [46, 47]. When utilized in quantitative analysis, an internal or
external reference standard is required to determine the concentration of the analyte [49].

Direct polarization magic angle spinning NMR (DP/MAS NMR) has been applied for
quantification of biochar [38, 50]. However, the experimental process is very time-consuming due
to the low natural abundance of '3C. Thus, cross polarization (CP/MAS NMR) is applied instead
[26]. By magnetization transferred from the nearby protons, the signal intensity for '*C can be
enhanced. However, this technique may lose its accuracy when encountering non-protonated
carbon. Detection of biochar in soils using '*C CP/MAS NMR is more likely to be qualitative in

this case. However, biochar has a very characteristic spectrum, comprising a single peak that
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indicates the presence of aromatic carbon which can be utilized in quantification with proper
comparison with soil NMR spectrum [51].

One important property related to surface functional groups is cation exchange capacity
(CEC). Defined as the amount of exchangeable cations in biochar, CEC can be measured by mixing
biochar with an extracting solution and detecting the change of chemical composition of the
solution after equilibrium [52]. This may be additional characterization of biochar-amended soils
but itself will not provide a quantitative means of biochar measurement.

All the methods listed above can be powerful tools to characterize biochar by itself. But when
biochar is applied in the environment, the complex components of soils will be the major obstacles

for accurate analysis of biochar. Details will be discussed in Chapter 2.

1.3 Carbon nanotubes

Another material with graphite-like structure, CNTs, will be discussed, with details given of
the structure, properties, applications, and common characterization methods.
1.3.1 CNTs, its structure, properties, and applications

As nanotechnology develops, its potential of enhancing existing materials and enabling new

species attracts great attention. The first described nanostructured carbon material is fullerene,
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Figure 1. 3 (a) Schematic honeycomb structure of a graphene sheet. CNTs can be formed by rolling
the sheets along lattice vectors shown as a; and a>. Folding sheets of the (8, 8), (8, 0), and (10, -2)
vectors lead to structure of armchair (b), zigzag (c), and chiral (d) tubes, respectively [56].
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which was discovered in 1985 [53]. Developed from fullerenes, a relatively new generation of
nanomaterials called carbon nanotubes (CNTs) were more recently generated [54]. Structurally,
CNTS can be visualized as single or several concentric rolled-up sheets of graphene (single-walled
or multi-walled) [55] and can be classified into three kinds due to structural differences (Figure
1.3). These three kinds can be simply described as results of different rolling strategies. Rolling up
the sheet along the symmetry axis can lead to an armchair tube (along the green arrow in Figure
1.3 a, al = a2), or a zig-zag tube (along the purple arrow, al or a2 = 0). These two structures either
have carbon-carbon bonds that are perpendicular to the tube axis (armchair), or parallel to the axis
(zig-zag), which do not have a distinct mirror-image. A chiral tube (Figure 1.3 d) is one that was
rolled-up in a direction that differs from a symmetry axis (for example, the black arrow in Figure
1.3 a) [56].

There are three common synthesis methods to produce CNTs: arc-discharge (AD), laser
ablation (LA), and chemical vapor deposition (CVD). The first two methods require extremely
high temperatures (~4000 C) that are applied to solid-state carbon precursors. These methods often
produce CNTs with large amounts of impurities or low production yield. CVD employs
hydrocarbon gases and catalyst particles under relatively low temperature (500-1000°C) [55-57].
In this method, hydrocarbon gases decompose into hydrogen and carbon species at elevated
temperature, and the carbon dissolves in the transition metal nanoparticles (typically Fe, Co, or
Ni). Carbon diffuses through the catalyst particles until it precipitates out and forms the cylindrical

structure of the carbon network [55, 57]. In this case, impurities in CNTs are the residue metal
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particles used as catalyst in the synthesis. This method requires lower temperature, while provides
higher yield and purity of production with better structure control compared to AD and LA [58].
The efficiency of CVD also makes it the most popular method for CNTs production.

Due to the nano scale size, the diameter of CNTs is usually several nanometers, while the
length can be in the micrometer or even centimeter range [59]. The large length-to-diameter ratio
allows for a large surface area with which to interact with other compounds. The sp? electron result
in unique mechanical, thermal, and electrical properties of CNTs. The interlocking covalent
bonding between carbon atoms exhibits a strong elastic modulus, making CNTs even stronger than
steel [60]. CNTs are expected to have high thermal conductivity. The thermal conductivity of a
SWCNT (length: 2.6 um, diameter: 1.7nm) is about 3500 Wm™'K"! at room temperature, when the
well-known thermal conductor — copper only transmits 385 Wm'K™!' [61]. The electrical
conductivity of CNT is determined by diameter and chirality, and the degree of graphene sheet
twist [62]. CNTs can be either metallic or semiconducting: some armchair tubes are considered as
better conductor than metals [59, 62, 63].

All these extraordinary properties lead to wide spread applications of CNTs. The large surface
of CNT allows its high efficiency as an absorbent, especially for environmental treatment [64].
Stability and mechanical properties ensure its application as a strong textile coating [65]. Chemical
compatibility of CNTs with biomolecules motivates the application of CNTs as biosensors [66]. It
is a great material for energy storage, especially considering its stability. The major application of

CNTs is as components of electronics such as transistors and circuits [62, 67].
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Not only is CNT itself is a powerful material, but its applications in polymer nanocomposites
is also very important. Interfacial contacts between polymer molecules and CNT enhance the

properties of both components and create stronger materials with better conductivities [68-71].

1.3.2 Characterization methods of CNTs

The small size of CNTs cause difficulties in characterization, with most methods focusing on
structural analysis of the material. Different microscopic techniques can be used to study the
morphology of CNTs. When the measurement scale exceeds the resolution limitation of scanning
electron microscopy (SEM), transmission electron microscopy (TEM) is applied [72]. In this
method, high-energy electrons are utilized to obtain information of samples by electron
transmission [37]. High-resolution images of CNTs not only provide basic structural information,
but also detects the presence of the residual catalyst metal nanoparticles (discussed in Chapter 3).
Besides electron microscopy, scanning probe microscopies (SPMs) have also been used for
characterization for CNTs. Atomic force microscopy (AFM) is the most common SPM applied to
CNTs [73, 74]. The high-resolution images of AFM are generated by laser beam deflection
detection [75]. To achieve morphological analysis, x-ray diffraction (XRD) also can be used.
Instead of nanometer scale of analysis, Neutron diffraction (ND) and XRD operate in the atomic
range, providing information of the bulk sample such as average structure and bonding [76, 77].
In addition, XRD can supply information about diameter, length, correlation between layers, and

chirality [77].
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Dynamic light scattering (DLS) is a common technique, requiring relatively high
concentration (mg/L level), used to determine the size distribution of small particles. By detecting
light scattering differences of particles due to Brownian motion, the intensity of scattered light
provides information on the particles’ hydrodynamic diameter (radius). This method is not very
practical for CNTs considering the non-spherical shape and large length of the tubes [78]. Similar
to DLS in that is it based on particle diffusion, flow field flow fractionation (flow FFF) is usually
used for nanomaterial characterization to provide hydrodynamic diameter information using high-
resolution separation of particle sizes. The separation is achieved by the different size-dependent
particle mobility of different sized particles [79]. However, the high detection limits (ug/L range),
which depends on the detector used, and time-consuming process restrict its application in CNTs
characterization [80].

UV-Vis, near-IR and fluorescence spectroscopy are usually applied to study the dispersion
status, size, and purity of CNTs in aqueous media [81-83]. By detecting light source absorption,
the signals observed at certain wavelengths are specific for functional groups. Raman spectroscopy
is also used as one of the most powerful tools for CNTs characterization [84]. Relying on Raman
scattering of a chromatic light source, the spectrum of CNTs shows two main bands: the G band
represents the vibrations in the planes of graphene at 1500-1600 cm™'; the D band is related to the
defects in CNTs structure at 1300-1350 cm™ [84, 85]. Infrared spectroscopy has been applied to
CNTs to study the organic molecules on the surface by observing vibration modes associated with

functional groups [86]. All the spectroscopic techniques listed above require much higher sample
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concentrations compared to environmental relevant ones, making them less competitive in
environmental analysis.

ICP-MS is usually applied as a bulk measurement to detect metal impurities in CNTs [87].
However, the elemental specificity and low detection limits encourage application of ICP-MS in
the single particle mode for nanomaterial characterization. Thus, single particle ICP-MS (spICP-
MS) was introduced with milli-second or shorter dwell time, which allows the ion clouds formed
from each single nanoparticle to be detected as a pulse, while dissolved ions are analyzed as a
continuous ion stream and provide constant background signals [88, 89]. This method was first
applied to CNTs in 2013 by monitoring embedded residual metals caused by catalytic CVD
synthesis [90]. The application of spICP-MS with 10 ms dwell time for CNTs characterization
resulted in a high background signal. The work reported here focused on quantification
improvements, both for mass and particle number concentrations.

1.4 Thesis organization

This chapter provided an overview of biochar and CNTs: discussing structure, synthesis,
properties, applications, and common characterization techniques. With concerns about the large-
scale applications and potential risk to the environment, the characterization of these two materials
in the environment is vital for understanding their life cycle and achieving reasonable and
sustainable applications.

Chapter 2 details an attempt to characterize biochar in soils. The difficulty of this study lies

mainly in the presence of soil natural organic matter (SNOM) in soils. In order to overcome the
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analytical barriers, the differences between biochar and SNOMs were studied. By applying TGA,
TOC, and NMR analysis, the differences of the two species in thermal resistance, chemical
oxidation resistance, and functional groups were examined to determine if they would provide a
means of possible quantification.

The detection of SWCNTs using pus-spICP-MS is discussed in Chapter 3. TEM and serial
filtration with ICP-MS analysis was used to examine if metal NPs are primarily incorporated in
CNT structures. The data was compared to UV-Vis spectroscopy analysis, to examine if spICP-
MS can provide quantitative CNT mass analysis. Acid-digestion of CNTs was used to examine if
CNTs are fully ablated in the plasma. Nano tracking analysis (NTA) was used as a comparative
technique for particle counting analysis. This chapter is modified from a paper “Analysis of single-
walled carbon nanotubes using spICP-MS with microsecond dwell time” published in Nanolmpact
in 2016. The authors are Jingjing Wang, primary researcher and author, graduate student from
Department of Chemistry and Geochemistry, Colorado School of Mines; Ronald S. Lankone,
graduate student from Department of Chemistry, Johns Hopkins University; Robert B. Reed,
postdoc from Department of Chemistry and Geochemistry, Colorado School of Mines; D. Howard
Fairbrother, Professor from Department of Chemistry, Johns Hopkins University; and James F.
Ranville, author for correspondence, Professor from Department of Chemistry and Geochemistry,
Colorado School of Mines.

In Chapter 4 the developed us-spICP-MS method was applied to analysis of CNTs in aquatic

organisms and sediment samples. Detection of CNTs associated with D. magna provides an aspect

19



for understanding bioaccumulation. Quantifying CNTs in sediment requires the need to
deconvolute particle-generated signals from background. Short dwell times and sample dilution
was examined for reduction of background. Dilution however not only reduces the background
signals, but also decreases the number of CNTs for detection. We plan to submit this work to
Environmental Toxicology and Chemistry. The authors are Jingjing Wang, primary researcher and
author, graduate student from Department of Chemistry and Geochemistry, Colorado School of
Mines; and James F. Ranville, author for correspondence, Professor from Department of Chemistry
and Geochemistry, Colorado School of Mines.

Chapter 5 includes all the main conclusions from each chapter with discussion on future work
involving more complex systems and more developed techniques. Overall, the techniques utilized
in this research have demonstrated their ability for characterization of materials and the potential

for assisting life cycle assessment studies.
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CHAPTER 2

QUANTIFICATION OF BIOCHAR IN AMENDED SOILS

2.1 Introduction

Biochar, generated from pyrolysis of biomass, is a very useful soil amendment because of its
unique physical and chemical characteristics and has been applied to enhance soil productivity
since the Pre-Columbian era [91, 92]. Application of biochar for soil nutrient availability and water
quality management takes advantage of its porous structure and sorptive capacity [91-96]. More
recently, biochar is of increasing interest due to its potential for use in carbon sequestration and in
its potential effect on greenhouse gases emissions [1, 91, 97, 98]. Rapid growth in the biomass
industry makes it possible for large-scale production of biochar as one of the waste byproducts
from the production of biofuel [97]. This increases the supply of biochar and makes its use more
economically favorable.

Despite the extensive use of biochar in the agricultural industry, some questions remain
regarding its application to fields. One piece of information often lacking is the actual application
rate. Although in general the amount applied to a given field is known, the uniformity of biochar
distribution is often not. This uncertainty in the soil concentration of biochar makes it difficult to
assess how a given amount of biochar affects the effectiveness of the soil amendment.
Quantification of biochar in amended soils is needed to understand the properties of biochar when

applied to the environment, as well as to optimize biochar application in order to reach more
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efficient applications.

COOH OH

Figure 2. 1 Structure models of a) humic acid [99], b) fluvic acid [100], ¢) humin [101], and d)
biochar [102].

Difficulty in the quantification of biochar largely lies in the presence of a natural organic
matter (NOM) background in soils [103]. There are many similarities in the physical and chemical
properties of biochar and soil NOM (SNOM), however there are some key differences. One of the
major components of SNOM are humic substances. Humic substances are composed of complex
organic compounds that are for the most part unidentifiable, thus they are characterized by their
more general chemical properties. Components of humic substances can be broadly classified to

include fulvic acids (FA), humic acids (HA) and humin. This operational classification relies on
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the water solubility of each component, with FA being soluble in water at all pH’s; HA being
soluble in water above pH=2, and humin being insoluble in water at all pHs. Due to the presence
of functional groups in the chemical structure of humic substances, such as carboxyl and phenol
groups, they are somewhat decomposable by biotic and abiotic processes (Figure 2.1 a,b & ¢) [99].
In contrast, biochar, has a high concentration of carbon and a paucity of functional groups, and has
a chemical structure similar to graphite (Figure 2.1 d) [102]. The graphite structure makes it harder
to be decomposed in soil as compared to humic substances. A hypothesis of this work is that
quantification of biochar in amended soils can based on differences in the chemical characteristics
of biochar and humic substances (as shown in Table 2.1), which will allow for their discrimination

from one another.

Table 2. 1 Differences between humic substances and biochar.

Humic substances Biochar
Elements C: 45-62%; O: 30-48%; N: 0.8-10% | C: 50-90%; O: 5-40%; N: 0.1-6%
Most phenolic and carboxylic
Functional
(aliphatic components: 40-50%; Mainly aromatic carbon rings
groups
aromatic components: 35-60%)
Stability Relatively stable
Easy to decomposed due to carbon
(thermal & due to carbon rings, prior use of
chains and carboxylic groups
chemical) pyrolysis in its synthesis
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Many methods have been applied to quantify biochar in soil [ 104]. For example, handsorting,
NMR, IR, in situ calorimety and analysis of molecular markers have been used [105-109]. In the
more commonly-used methods, inorganic and non-biochar organic carbon in samples are removed
first, then the remaining carbon in the sample is analyzed to estimate biochar in soils [110, 111].
Loss on ignition was applied for quantitative analysis of biochar by analyzing the weight loss of
soil and char after combustion [112, 113].

When considering the chemical characteristics of biochar versus soil organic matter, it could
be hypothesized that an approach using differences in thermal degradability could provide a means
of their differentiation. Biochar is produced from pyrolysis of biomass, usually at the temperature
of 450 — 900 C [114], and it primarily has a graphite-like chemical structure, though it has some
functional groups such as carboxyl and alcohol [41]. If the biochar is heated at temperatures under
400 C in oxygen-limited condition, it should show minimal weight loss. In contrast for SNOM,
there is weight loss due to decomposition of functional groups such as carboxyl and phenol, even
at temperatures under 300°C [103, 115]. The weight loss at low temperature can be measured to
indicate the weight content of SNOM, thus showing the content of biochar by comparison to high
temperature combustion.

Along these lines, it could be hypothesized that differences in susceptibility to chemical
oxidation may also be seem for SNOM and biochar, similar to the hypothesis for thermal
decomposition. In this hypothesis because of the difference in chemical structures, chemical

decomposition will reduce the organic carbon content of soil to a minimum by oxidizing the
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functional groups into carbon dioxide, while biochar will retain most of its carbon content and
remain as the graphite-like structure [110]. If non-biochar carbon can be totally removed by
chemical oxidation, without affecting biochar carbon, the remaining carbon content can all be
counted as biochar.

An alternative approach is to examine if functional groups differences can be used directly to
show the biochar content. Due to the graphite-like structure, most of the functional groups in
biochar chemical structure are phenyl. While for humic substances, there are many different
functional groups such as carboxyl, hydroxyl, carbonyl, and alkyl. '*C DP/MAS or CP/MAS NMR
can be applied to detect the functional group difference in order to achieve both qualitative and
quantitative analysis.

Based on the hypotheses listed above, the goal of the research presented in this chapter is to
apply methods using thermal decomposition, chemical decomposition, and functional group

differences to find an easy and accurate method for quantification of biochar in amended soil.

2.2 Experimental

This section introduces materials used for biochar quantification, describes the sample

preparation, and the characterization techniques used.
2.2.1 Samples

One of the soils examined was dry land agricultural soil (CSU soil) that had been previously
collected from the Colorado State University Agricultural Research Station in Fort Collins,

Colorado [116]. A more organic-rich soil from Iowa (ISU soil) was previously collected from the
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Iowa State University Field Extension Experimental Laboratory in Ames, lowa [116]. Both of the
soil samples were from the top 10 cm of the soil profiles after removal of the sod layer. The soils
were sieved using a 2 ft x 2 ft suspended shaker with 6 mm x 6 mm screen. Samples were then
coned and hand sieved using a brass 2 mm sieve. The <2 mm soil fraction was used in the biochar
experiments. The organic carbon contents were determined by coulombmetric analysis (UIC CM
5014 CO; coulometer, UIC Instruments, Joliet IL) and found to be approximately 1.5 and 3 % for
CSU and ISU soils respectively.

Two different kinds of biochar (Char 1 and Char 2) were used in the study. Char 1 was
generated from pine wood shavings with 24 hr pyrolysis of 350 C. Char 2 was obtained from
USGS (USGS BEC-Lot 1-8), and was produced by applying 450-500 ‘C pyrolysis to biomass. Both
kinds of biochar were ground using ceramic mortar and pestle and sieved through a brass 2 mm

sieve. The <2 mm fraction was used in all experiments.

2.2.2 Methods and instrumentation
Thermal Gravimetric Analysis (TGA)

TGA 1s used to determine the change in weight in relation to change in temperature [42]. The
weight loss can be related to decomposition of substances having different thermal stabilities, thus
providing a means for quantifying different components in materials. TGA was applied to samples
of soils and biochar to using the assumption that biochar will not lose weight at low temperatures,
while soil will due to decomposition of molecules containing functional groups which are not

resistant to thermal treatment. When biochar is treated under high temperatures up to 800 °C with
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nitrogen, the process is considered as ordering of structure and ends with graphite as the final
product. The weight loss of soil at low temperature was measured to determine the weight content
of SNOM, and the weight loss of samples at high temperature provided information of carbon
content in biochar, thus the content of biochar in amended soil can be determined.

A Seiko SSC 5200 thermal gravimetric analyzer was used for the thermal gravimetric analysis.
Samples were ground and sieved to size smaller than 200 um, then dried at 105 C for one hour and
cooled to room temperature before being loaded into Pt pans. The Pt pans were placed on the arm
of the balance in analyzer. The temperature program used raised the temperature at the rate of 10°C
/min up to a final temperature of 800 C. During the process, the weight was measured every 0.5 s.
All the results were collected by TGDTA MEASURE™, and analyzed by TGTDA ANALYSIS™.,
Both remaining weight and derivative weight (in A %) were collected for soil and biochar samples
during the process. TGA was also used for soils treated with acid for NMR analysis (details given
below). In order to examine if inorganic carbon, a potential soil constituent, could be decomposed
under the thermal conditions used, a sample of calcite was analyzed.

Chemical Oxidation and Total Organic Carbon (TOC) Analysis

Strong chemical oxidation is believed to be a promising way to remove non-biochar carbon
without affecting biochar carbon because of the strong resistance of biochar to chemical
decomposition [110]. This method, referred to as BC-chemox has been applied to Grasse River
sediment and three different activated carbon samples [111]. After the chemical oxidation, carbon

content was measured by coulometric analysis (UIC CM 5014 CO: coulometer), which utilizes
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heating samples at high temperature under oxygen in order to convert all carbon into carbon
dioxide. Carbon dioxide generated is collected to react with monoethanolamine, which changes
the solution from colorless to blue. The color change leads to the change in % transmittance thus
can be used to determine the carbon content using Beer- Lambert Law.

BC-chemox was applied to the soil and char samples before measuring the carbon content
[110]. A solution of 0.1 M acid-dichromate was made by adding potassium dichromate to
concentrated sulfuric acid. Approximately 200 mg dry samples were transferred to 50 mL glass
centrifuge tubes. After 5 mL acid-dichromate solution was added to the samples, the tubes were
placed in a water bath of 60 + 1°C for 30 min. Then the tubes were centrifuged at 2000 rpm for 15
min and the supernatant was decanted. Another 5 mL of the acid-dichromate solution was added
to the samples and the tubes were placed in the water bath for another 30 min. After an hour of
reaction, the samples were centrifuged and rinsed by methanol in order to remove the rest of acid-
dichromate solution. The samples were dried and ground to size less than 200 um. The samples
were heated at the temperature of 935°C under oxygen, and CO> generated was collected in UIC
CM 5014 CO> coulometer to determine carbon content.

Nuclear magnetic resonance (NMR) spectroscopy

NMR is based by applying a strong magnetic field and radio frequency pulses to the samples,
the resonance frequencies of nuclei with specific spins will be detected for certain functional
groups [46]. NMR has been applied on characterization of biochar in order to distinguish different

kinds of biochar and to determine the chemical characteristics of each material [117-119]. It is
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proposed that it also can be applied for the quantitative analysis of biochar mass in soil. For this
experiment, °C CP/MAS Solid-State NMR was chosen to study the differences between SNOMs
and biochar. Carbon is the best analyte as the major component in biochar. However, due to the
low nature abundance of '3C, cross-polarization is applied to enhance the signals. The pulse

sequence is illustrated in Figure 2.2.
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Figure 2. 2 Schematic diagram of cross polarization pulse sequence. A 90 pulse is applied to excite
the abundant nuclei 'H. The energy is transferred to the dilute nuclei '*C during contact time.
Decoupling is applied to 'H to reduce its impact on '3C spectrum during acquisition. Recycle
delay/relaxation delay allows excited nuclei to relax back to ground state [120].

Proton is excited by a pulse at first. Then both 'H and '*C spin-types are locked, spin
transitions are identical for both nuclei in this situation, thus magnetization from proton can be

transferred to '3C [120, 121]. This period is called contact time, usually 1-10 ms [122]. The emitted
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energy from the excited '*C nucleus is observed during acquisition time, and it will relax back to
equilibrium during recycle delay/relaxation delay (usually based on Ti, relaxation time of proton
to ensure) [47, 120]. This process is repeated many times according to the number of scans for
better signal/noise ratio. Magic angle spinning technique is also utilized in the experiment. Solid-
state NMR usually has lower resolution compared to liquid-state NMR, since rapid random
tumbling of materials in liquid state averages out the anisotropic interactions. Full effects of
anisotropic interactions are observed in the spectrum as broad peaks. By rapidly spinning samples
at the magic angle (54.7°) with respect to the magnetic field, the anisotropic interactions can be
average out for better spectrum resolution [47, 123].

Humic substances in soil has many different kinds of functional groups, which means *C
NMR spectra of soils will show peaks with different chemical shifts from 220-0 ppm[124, 125].
But for biochar, the main carbon is phenyl carbon, which will be shown as a major peak around
120 ppm. The integration of peak areas will give information on the content of different functional
groups. An empirical relationship between the NMR signal and the content of biochar can be
determined by comparison.

Paramagnetic elements can cause the NMR signal loss and broadening [119, 126, 127]. In
order to get rid of the paramagnetic metals (especially Fe) in samples, and thus reduce the effect
on the NMR signal, acid treatment was applied to samples [119]. Samples of soil and biochar were
dried at 60°C under vacuum for 48 hr, and then treated with 1.4 M HCI. Approximately 50 g

samples were measured and transferred into a 1 L glass container after 500 mL of HCI solution
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was added. Then suspensions were shaken for 24 hr. After a settling step, the supernatant was
removed and another 500 ml of HCI solution was re-added to the samples. After the supernatant
was filtered using Gelman No. 61694 filter paper, the iron content was determined using ICP-OES
(inductively coupled plasma optical emission spectrophotometer, Perkin Elmer Optima 5300). In
all ICP-OES analysis, a 10 pg/L Sc internal-calibration standard was continuously introduced into
the system along with samples, while each sample was analyzed in triplicate. For quality assurance
and quality control (QA/QC), Nanopure water blanks (Barnstead Nanopure system, Thermo Fisher
Scientific) which contained trace-metal-grade nitric acid (Thermo Fisher Scientific), and certified
continuing calibration verification (CCV) standards were analyzed after the instrument calibration,
after every 10 samples, and at the end of each set of samples. Instrument detection limit of iron
was 0.4 ug/L. The process was repeated until the iron content of the supernatant was less than 5
ppb.

After acid treatment, samples were washed with distilled water until the pH was around 5.6
(pH of water in equilibrium with atmospheric carbon dioxide). Then samples were dried, ground
to a powder of less than 200 um, and analyzed using a Bruker Avance II 400M spectrometer.
Samples of soil and soil/biochar mixture with 0.5%, 1.0%, and 2.5% biochar were packed in a 4
mm rotor with magic angle spinning (54.7°) applied at the rate of 8 kHz. A recycle delay of 5 s, an
acquisition time of 20.5 ms, a contact time of 3 ms and a number of scans of 36,000 were used to
operate on the *C nuclei. Biochar samples was packed in a 4 mm rotor with magic angle spinning

(54.7°) at the rate of 8 kHz as well. Since biochar has a much higher carbon content and different
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chemical structure from SNOM, other parameters were different from those for soil and
soil/biochar mixture samples. By optimization, the best parameters for biochar sample were found
to be: recycle delay set as 5 s, acquisition time as 25.8 ms, contact time as 5 ms, and the number
of scans was 2048. All the NMR spectra obtained were processed using TopSpin 3.0 and Mestrelab

Research 9.0 software.

2.3 Results and discussion
2.3.1 Thermal gravimetric analysis

Thermal gravimetric analysis results for a variety of materials are shown in Figure 2.3. For
the ISU soil samples, both untreated (a) and acid-treated (b) soils, there is similar weight loss in
the temperature range of 200-600 ‘C. Carboxyl and phenol functional groups are decomposed at a
temperature range of 200-280 ‘C, causing most of the weight loss. In this range, untreated ISU soil
lost 0.74 £ 0.05% of the weight, and acid-treated soil lost 0.86 = 0.05%. There is also
decomposition of single aromatic rings and breaking of alkyl chains at 270-370 C. For untreated
soil, the weight loss in this temperature range was 1.46 + 0.01%, while for treated soil, the weight
loss was 1.17 + 0.08%. Dehydroxylation of metallic hydroxides (i.e iron and aluminum
hysdroxides) happened at 380-530 C, resulting in 1.60 £+ 0.04% weight loss for untreated soil and
1.36 + 0.08% weight loss for treated soil. When temperature was above 530C near total
decomposition of organic carbon in soils is indicated by the lack of further weight loss above this

temperature. After the whole process, 93.25 = 0.19% of the untreated soil and 95.15 = 0.73% of
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the acid-treated soil mass remained. In comparing the acid-treated soil (b) and untreated soil (a)
samples, the major difference between them was the weight loss at the temperature lower than
200°C. At 200 C, untreated soil lost 1.88 +0.12% of the weight, while treated soil lost 0.80 = 0.08%
of the weight. In the temperature range under 200 C, weight loss is usually caused by evaporation
of small molecules such as water. But there is also a question of if the weight loss difference
between the untreated and acid-treated soil was due to decomposition of calcite, a possible mineral
component of the soil. The thermal gravimetric analysis results of calcite are shown in Fig. 1 c.
The significant weight loss of calcite happened at the temperatures above 600C. There’s also
weight loss at a temperature lower than 100 C, perhaps mainly due loss of water adsorbed by the
calcite surface. Thus, the weight loss difference between untreated and acid-treated soil was likely
because of the moisture and other small molecules in samples. Acid-treated soil was dried at 105°C
overnight after the acid treatment, but untreated soil was only dried for an hour before experiment,
so moisture and other small molecules remaining in untreated soil samples may have caused the
difference.

Biochar samples showed a different weight loss pattern compared to soil samples. Though
samples also lost weight at the range of 200-800 C, most of weight loss occurred around 600 C.
This may be due to the incomplete pyrolysis of biomass during the biochar preparation. However,
biochar still showed weight loss at temperature below 200 C. Because of the porous structure of
biochar, it could adsorb small molecules very efficiently. At 200 C, 98.43 + 0.06% of the weight

of the untreated biochar (Figure 2.3 d) remained, and 98.36 + 0.05% of treated biochar (Figure 2.3
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Figure 2. 3 Thermogravimetric diagram for a) untreated ISU soil, b) acid-treated ISU soil, ¢) calcite, d) untreated char 2, e) acid-treated
char 2, and f) mixture of acid-treated ISU soil and char 2 (2.5% biochar by weight). The upper lines are relative weight remaining, and
the lower data are differential weight loss (d mass/d T).
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e) remained. After the whole TGA process, 90.70 + 0.39% of the untreated biochar and 88.32 +
0.63% of the treated biochar remained. The major difference between untreated and treated biochar
weight loss occurs in the range of 200-400C. At 400°C, 97.12 £ 0.12% of untreated biochar and
96.28 + 0.18% of acid-treated biochar remained.

Comparing the different weight loss pattern of soil and biochar, there was a possibility that we
can distinguish weight loss due to biochar from weight loss due to SNOM. To test this 2.5 wt%
acid-treated biochar was added to acid-treated soil, and the mixture of biochar and soil was tested
using TGA. This content of biochar is within a range commonly used in agriculture. The results
are shown in Figure 2.3 f. The weight loss pattern was very similar to that of soil. The main
difference of weight loss was due to the moisture evaporation, though there were differences in
higher temperature range. At this level of biochar content the presence of biochar was very difficult
to differentiate. The observed weight loss would be difficult to use for quantification of biochar in
amended soils.

A comparison of TGA analysis results is illustrated in Figure 2.4. The figure shows the
measured remaining weight of ISU soil, Char 2, the mixture of these two, and the predicted weight
of the mixture at certain thermal treatment temperature. The prediction is made based on the
calculation: Wmixure = Wsoi*so0il content + Whiochar*biochar content (W is the remained weight
percentage at the given temperature). The predicted weight of mixture is nearly the same as the
measured values, except small differences in the range of 100-300 C. As noticed, the weight loss

differences between soil and biochar are obvious through the whole process in the figure. However,
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the predicted weight loss of mixture, which is based on the differences, is nearly the same as the
soil. Even after increasing the biochar amount to 10% it was still very difficult to achieve analysis,
since though the weight loss of both soil and biochar were in different patterns, the values could

not display the differences significantly.
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Figure 2. 4 Thermogravimetric diagram for acid-treated ISU soil, char 2, mixture of acid-treated
ISU soil and char 2 (9.87% biochar by weight), and the predicted results for mixture with 9.87%
biochar.
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In comparing results of all samples analyzed, it must be recognized that pre-treatment of
samples was not consistent. Some samples were heated in 105 ‘C overnight, some were only dried
for an hour before TGA. It is crucial to confirm all water molecules are removed from the samples
to reduce any confusion in the weight loss at low temperatures. Since the thermal resistance of
biochar is hypothesized based on the graphite-similar structure, it will be helpful if graphite is also
analyzed and compared with other samples. As the ideal biochar, graphite can provide direct proof
for the hypothesis tested. In addition, biochar with different sources and carbon contents should be
analyzed to study the thermal resistance of different kinds. It is very likely that biochar with lower
pyrolysis level is less resistant to thermal treatment, thus less capable to be analyzed in soil using

TGA method.

2.3.2 Carbon content analysis after BC-chemox

Non-biochar carbon removal by chemical oxidation has been applied for quantifying char
carbon in soils. The results of the method applied in triplicate to our biochar samples are shown in
Figure 2.5. In Figure 2.5 a, the results show that the non-biochar carbon is effectively, although
not completely, removed by BC-chemox. Carbon content in CSU soil dropped from 2.16 + 0.05%
to 0.22 £ 0.02% after one hour of chemical oxidation. Also for the ISU soil, the carbon content
was reduced to 0.25 £ 0.01% from 2.80 + 0.04%. Thus about 90% of carbon in soil was removed
by BC-chemox regardless of soil type. However, athough ideally the biochar carbon should be

resistant to strong chemical oxidation, the results showed carbon was also removed from biochar.
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For Char 1 and Char 2, the carbon content dropped correspondingly from 68.17 + 1.09% to 32.75

+0.72% and from 89.30 + 0.12% to 41.51 + 0.28%.
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Figure 2. 5 Carbon content of CSU soil, ISU soil, Char 1 and 2, before and after BC-chemox.

But when considering the different proportions of carbon removed from soil versus biochar,
we felt it was valuable to explore the use of BC-chemox to achieve quantitative analysis of biochar
in amended soils. Mixtures of ISU soil, the soil having the higher SNOM content, and Char 2 were
tested. Different portions of biochar (0.5 %, 1.0 %, 2.5 %, 5.0 %) were added to the soil, the
samples treated with strong chemical oxidation, and the carbon content determined by TOC
analysis. Results are shown in Figure 2.6 and Figure 2.7.

The intercept is in reasonable agreement with the amount of carbon measured in the BC-
chemox treated ISU soil (0.25 % carbon). Given that the BC-chemox treatment of the soil and
Char 2 reduced the amount of carbon present by over 90% and 50% respectively, we would expect

the slope of the line to be approximately 0.5. The slope of the fitting line in Figure 2.6 did not
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relate to the carbon content of USGS char measured after BC-chemox.

1.4 = y=0.238x +0.189 5
R*=0987

Carbon Content Measured (%)
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0 1 2 3 4 5
Char added (%)

Figure 2. 6 Calibration curve generated using BC-chemox with ISU soil mixed with Char 2.

The slope is approximately half of what would be predicted (Figure 2.7). The major error of
the experiment may lie in the centrifuge step that is used after the BC-chemox step [110]. There
were possibilities that some biochar remained in the supernatant and did not stay in soil + char
samples which were analyzed. That would cause the lower carbon content than expected. Changing

the protocol to a filtration-based separation may improve results.
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Figure 2. 7 Calibration curve comparing measured and predicted carbon content of mixture of ISU
soil and char 2.

Though the method did not work for quantification of the biochar sample we used, it may
apply to other biochar with more ordered structure. The reduction in carbon content of biochar by
chemical oxidation can be considered as carbon removal due to its low resistance to strong
oxidization. This might be related to the oxygen content of the biochar (0-40%). Elemental analysis
of the biochar used might help explain its susceptibility to chemical oxidation. Alternatively,
breakdown of aromatic carbon rings or loss of other functional groups may contribute to
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susceptibility to chemical oxidation. As with the thermal analysis, graphite and other biochar

should be analyzed to provide better evaluation of this method.

2.3.3 NMR quantification

Results for the collection of 3C CP-MAS spectra of acid-treated ISU soil (a) and Char 2 (b)
are shown in Figure 2.8. The ISU soil spectrum showed a wide range of peaks from 200-0 ppm
indicative of the presence of SNOM. Carboxyl groups are identified by the peaks around 180 ppm,
phenol groups are peaks around 150 ppm. Peaks at 120 ppm are aromatic groups, alkoxy groups
and alkyl groups lie in the area of 90-60 ppm and 50-0 ppm respectively. Char 2 spectrum is very
simple with a single large peak in the area around 120 ppm, showing the presence of aromatic

groups, consistent with the graphite-like structure suggested for biochar. There is also a minor peak

a)

b)

300 250 200 150 100 50 0  ppm
Figure 2. 8 3C CP-MAS NMR spectra of acid-treated ISU soil (a) and Char 2 (b).
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in the area of 220 ppm, which was identified as side band according to the distance from the main
peak. Peaks in the area 50-0 ppm can be considered as the sum of side band and peaks of alkyl
groups that might be present in biochar, although we did not attempt to determine the significance
of alkyl groups in biochar.

In order to find out if '*C NMR was a reliable way to quantify biochar in soil, mixtures of
different portions of biochar and acid—treated soil were tested. The integrated area around 120
ppm was used to identify the content of biochar in soil. The spectra are shown in Figure 2.9. The
peaks were modeled using a mixture of Gaussian and Lorentzian function (50% each). Since no
internal standard was applied in this experiment, quantification is based on comparison of integral
areas of target peaks. If only considering the peak at 120 ppm, the integral area for the peak in the
ISU soil spectrum as 1, mixtures had the integral areas of 1.94, 5.49, and 23.69 for biochar portion
of 0.5%, 1.0%, and 2.5% respectively. Instead of a linear relation, the integral areas were related
to the biochar amount in samples following an exponential relationship (area = 1.13g!-26"biochar
pereentage) More accurate quantitative analysis needs to account for the side band at 220 ppm (230-
200 ppm). The total integral areas of the two peaks are 1.14, 2.26, 5.91, and 24.99 for soil, mixture
with 0%, 0.5%, 1.0%, and 2.5% biochar respectively. The total integral areas also show an
exponential fitting (area = 1.30e!-?2*biocharpercentage R2 — () 98) instead of a linear relation (R =0.95).

Visual inspection of the data show that a significantly larger integrated area is seen for the 1%

biochar addition. However, it is not possible to test if the 0.5 % biochar sample is statistically

different from the 0% added biochar as only single analyses were performed. The lack of
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replication was primarily due to the high cost of NMR instrument usage. This was also considered
a preliminary range-finding experiment. In this context, we can conclude that NMR should provide

for biochar detection at levels greater than a few percent.

WWW%M

300 250 200 150 100 50 0 ppm
Figure 2. 9 3C CP-MAS NMR spectra of acid-treated ISU soil and mixtures of acid-treated ISU

soil and char 2. (a) Mixture with 2.5% biochar (by weight); (b) mixture with 1.0% biochar; (c)
mixture with 0.5% biochar; (d) acid-treated ISU soil.

2.4 Summary
The main barrier in quantification of biochar in soil is the existence of natural organic matter
in soil. To overcome this problem, properties of biochar and soil were studied, and the structural

differences were used to differentiate the two species.
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Biochar has similar structure to graphite, so it is believed that this material has similar
resistance to thermal treatment as graphite. The fact was confirmed by TGA analysis: over 95% of
the weight remained after the thermal treatment up to 800 C. However, soil showed resistance to
thermal decomposition as well. The difference between the weight loss pattern during thermal
decomposition is not effective for quantitative analysis. It is very likely due to the complexity of
soil organic matter and presence of thermal-resistant inorganic components.

Chemical oxidation was applied to samples before TOC analysis. The step was intended to
remove inorganic carbon and soil organic carbon, which are not resistant to strong oxidation. With
graphite-like structure, biochar was believed to maintain the majority of its carbon content after
the oxidation, while soil should have almost all carbon removed during the process. Although the
method did remove the carbon in soil very efficiently, about half of the carbon in biochar was also
removed. When oxidation was applied to mixtures of soil and biochar, the result did not provide
the linear relationship predicted from the behavior of the soil and biochar separately. The lack of
reliability in the method may have been due use of settling for separation of the water and the solid
remaining after chemical oxidation. The issue of floating biochar, a result of its porous structure
and light density, may have been the cause

NMR, as a direct analysis of structure, is possible to quantify biochar in this situation. Only
0.5 wt% addition of biochar in soil caused an observable increase of peak intensity at 120 ppm,
but its statistical significance was not determined. The differences of the integrated area at 120

ppm (and 170 ppm as side band) between soil and char/soil mixtures suggests NMR can be used
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to quantify biochar content in soil, however the high cost of the analysis is an obstacle for wide-

spread use.
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CHAPTER 3

QUANTIFICATION OF SINGLE-WALLED CARBON NANOTUBES USING SINGLE
PARTICLE INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY WITH

MICROSECOND DWELL TIME

Modified from a paper published in Nanolmpact
Jingjing Wang, Ronald S. Lankone, Robert B. Reed, D. Howard Fairbrother
and James F. Ranville

3.1 Introduction

Novel properties of nanomaterials, as the result of nanoscale size, lead to interest across all
the science fields including chemistry, physics, material science, biology, and engineering [128-
131]. For the past two decades, nanotechnology has experienced an extremely rapid growth, with
global funding increasing 40-50% each year and a prediction of a US$ 3 trillion global market by
2020[132, 133]. As an important species of NMs, CNTs find their diverse commercial applications
ranging from electrical conductors, mechanical enhancement, catalysis, drug delivery, and
environment remediation [134]. CNT production driven by the enormous need in industry
exceeded several thousand tons in 2013 [67]. The large scale of production will undoubtedly raise
considerable debate about the benefits and implications. Nanoscale, needle-like structure, and
graphitic properties of CNT all lead to concerns over the safety of this material [135]. CNT

exposure not only happens in the manufacturing process, it also occurs during every step of the
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material life cycle including transportation, application, disposal, and even recycling.

Though CNT exposure in workplace usually show detectable concentrations of airborne
particulates, the released amount in the environment may be far less [136, 137]. But even for the
predicted ng/L range concentration, there is still potential ecotoxicological risk associated with
CNTs [138]. Current laboratory toxicity tests involving mg/L range NMs don’t adequately
represent exposure levels relevant for realistic risk assessment. To fill in the concentration gap,
development of efficient nanometrology with low detection limits is imperative.

Many nanometrology techniques have been developed to overcome the challenge the tiny
size scale brings in. Most commonly used methods to characterize CNTs are XPS, Raman
spectroscopy, UV-Vis, TEM, and STEM as discussed in Chapter 1 [139]. But all of them require
samples prepared in the mg/L range instead of the realistic environmental concentrations of ng/L
level, not to mention the deficiency when facing high sample complexity [139, 140]. In contrast,
ICP-MS shows its outstanding elemental selectivity as well as detection limits at ng/L or sub ng/L
for most elements. However, in detection of CNT, instead of carbon which is difficult to ionize
and also exists even in blank reference, metal impurities such as Fe, Mo, Ni, Co, and Y are usually
utilized [55]. As a consequence of catalyst synthesis, CNTs are often purified by processes such as
air oxidation and acid refluxing [141]. But these metal particles sometimes are encapsulated by
carbon layers, making them unable to be oxidized or dissolved in acid. In addition, the wide
particle size distribution and diverse amount distribution on individual tube makes it even more

difficult to develop a unified method to achieve high-purity CNTs [142]. Thus, even after
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purification, CNTs still have metals intercalated within the structure (usually several percent of the
particle mass) [87, 143]. With the ability to quantify metal impurities in CNT using ICP-MS, more
interests are focused on the potential to apply it as a route for quantification of CNTs.

spICP-MS harnesses short dwell times and only one analyte isotope to obtain the specificity
and sensitivity for characterization of NMs. Usually used for metallic (Au and Ag) and metal oxide
(ZnO and CeQO3) particles, spICP-MS is able to provide detection, quantification of mass and
particle number, and sizing information[144-148]. When spICP-MS is applied to samples,
nanoparticles (NPs) containing the analyte isotope in samples generate clouds of ions that are
detected by the analyzer and are shown as pulses. In the meantime, the dissolved element is ionized
by plasma and reaches the detector as a continuous ion stream, which is shown as a constant signal.
NPs can be easily separated from dissolved element using spICP-MS. In addition, the intensities
of signals are directly related to the masses of analyte. When the NPs are spherical and chemically-
uniform, the intensities of pulses can be converted to sizes. Pulse frequency can also be used to
determine particle number concentrations using the transport efficiency [146].

spICP-MS made its debut in detecting single-walled CNTs (SWCNTs) in 2013 [90]. Trace
metals (e.g.: Y, Co, Ni) are used as analytes in this method which used 10 ms dwell times. The
study demonstrated a promising route for quality analysis, but the quantitative analysis was still
not accurate. The comparison of particle number concentrations detected by spICP-MS and Nano
Tracking Analysis (NTA) suggested that spICP-MS counted at least 100 times less than actual

particles present [90]. spICP-MS needed to be improved to achieve more accurate quantification
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of particles.

The most common used dwell time for spICP-MS has until recently been 10 ms. But a series
of studies suggested that a single particle may generate a metal ion cloud with only a few hundred
microseconds span [144, 149-151]. Thus 10 ms may be a too large time window, allowing several
particles to be detected instead of just one. Sample dilution is required with longer analysis time
for 10 ms dwell time method. But the situation weakens the advantage of spICP-MS as a high
throughput technique. The attempt to decrease the dwell time slightly to 3-5 ms did avoid some
coincidence but still not achieve satisfactory pulse counting [144]. Thus, it is important for spICP-
MS to acquire signals at a dwell time which is the same or shorter than the particle transient time.
Development of instrument and data processing techniques makes it possible to acquire continuous
data at a rate of 100,000 Hz (or 10 ps dwell time) [150]. The fast data acquisition allows multiple
continuous data points to be combined and measured as one single particle, avoiding false or partial
counting of particles. The decreased dwell time also demonstrates the ability to suppress dissolved
background, which is very important when analyzing complex environmental samples.

The first step of this study is to determine the analyte metal for the SWCNT used. The
association between metal NPs and CNT was verified by comparison of filtrates and dispersion of
CNTs, which demonstrated the reason of proxy choice. Since metal NPs are embedded in the CNT
structure, we need to confirm the ionization efficiency of spICP-MS for further quantitative
analysis. Further investigation of the spICP-MS method was focused on the quantification (both

mass and particle number concentration) of CNTs at environmentally relevant concentrations. The
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last part of this work was to test the ability of spICP-MS in detecting and quantifying SWCNTs in

a nanocomposite release study.

3.2 Experimental
The following sections introduce materials used in this chapter and describe the techniques

applied for the characterization and quantification of materials.

3.2.1 Materials

SWCNTs were obtained from Carbon Solutions (AP-SWCNT) and were not purified by the
manufacturer. Stock CNT suspensions were prepared by adding a known amount of CNTs in a
known volume of ultrapure water (HPLC grade) with 1% w/w surfactant (sodium deoxycholate,
Sigma-Aldrich). Then overnight sonication was applied to the stock solutions in a 70 W Branson
1510 ultrasonicator to cause dispersion of CNTs. At this stage, the stock solutions were sent from
JHU to CSM for ICP-MS analysis. At the beginning of each spICP-MS experiment, dissolved Au
standards and an Au NP standard were applied to determine transport efficiency. Dissolved Au
standards were prepared using Clariras PPT (SPEX Certiprep) ICP-MS standard and 18.2 mQ*cm’
! nanopure water (Barnstead Nanopure Diamond Laboratory Water System). The Au NP standard
(RM 8013) was obtained from National Institute of Standards and Technology (NIST) with a size
of 56 nm, which is used to determine transport efficiency by size. It was also diluted to 500 ng/L
with nanopure water. The chosen analyte for Carbon Solutions SWCNTs is Y, thus dissolved Y

calibration solutions were analyzed before CNT samples. They were also from Clariras. Desired
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concentrations of CNTs were achieved by diluting stock solutions with nanopure water. Nanopure
water blanks were tested before CNT dispersion and after dissolved calibration solutions. All
dilutions were performed in 15 mL polypropylene centrifuge tubes, CNT samples were
homogenized in a Fisher FS60H bath sonicator for 15 minutes. All samples were tested in triplicate
to evaluate reproducibility.

Acid digestion was applied to SWCNTs suspension in order to dissolve all the metals. 5 mL
concentrated nitric acid (> 70%, ACS reagent, Sigma-Aldrich) and 15 mL concentrated sulfuric
acid (95.0-98.0% ACS reagent, Sigma-Aldrich) were added in ~100 mg SWCNT and ~1 mg
sodium deoxycholate. The mixture was kept in an oil bath of 70°C for 5 days, then the temperature
was set to 90°C for 30 days. The final product was yellow with white precipitate settled at the
bottom as a result of reaction between the surfactant and acid. 3 mL HPLC water was used to wash
the reaction container. Both the mixture and the water used to wash the container were transferred
into a 25 mL glass vial and sent to CSM for analysis. The acid-digested sample was diluted with
nanopure water prior to ICP-MS analysis.

Filtration was performed on the CNT dispersions using filters with pore size of 0.02 um
(Whatman Anotop 25 syringe filters, 6809-2002), 0.2 um (Whatman Anotop 25 syringe filters,
6809-2022), and 2 um (Millex syringe filter units, SLAP02550). The filtrates were compared with
nanopure blank and original dispersion to determine the background as well as confirm the

association between Y NPs and SWCNTs.
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In order to verify the application of spICP-MS in detecting SWCNTs in environmental
samples, released CNT suspensions were prepared. Carbon solution AP SWCNTSs were weight and
added into polycaprolactone solution (THF as solvent) to generate a loading of 1.5 wt%. The
mixture was stirred for ~5 minutes, and then sonicated for 24 hours to create a well-defined
nanocomposite. After sonication, the suspension was dried in an aluminum dish (Fisher). Once the
coupon had dried, a piece of it was weight and placed in a test tube with 10 mL of HPLC water.
UV irradiation of 254nm was applied to the 1.5 wt% CNT-PCL nanocomposite. The coupon was
dried and measured after the treatment. At the same time, the supernatant was collected and
analyzed by ICP-MS. Different treatment durations have been applied (2, 5, 10, 20, 40, 60, 80,
100, and 125 days). Surfactant was added to each sample prior to spICP-MS analysis. Pure PCL

coupon was generated as the control sample.

3.2.2 Characterization of SWCNTs

Varian Cary 50 Conc UV-Visible Spectrophotometer was applied to CNT suspensions with
different concentrations to collect all UV-Vis data with Cary Varian UV Scan Application 3.00. A
HPLC water sample was used to calibrate the system, and HPLC water with 1% w/w surfactant
was tested as 0 mg/L SWCNT sample.

Prior to TEM imaging, SWCNTs were sonicated in a mixture of tetrahydrofuran (THF,
anhydrous, > 99%, inhibitor-free, Sigma-Aldrich) and chloroform (contains 100-200 ppm
amylenes as stabilizer, >99.5%) for 4 hours to generate a stable dispersion with a final

concentration of about 5 mg/L. A lacey carbon grid was dipped into the suspension and allowed to
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air dry. A Philips CM 300 Field Emission gun TEM was applied to the grid operating at 300 kV.
[Nlumination conditions were set for low electron doses. Image was collected using a bottom
mounted Gatan SC 200 CCD camera.

All spICP-MS data was collected on a Perkin Elmer NexION 300Q ICP-MS with an S10
autosampler. Dwell time was set to 100 ps (or 3ms, 10 ms if labeled), with 60 s data acquisition
time for all samples including CNT suspensions, dissolved standards and blanks. Sample
introduction flow rate was 0.3 mL/min. To achieve accurate analysis, extra caution was necessary.
Rinsing of nebulizer and spray chamber was part of the plan to avoid sample carry over, as well as
changes of the peristaltic pump tubing. In addition, 1% v/v methanol was used to flush the system
after 3 consequent CNT suspensions analysis in order to reduce CNT carry over which cannot be
rinsed away with 2% v/v nitric acid. A blank reference was tested after methanol rinse to confirm
the flushing result.

Particle number measurements of SWCNTs from spICP-MS and Nano Tracking Analysis
(NTA) were compared with a prior analysis of a well-understood Au-PVP sample. Au-PVP
nanoparticles were purchased from NanoComposix, reported to obtain a 40 nm Au core which was
25% of the total particle mass. PVP shells were applied to prevent aggregation between the
particles and contributed to the whole particle size of ~70 nm. Both Au-PVP and SWCNTs
suspensions were prepared by homogenization of NM powder and HPLC water (surfactant for
CNTs since they were not surface modified to prevent aggregation), and then split into two aliquots,

one for each analysis method. Samples were diluted with nanopure water followed by a 15-min
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bath sonication to reach the desired concentrations for analysis. The reported particle number
concentrations were corrected by the dilution factors. A NanoSight LM 10 instrument (NanoSight
Ltd., Amesbury, United Kingdom) equipped with a 405 nm (blue) laser source and a temperature-
controlled chamber was used to perform NTA measurement of both suspensions. All videos were
captured by a scientific CMOS camera (Hamamatsu). The results were analyzed using NTA 2.3
Build 011 software (NanoSight Ltd.) to count the Brownian motion signals from the particles in
350-400 pL samples. Data collection was repeated three times for each sample, and the results

were averaged from the three trials of analysis.

3.3 Results and discussion
3.3.1 Determination of analyte

Although carbon is the major component of CNTs, it is difficult to use the very element in
ICP-MS analysis mainly due to the high carbon background in the environment. However, as the
technology developed, background signals can be efficiently suppressed. It increases the
possibility to see pulses above background for direct carbon analysis of CNTs.

The most abundant natural carbon isotope is '?C, which is about 99 times of *C. Although
utilizing '*C as the analyte may help reducing background signals, the response is too limited, even
for 10 pg/L CNTs, makes it less competitive for low-concentration detection needs. Results of 1*C
spICP-MS Analysis of 1 pug/L and 5 pg/LL SWCNTs is shown in Figure 3.1. The dwell time applied

is 10 ps, which is considered as an effective suppression of background signals. Both samples
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generated a wide range of '2C responses, with no significant evidence of pulses which suggests the
presence of CNTs. The average reading is 33 + 7 counts/dwell time for 1 ng/L. SWCNTs, and 32

+ 6 counts/dwell time for 5 pug/L SWCNTs.

1 ug/lL SWCNTs

"’C response

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

66 Time (s) 5 ug/L SWCNTs

'“C response

14 16
Time (s)

Figure 3. 1 Time-resolved '*)C spICP-MS data of 1 and 5 pg/L Carbon Solutions SWCNTs
suspension with Nanopure water as matrix.

EDS analysis results show the signature elements in the SWCNTs are carbon, nickel, and
yttrium (copper as the result of TEM grid, Figure 3.2). Multi-element ICP-MS analysis of the
digested CNT samples also provided the same results: nickel content in SWCNT is ~7 wt%, and
yttrium content is 5 wt%. Although nickel is more abundant, the choice of analyte needs to consider
isotopic abundance, and potential interferences. Nickel is distributed among five isotopes. The
most abundant is **Ni (68%), which is unusable due to interferences with ArO, CaO, and Fe.
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Yttrium, in the other hand, is monoisotopic (100% as *°Y), gives a stronger signal than ®'Ni
(26.2%). In addition, the pulses generated by yttrium were more distinct from the background than
nickel due to the limited natural abundance of yttrium element, making it a better proxy analyte

for the study.

Counts

Y
Y
| A
10 15
Energy (kew)

Figure 3. 2 Energy-dispersive X-ray spectroscopy (EDS) results for Carbon Solutions CNTs. The
presence of Y and Ni are demonstrated. Copper is a result of the TEM grid.

3.3.2 Association of Yttrium NPs with CNT

Figure 3.3 shows TEM images of the Carbon Solutions CNTs used in this study, with size
distribution of NPs. Use of catalytic metal NPs to quantify CNTs requires that the NPs be
associated with the CNTs. Several lines of evidence support that the NPs are primarily associated
with CNTs. First, no metal NPs were observed as individual particles in TEM analysis; instead,

they were all encapsulated in the CNT structure (Figure 3.3 a, b, c¢). This observation can be
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somewhat subjective as it is difficult to obtain representative images of particles on the TEM

100nm %

Particle size (diameter, nm)

Figure 3. 3 TEM images of Carbon Solutions SWCNTs (a, b, ¢) and size distribution of NPs (d).
Grey tubes represent graphitic carbon, and dark objects are metal nanoparticles. The association
between metal NPs and CNT can be observed as grey graphitic carbon capsulate dark NPs. b) size
distribution of metal nanoparticles in the CNT structure. Total of 122 particles were sized, with
98% of them less than 35 nm in equivalent spherical diameter.

grid, especially for particles of highly different shape and size. Most NPs shown in TEM images

are ~15 nm in diameter (size distribution in Figure 3.3 d, based on 122 particles measured) with a
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range of 5-35 nm. In unfiltered CNT suspensions (Figure 3.4 a), yttrium spICP-MS analysis of
CNTs measured pulses up to 200 counts. According to calculations based on the dissolved Y
calibration standards, our size detection limit by spICP-MS for yttrium NPs sized as 100% Y is
approximately 10 nm with an ¥Y response of 1 count/dwell time, while a 15 nm yttrium NP
produces a pulse of 2 counts/dwell time, and a 35 nm NP produces a pulse on the order of 25
counts/dwell time. The pulses above 25 counts/dwell time shown in the spICP-MS data are very
likely to be the result of multiple NPs embedded in the CNTs, or multiple bundled CNTs.
Unfiltered CNT suspensions are also observed to contain a large number of pulses in the range of
1-25 counts. This could be evidence of CNTs that contain a single NP, but the possibility of free
metallic NPs cannot be completely excluded by the unfiltered CNT data.

To further demonstrate the association of metal NPs with the CNTs, filters of varying pore
sizes (2, 0.2, 0.02 um) were used to separate a 5 mg/L CNT suspension (Figure 3.4) which was
prepared in triplicate. The 2 um filtrate generated a similar response as the unfiltered suspension
sample (among 2827 + 71 particles, only 87 + 19 were removed), indicating CNTs can pass through
the 2 um filter easily. These results are consistent with the manufacturer-reported size of CNTs of
3.8 £ 1.8 nm in diameter, and 1800 + 1000 nm in length. In the 0.2 pm-filtered sample, well over
half of the pulses observed in the unfiltered sample are eliminated (2032 + 33 pulses were

removed). The 0.2 um filter is able to remove most of the CNTs, however there are still Y
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Figure 3. 4 Time-resolved 89Y data for filtration results of 5 mg/L CNTs using 2, 0.2, and 0.02 um
pore size filters. Solutions were diluted to 1 pg/L for spICP-MS analysis.

pulses detected by spICP-MS in the filtrate. In contrast, the 0.02 um filtration showed removal of
nearly all pulses (only 20 + 7 pulses detected in the filtrates) and simultaneously lowered the
background ®Y signal. Statistical analysis (t-test) of spICP-MS results suggest that the background
signal (responses of 0 counts & 1 count) in the 0.02 um filtrate is not significantly different from
a Nanopure water blank (p > 0.05). Over 99% of the total instrument responses in these two
samples are a signal of 0, with limited responses of 1 count and above in the real time data. The
reduction of the background signal in the 0.02 um filtrate indicates that there is no detectable

dissolved yttrium in the CNT suspension. Bennett et al. also showed that a very limited amount of
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dissolved yttrium could be leached from the CNT structure when using deionized water as the
experimental matrix [152]. Results of a control study of filtration of dissolved *Y (shown in Figure
3.5) also strongly supported the absence Y sorption loss during filtration as a mechanism for
background signal reduction. Thus, the low-intensity (1-5 counts/dwell time) instrument responses
observed in the present study are likely due to small yttrium particles, primarily encapsulated in

CNTs.

] Nanopure water
1.2 2% Nitric acid
0.9
Q\)O 06'
@)
0.3
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2 0.2 0.02

Filter size (um)

Figure 3. 5 Post-filtration concentration (normalized to unfiltered samples) of 1 pg/L dissolved
yttrium standard diluted in Nanopure water (grey) and 2% nitric acid (white). 3 filters with
different pore size (2, 0.2, and 0.02 um) were used. Relative concentrations for filtrates in
Nanopure water media were 1.03, 1.01, and 0.98 respectively. Concentration for filtrates in 2%
nitric acid were 1.01, 1.02, and 1.03 with filter pore size of 2, 0.2, and 0.02 um respectively.
Dissolved Y loss by adsorption to the filter is undetectable.
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In the yttrium NP size distribution (5-35 nm with mean size of 15 nm), yttrium NPs sized <
20 nm should generate *’Y responses of 1-5 counts. Thus, if yttrium exists as discrete particles in
suspension, the 0.02 um filtrate should have a greater number of responses between 1 and 5 counts
compared to the Nanopure water blank. The similarity between spICP-MS signals of the 0.02 um
filtrate and the Nanopure water thus provides further evidence for the association of yttrium NPs
with CNTs. However, yttrium particles < 20 nm may not effectively pass through the 0.02 pum filter.
Thus, the lack of pulses in the 1-5 counts/dwell time range in the 0.02 pum filtrate does not eliminate
the possibility that some free yttrium particles are present. Overall, the effective removal of Y
responses by filtration at various pores sizes supports the assertion that yttrium particles are
primarily associated with the CNT structures.
3.3.3 Plasma ionization efficiency

Since Y NPs are encapsulated in carbon layers, it is important to confirm that the 6000 K
plasma is capable to destroy the CNT structure and efficiently ionize all Y NPs which then transport
to mass analyzer as ion clouds form. Partial ionization can cause inaccurate quantitative analysis
of metal content, thus the final mass concentration of CNTs.

To confirm the ionization efficiency, concentrated acid digestion was performed to CNTs.
The digested sample was diluted by 1000 prior to ICP-MS introduction to avoid corrosion. CNT
suspension was diluted to reach the same mass concentration. Both samples were analyzed by 100
ps dwell time spICP-MS for Y mass, and the results are shown in Figure 3.6. The acid-digested

CNTs results demonstrate a broad band of signals with an average of 30. No obvious pulse was
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observed above the signals, which was considered as no particle exists after the digestion. In the
other hand, the suspended CNTs showed numerous pulses with different intensities. Thus Y in
CNTs mainly exists in particle form. After integrated all Y signals to the mass of the element, acid
digested sample showed a Y concentration of 2.18 + 0.02 pg/L, while suspension had 2.15 £ 0.02
png/L'Y. Since both samples contained 43.5 pg/L. CNTs, the 5 wt% Y content in Carbon Solutions

SWCNTs can be used for further quantification of this kind of CNT.

| Acid Digested SWCNTSs| [ SWCNTs Suspension|
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Figure 3. 6 Real time data of acid-digested SWCNTs and undigested SWCNTs suspension. Both
samples were prepared initially in a stock solution of 43.5 pg/L CNTs.

3.3.4 Comparison of spICP-MS to UV-Vis spectroscopy

To further confirm the association of yttrium NPs with CNTs, spICP-MS analysis was
compared with UV-Vis analysis. Although the sensitivity of UV-Vis is significantly less than

spICP-MS, it is directly sensitive to the carbon structure of the CNTs, while spICP-MS uses the
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metal NPs as an indirect means for CNT detection. Filtered and unfiltered CNT suspensions were
analyzed by both UV-Vis and spICP-MS to compare the measured concentrations by optical
density (UV-Vis) to yttrium presence (spICP-MS). Similarity in quantitative results between the

two methods would further validate the hypothesis that Y NPs are associated with CNTs.
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Figure 3. 7 UV-Vis analysis of CNTs: (a) UV-Vis absorbance (220-800nm) of CNT suspensions in
Nanopure water at 5 concentrations; (b) Beer’s Law plot of absorbance at A=700nm (chosen to
avoid interferences by surfactant) vs mass concentration of CNT.

UV-Vis analysis was performed on dilutions of an as-prepared 5 mg/L. CNT suspension, while
spICP-MS was performed on samples further diluted for yttrium quantification. It should be noted
that the dilutions needed to place samples in the dynamic range for each instrument are very
different and this was accounted for when calculating both initial and measured concentrations. To
quantitatively measure CNT concentration in suspension with UV-Vis, the linear dependence of
optical density (absorbance) on suspension concentration is utilized to establish a concentration
absorptivity constant at a given wavelength. The UV-Vis spectroscopy absorption spectrum of the
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CNT is shown in Figure 3.7 a and spans from 190 to 800 nm with a maximum observed at 230 nm.
Although this is the maximum absorbance, and therefore provides the strongest instrument
response for low concentrations of CNTs, for filtration studies 700nm was used to measure
SWCNT concentration because this wavelength falls well outside the UV window where the
sodium deoxycholate surfactant absorbs [153]. From the established calibration curve (Figure 3.7
b), it can be seen that at 700nm the concentration/absorptivity constant is 0.028/(cm*mg/L).

The mass concentration of yttrium obtained by integration of the spICP-MS data (Figure 3.4)
and UV-Vis results for C/C,, where C, is the unfiltered sample response, and C is the filtered

sample concentration, was in good qualitative agreement (Figure 3.8).
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Figure 3. 8 Ratio of the pre- and post- filtration concentrations of 5 mg/L. CNTs as measured by
both UV-Vis (A = 700 nm) and spICP-MS (mass concentration) and normalized to the unfiltered
sample. 3 filters with different pore size (2, 0.2, and 0.02 um) were used.
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For the 2 pm-filtered samples spICP-MS and UV-Vis measured 94.96 + 4.22% and 87.96 +
0.42% of the initial CNTs passing through the filter, respectively. Although the measured amounts
of CNT removal by filtration are statistically different (p < 0.05) for the two analytical methods, it
was confirmed that the majority of these CNTs could permeate a filter with a 2 um pore size. The
0.2 um filtrates were found to contain ~28% of the initial CNT concentration as measured by both
techniques (28.12 + 1.58% detected by spICP-MS, and 28.60 + 0.66% detected by UV-Vis). There
is no significant difference between these two results (p > 0.05). A difference between the methods
in measured CNT removal was observed for the 0.02 um filtrate. While spICP-MS measured 1.04
+ 0.12% of CNTs passing the filter, the UV-Vis analysis suggested 5.16 + 0.21% of CNTs are
passing the filter. Given the dimensions of the CNTs it seems unlikely the higher UV response is
indicating CNT passage through the 0.02 pum filter. A possible alternative explanation for the
higher UV response is that a minor amount of dissolved organic matter or fine particles of
amorphous carbon are released from the CNTs. While similar, but not in perfect agreement, the
quantitative results for these CNT samples as directly measured by UV-Vis (sensitive to the CNTs)
and indirectly by spICP-MS (sensitive to Y NPs contained in the CNTs) provide further evidence

that yttrium NPs are primarily encapsulated in the CNT structures.

3.3.5 Improvements of spICP-MS using micro-second dwell time
One of the major measurands of spICP-MS analysis is particle number concentration,

quantified via the counting of pulse events. This assumes that each pulse corresponds to a single
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Figure 3. 9 Real time data of 1 pg/L dissolved Y standard using different dwell time (black: 10 ms;
blue: 3ms; red: 100 ps)

particle and so it is critical to quantify the detection events accurately to determine particle number
concentration of a NP suspension. To achieve an accurate analysis, the first step is to determine
the measureable dynamic range of NP concentration, that is: 1) not too dilute, to ensure that a
sufficient number of pulses can be detected in a sample run time, and 2) is not too concentrated,
to avoid incurring a significant number of coincident pulses. The advantages of us dwell times for
reducing coincidence have been previously demonstrated [154-156]. In spICP-MS analysis
utilizing 10 ms dwell time, the blank reference usually provides low responses, ranging from 0 to
10. Meanwhile, small size metal NPs also generate low isotope responses, thereby affecting the

ability of spICP-MS to differentiate particle pulses from background signals. It is critical to
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suppress dissolved element signals especially for environmental samples.

As shown in Figure 3.9, samples with the same dissolved Y concentration was introduced to
ICP-MS under exact same condition (sample introduction flow rate, transport efficiency), the
intensity of isotope signals corresponded to the dwell time since intensity was the amount of ion
detected in each dwell time window. In addition, short dwell time can achieve better pulse
resolution for particle number analysis. When using ms dwell time, it is very possible for more
than one particle to be analyzed in a single dwell time window. Instead of giving actual information,
the choice of ms dwell time will result in a larger particle and a lower particle number concentration.

Situation is changed when using 100 us dwell time, which is shorter than the duration of NP
event (usually several hundred microseconds). Each particle is analyzed in several continuous
dwell time windows; sum of responses in these windows is the mass of one single particle, and
number of NP events is counted for particle number. In Figure 3.10, for the exact same CNT
suspension, partial of one peak was counted at 10 ms dwell time; 3 ms dwell time was capable to
show only one peak; 100 us dwell time provided the more efficient analysis compared with the
other two, at least 4 peaks were demonstrated in the real time data. And due to the small size of Y
NPs in CNT, those small peaks shown in Figure 3.10 c¢) can also be considered as effective particles.
Since for the same homogenized SWCNTs, same mass should be detected in the same 20 ms
duration of data acquisition. The total intensities detected at 10 ms, 3 ms, and 100 us dwell time
were 236, 238, and 243 respectively, so the same mass was contributed into different counting of

particles. Considering the large scale of small Y NPs presence in CNT, it is imperative to enhance
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Figure 3. 10 Comparison of 1 pg/L Carbon Solution SWCNTs suspension real time detection at
dwell time of 10 ms (a), 3 ms (b), and 100 us (c).
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Figure 3. 11 Time-resolved spICP-MS data for CNTs with mass concentrations of a) 5 pg/L, b) 1

pg/L and c) 0 pg/L. Low background produced by microsecond dwell time allows for a particle
detection cut-off of 1 count (red horizontal line) without introduction of false detections (c).

Coincidence (illustrated by the boxed area in Figure 3.11 a) is observed at 5 ng/L concentration
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the ability of spICP-MS to resolve single particle reading at high particle number concentrations.

Concentrations of 1 and 5 pg/L CNTs were tested using a 100 us dwell time to establish the
upper concentration limit (Figure 3.11 a & b). The integrated yttrium mass of these samples scaled
with CNT mass concentration (47.14 + 0.98 ng/L and 240.05 + 3.61 ng/L respectively), but
significant coincidence occurred during analysis of the 5 pg/L CNT sample (illustrated in the
highlight box in Figure 3.11 a). An approximate upper limit of 1 pg/L CNTs was established for a
100 ps dwell time, approximately 10-fold greater than for 10 ms [154].
3.3.6 Particle detection cut-off criteria

In a previous study using 10 ms dwell times for analysis, two different cut-offs were
investigated (x+3s and X+5s). Repeating the use of a 10 ms dwell time gave a 1 count/dwell time
average background, which resulted in cutoffs of 4.81 and 7.15 counts/dwell time (Figure 3.12).
This high background results in difficult differentiation of particle-created signals from
background noise, resulting in undercounting of detection events [90]. Only recently have dwell
times shorter than 3-10 millisecond been used [154-157], in part to reduce this background. Using
a dwell time of 100 ps, the average background instrument response decreased to 0.002 counts
(0.2 % non-zero readings) for MilliQ water (Figure 3.11 c). Reducing the dwell time makes
differentiating very small particle pulses from the background possible.

The method we applied in this study to determine various cut-off values, using 100 us dwell
time data collection, is based on the Nanopure blank reference data[90, 145]. In the time-resolved

data for the Nanopure water blank (Figure 3.11 c), of the 600,000 readings collected in 60 seconds,
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only about 1200 readings on average gave non-zero counts. This gives
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Figure 3. 12 Time-resolved spICP-MS %Y data of Nanopure water using 10 ms dwell time
demonstrating a higher background than 0.1 ms data.

an average of 0.002 counts/dwell time, and with addition of 5s of the background signal,yields a
possible cut off of 0.0812 counts/dwell time. Our procedure requires that two consecutive readings
have responses greater than the cutoff in order to qualify as a particle detection event. This criterion
1s based on the fact that a pulse event should occur over several dwell times, given the typical pulse
duration of a few hundred ps. This approach eliminates short-term instrument noise. (see Figure
3.13 for a more detailed procedure description). This simple approach proved effective although

more rigorous methods of sample deconvolution from the background have been proposed [156].
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Figure 3. 13 Schematic diagram of particle counting using cut-off of 1. Each asterisk-marked peak
represents a nanoparticle generated pulse. Identification as a particle pulse requires two or more
consecutive responses greater than 1 count/dwell time. Among the 12 peaks in the figure, peak 1
and 4 are first ruled out by the cut-off criteria since they only have data points of 1 count/dwell.
Peak 5 and peak 6 have single responses of 2 counts/dwell, but since only one reading above the
cutoff is observed, peak 5 and 6 not counted as a particle response. Similar to peak 6, peak 10 is
not counted even the data point is 3 counts/dwell. Although peak 9 has the total response of 4
counts just as for peak 10, it is counted as an effective pulse because the two 2-count/dwell data
points meet the requirement of two or more consecutive responses greater than 1 count/dwell.
Similarly, peak 2, 3, 7 and 8 are counted as pulses. For peak 11 and 12, since the cut-off is set to 1
count, they are treated as 4 consecutive responses, and then counted as only one particle,
highlighting the need to avoid coincidence by limited the NP concentration. If the cut-off is raised
to 2 counts, to provide a more conservative estimate of particle number, only peak 7 and 11 will
be counted as a particle response.

A small difference in cut-off can lead to different measured particle number for samples that
contain significant numbers of particles near the mass detection limit. For example, in the
highlighted area (Figure 3.11 a) of the 5 ng/L CNTs time-resolved data, there is a “peak” comprised

of 11 non-zero readings. If the cut-off is set to 0 counts/dwell time, two pulses will be reported, as
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the two larger pulses on the left will be considered as only one effective pulse because the data
does not drop to the zero count/dwell time cut-off. When the cut-off is set to 1 count/dwell time,
three pulses will be counted. Also the nearly last reading shown in Figure 4 a, having 2
counts/dwell time, will not be counted as only one reading is above the cutoff. If a cut-off of 4 or

5 counts/dwell is used only one pulse will be registered over the entire 5 ms shown.

. ® Cutoff: 0 c

100009 Cut-off: 1 N

16.0x10 ©
@ 8000 - . - S
o= [ ] Z O 1
g_) n ® QO g =
@ 6000 ° 14.0x10° o © &
c o > Q
5 . -5
9 4000 - ® E ©
i L 3 o
8 i ® 12.0x10° = g ~

2000 - E

= ©

®
0| = 10.0 =

00 05 10 15 20
CNT mass concentration (ug/L)

Figure 3. 14 Particle detection events (left y-axis) and measured CNT particle number
concentration (particles/mL, right y-axis) versus CNT mass concentrations (0, 0.1, 0.2, 0.5, 1.0,
and 2.0 pg/L), with cut-offs of 0 and 1 counts/dwell time. Particle number concentration are
calculated based on pulses counted, transport efficiency and sample flow rate.

To examine how particle detection cut-oft affects quantification of CNTs across a range of
particle concentrations, a series of samples with varying CNT mass concentration were analyzed
using 2 different cut-off criteria. In Figure 3.14, the number of pulses (detection events, left Y-axis)
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was proportional to CNT mass concentration (X-axis) in the range of 0-1000 ng/L with a cut-off
of 1 count. When the concentration is higher than 1000 ng/L, the non-linearity may be largely due
to coincidence. But when using cut-off of 0 counts/dwell time, this linear relationship only occurs
for samples with mass concentration of 200 ng/L or lower. It was discussed above that using 0
counts/dwell time as cut-off may result in some small “shoulder” peaks counted as the continuous
tail of large pulses, which leads to the undercounting of pulse events. The number of detection
events was divided by the measured transport efficiency, flow rate, and acquisition time to obtain
the measured particle number concentration (Figure 3.14, right Y-axis). As the cut-off value is
increased, the number of particle detection events decrease. With consideration of quantification
accuracy, as well as coincidence, the ideal dynamic range of CNT mass concentration analysis was
chosen to be 10 -1000 ng/L with a cut-off of 1 count for this study. The mass detection limit of
yttrium was found to be 0.5 ng/L in Nanopure water, thus the detection limit for Carbon Solutions
CNT (5 wt% Y) is about 10 ng/L, measured as 4.0 * 10° particles/mL. Samples with concentrations
lower than this range may require multiple runs to collect enough particle detection events to be
statistically different than a Nanopure water blank sample. Samples with higher concentrations
will require dilution to avoid coincidence effects. Establishing the cut-off criterion and dynamic
CNT concentration range for the CNTs used allowed further studies; 1) comparison of CNT
quantification with Nano Tracking Analysis, and 2) quantification of CNT released from

nanocomposites.
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3.3.7 Quantification of CNT particle number concentration by spICP-MS and NTA

Both spICP-MS and Nano Tracking Analysis (NTA), a laser-based particle counting method,
were performed on multiple NP suspensions to compare particle number quantification. Numerous
prior studies have investigated the use of NTA to examine Au NP dispersions [158]. Since in this
study the CNTs were dispersed from a powder we chose to use a powder form of Au NPs. A
known mass of Au NP (polyvinylpyrrolidone-coated) powder was suspended in HPLC-grade water
and analyzed by both methods. The Au NP had a 38 nm gold core, which comprises 25% of the
total mass (as stated by the manufacturer), the other 75% being the polyvinylpyrrolidone coating.
The NTA measured 4.57 = 0.07 * 10° particles/mL, while spICP-MS measured 10.67 + 0.58 * 10°
particles/mL. The mass concentration of Au-PVP NPs, computed from the NTA analyis, and
accounting for the particle composition, was 10.43 £+ 0.16 mg/L. The calculation based on the
spICP-MS analysis gave a result of 24.35 + 1.32 mg/L, much closer to the intended 25.13 mg/L
Au-PVP mass concentration obtained by weighing out the sample. Both methods showed their
comparability for counting particle numbers within less than an order of magnitude. For analysis
of this particular NP, spICP-MS was found to count more particles than NTA (by a factor of 2) but
appeared more accurate based on the computed mass concentration.

The CNT stock solution used in the method comparison had a mass concentration of 13 mg/L.
In order to be in the dynamic range of each method the stock solution was diluted to 1 pg/L for
spICP-MS measurement, while NTA samples were diluted by a factor of 10 from the stock solution.

Accounting for the dilution used, the stock CNT solution was determined to contain 4.88 & 0.041

85



* 10° particles/mL by spICP-MS. Measurements by NTA counted 80.8 + 0.14 * 10° particles/mL,
approximately 16 times more than measured by spICP-MS. Given that for the Au NP the two
methods were in agreement within a factor of 2, this greater difference suggests undercounting of
the CNTs. Variations in metal distribution among the CNTs could contribute to the difference in
measured particle number by the two methods. Analysis by TEM (Figure 3.3) demonstrated the
non-uniform metal distribution in the CNTs. It is very likely that there are CNTs containing little
to no metal NPs, rendering them non-detectable by spICP-MS. The limited Y content of the metal
NPs contained in the CNTs is another potential explanation, since these NPs are hard to distinguish
from the background signal. The smallest Y NP that can currently be detected by spICP-MS with
the ICP-MS used in this study is about 15 nm. As shown in Figure 3.3, a significant fraction of

particles was smaller than this size limit.

3.3.8 Application: detection of SWCNTSs released from nanocomposites

Composite materials, as the combination of two or more constituents, possess superior
properties compared to the neat matrix materials [69]. CNT polymer nanocomposites take
advantages of unique properties of CNT, enhance the mechanical properties, electrical and thermal
conductivity, and optical properties of the original polymer matrices [69, 71, 159, 160]. The
improvement leads to extensive usage, which raises attention of potential release during the life
cycle [161]. In order to help understanding the release scenario of composites, the experiment was

performed to simulate CNT release from CNT-PCL nanocomposites due to photodegradation.
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Figure 3. 15 Weight loss of 1.5% loading SWCNTs-PCL composite under 254nm UV light
exposure for 2, 5, 10, 20, 40, 60, 80, 100 days.

For 1.5 wt% SWCNTs-PCL composite, most of the weight loss occurred in the first 20 days
of UV irradiation. After 2 days of treatment, the composite lost 1.82% of the total mass. The weight
loss was doubled after 5 days, then reached 6.14% and 7.24% after 10 days and 20 days of
treatment respectively. Starting from 40 days of exposure, the weight loss was stable, at about 9%
of the total mass (Figure 3.15). Considering the limited mass portion of CNTs in the composites,
main weight loss was due to the degradation of polymer. This agrees with the expectation that UV
irradiation accelerated the degradation of polymer. But after a certain period, the degradation

slowed down, may be even stopped, showing no significant change of mass since then.
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Assume SWCNTs was dispersed into polymer evenly, any piece of the coupon with the same
mass should contain the same amount of CNTs. Thus, when the composite degrades, CNTs are
detected in supernatant as a portion of the weight loss (1.5 wt% as indicated by the preparation of
composite). spICP-MS results should give tendency of SWCNTs released amount just as showed

in Figure 3.15.
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Figure 3. 16 Time-resolved spICP-MS data of 2 and 80 days exposure samples of CNT release
experiment. Both samples were diluted by 1000 before spICP-MS analysis to avoid coincidence.

Time-resolved spICP-MS data of two examples are shown in Figure 3.16. When comparing
the data, there are obviously more yttrium pulses in 80 days exposure sample than 2 days exposure,
which indicates more CNTs are released from the composite. In addition, the significant increase
of pulse intensity in 80 days exposure sample can be explained as aggregation of CNTs released.

Figure 3.17 presents the mass and particle number concentrations of the exposure samples.
The measured SWCNTs mass concentrations are converted from yttrium mass concentration

detected, while expected mass concentrations are calculated based on mass loss and CNTs loading
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in composite. Although the measured mass concentrations do not totally agree with the expected
ones, the tendencies of CNTs release from composite are similar. The amount of CNT released
from composites increases rapidly in the first 10 days of treatment, starting from ~280 pg/L at 2
days to over 1000 pg/L. After 10 days, there is no significant increasing in the released CNT mass
concentration. SWCNTs mass concentration corresponds with particle number concentration,
which confirms the yttrium detected are nanocapsulated. However, 100 days exposure sample
shows a significant decrease of particle number as well as mass, may be due to the different slot

of composite synthesized.
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Figure 3. 17 spICP-MS results of exposure samples: expected and measured SWCNTs mass
concentrations of different exposure duration supernatants (red and black, respectively), and
particle number concentration (blue) of those samples. 20 days exposure supernatant sample was
polluted by unknown contaminants, the sample was excluded in the ICP-MS analysis.
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3.4 Summary

The need to study the ecological implication of CNTs at environmentally-relevant
concentrations calls for reliable nanometrology with low detection limits. spICP-MS is capable to
perform measurement of NPs on a “particle by particle” basis with specific analysis of elements.
The utilization of microsecond dwell time improves the resolution of this technique. However,
even using 10 us dwell time, it is still impossible to detect carbon directly due to the high
background. Thus, it is still more practical to detect residual catalyst metal as the proxy for analysis.

Using spICP-MS makes it possible to measure CNTs in the concentration range predicted for
surface waters (ca. ng/L level). Quantification of total metal in both acid-digested CNTs and a CNT
suspension provided evidence for the full ablation and ionization in the ICP, a necessary
requirement for quantitative analysis of CNT mass concentration. Results of filtration using
various pore sizes suggest that no measurable dissolved yttrium was leached from the CNTs and
yttrium-containing particles were associated with the larger CNT structures. Results suggest that
the integration of the total metal signal provides a quantitative measurement of CNT mass
concentration.

Yttrium particle numbers detected by spICP-MS scaled with CNT mass concentrations,
although not all CNTs contain detectable levels of Y NPs, resulting in undercounting. Shortening
the instrument dwell time from 10 ps to 100 ps improves the resolution between NP-generated
pulses and enables improved counting of particles. Further development of the technique is needed

to achieve accurate quantification of CNT number concentrations.
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spICP-MS is a reliable tool to track CNTs released from composites, and is especially
powerful for detection of CNTs in aqueous systems. Both mass and particle number concentrations
correspond to the polymer weight loss, which can provide information for release scenarios and
potential implications of released NPs. For better understanding of CNT release scenarios, more
data need to be collected including: different exposure duration conditions, different loading of

CNTs in the composites, different polymer matrices, and different CNTs.
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CHAPTER 4

APPLICATIONS OF SPICP-MS IN TRACKING CARBON NANOTUBES IN THE

ENVIRONMENT

A paper to be submitted to Environmental Toxicology and Chemistry

Jingjing Wang and James F. Ranville

4.1 Introduction

The widespread applications of carbon nanotubes (CNTs) in industry and consumer products
will inevitably increase their amount in the environment, with potential consequences of ecological
exposure [162]. A holistic assessment of all aspects along the life cycle is critical to evaluate the
benefits and impacts of CNT-containing products [163-166]. A life cycle starts with production of
raw materials, following by manufacturing, transportation, application, and ends with re-use,
recycling or disposal [163]. With predicted release during production and manufacturing, and
unpredicted release in other stages, CNTs may undergo complex interactions which will affect the
fate, exposure concentrations and form [167].

Once entering the environment, CNTs will disperse, transport and transfer in the
environmental media — air, soil/sediment, and water [168]. Production and application cause
airborne CNTs exposure from indoor air and ambient atmosphere, and the inhalation of airborne
CNTs is the main concern regarding its toxicity. Air provides the least complex matrix in which to
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examine CNTs. Although there are a large variety of methods that can be used to measure
nanoaerosols, they are most likely to provide concentration estimations without detailed
quantitative characterization information [169]. Soils and sediments may be an important sink for
CNTs. However, soil and sediments are physically, biologically, and geochemically heterogeneous
due to their complex components, This complexity not only makes it difficult to differentiate CNTs
from the background, but alteration of the form of CNTs is possible in these media [168]. Limited
studies have been performed for the direct characterization of CNTs in natural soils; it has been
more successful to study the interaction of CNTs with individual components, such as soil humic
substances. Finally, the complexity of aqueous systems will also bring in difficulties in
characterization of CNTs, not only due to the natural carbon substances, but also because of the
complicated interactions between CNTs and the components of aquatic systems. However,
aqueous systems are relatively easy for CNT analysis in comparison to soils and sediments. Water,
aquatic organisms, and sediments can be analyzed separately to study the behaviors of CNTs in
aqueous environment [162, 170].

Due to their small sizes, CNTs can enter single cells through cell membrane. CNTs can enter
larger organisms through inhalation or ingestion and then enter the blood stream, finally resulting
in distribution in the body. The interaction between CNTs and biomolecules contributes to the
toxicity [171-174]. The most accepted mechanism of toxicity is that CNTs activate the oxidative
stress enzymatic pathways, leads to the generation of excessive reactive oxygen species, and thus

peroxidation of fatty acids in the organism[175]. Though there are animal and cell culture studies
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that support the toxic response of CNTs to cell health, the dose scale where effects are observed is
usually in ppm (mg/L or mg/kg) range [174, 176-179], much higher than the predicted ppt (ng/L
or ng/kg) range exposure concentration [180]. However, because of their stable structure, CNTs
are relatively resistant to possible aging and transformation, making them a long-term exposure
hazard, and perhaps making them more bioavailable than other NMs. Possible biomagnification
along the food chain may increase CNTs exposure to higher tropic levels, thus increasing the
potential for toxicity [171].

Besides of the toxicity concerns for organisms, accurate evaluation of CNT uptake and
bioaccumulation is important for life cycle assessment [181]. Biological accumulation potential is
an important aspect for risk assessment of chemical substances. Bioconcentration factor (BCF) is
usually used to evaluate the degree of bioaccumulation and provide guidance for action with
consideration of exposure scale, persistence, and ecotoxicity [181]. The majority of engineered
NM bioaccumulation studies are focused on metallic, metal oxide, and fullerene impacts on aquatic
systems [181, 182]. There have also projects performed on CNTs uptake and accumulation with
pre-treated CNTs (radioactively-labeled or fluorescent lipid-coated), but due to analytical
limitations, the studies used much higher concentrations than predicted environmental
concentrations [183-186]. As the previous results suggested, although CNTs can be ingested by
organisms easily, they are subsequently excreted during depuration (above 80% of ingestion
amount) [183]. Given these few studies bioaccumulation of CNTs thus appears limited, but still

provides a possible entry of CNTs into the food chain. The lack of studies in quantification of
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CNTs uptake and translocation with no pre-treatment, and performed at more realistic exposure
concentrations, calls for additional studies using more sensitive methodology, such as single
particle ICP-MS spICP-MS [187].

Sediment is also an important component of aquatic systems, which needs to be considered
during life cycle analysis. Due to their insolubility and high potential for aggregation, CNTs
transported in surface waters will likely settle and accumulate in aquatic sediments [188]. Any
approach to differentiate CNTs from other compounds in sediments may need to leverage
differences between CNTs and the natural background materials through either structure, electrical,
or thermal properties [189]. Most approaches attempt to extract CNTs into a simpler matrix to
overcome the quantification limits [188, 189].

In this study, we attempt to develop an analytical means to provide better understanding of the
fate and transport of CNTs in the environment. Tracking of nanomaterials in both environmental
and biological compartments is essential for risk assessment. For example, the first step for
bioaccumulation, and perhaps biomagnification, of CNT is their association with small aquatic
organisms such as filter feeders, which serve as prey to larger species. One such organism, Daphnia
magna, has a ubiquitous presence in freshwater systems around the world. It is a commonly used
laboratory animal for ecotoxicology studies due to its ecological relevance and ease of culture.
Both CNT ingestion and physical attachment to the outside of the organism has been observed
[190]. From an ecological perspective, predators are exposed to both forms of CNTs and thus

differentiation between CNTs in the gut and from the organism surface may be unimportant. Thus,
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in this study, the first goal was to assess the ability of spICP-MS run in the microsecond mode of
data collection (us-spICP-MS) to detect CNTs associated with Daphnia magna. Development of
this new approach was described in Chapter 3 and in Wang et al [187]. In the work presented here
we examined both pure CNT suspensions as well as CNTs released from polymer nanocomposites,
to attempt to evaluate if form affects bioavailability. The method involves the use of single particle
ICP-MS to measure metal NPs associated the CNTS as a proxy for direct measurement of the
CNTs. The results for quantification of both mass and particle numbers are presented. Results of
further investigation of the us-spICP-MS method’s capabilities for detection and quantification of
CNTs, obtained from three different manufacturers, in sediment, where matrix effects can be

significant, are presented.

4.2 Experimental
The following sections introduce materials used in this chapter and describe the techniques

applied for the characterization and quantification of CNTs.

4.2.1 CNT association with Daphnia magna

The D. magna exposure experiment was performed following a modification of the OECD
Guideline for the Testing of Chemicals, Test No. 202 [191]. Reconstituted moderately hard water
was prepared according to EPA methods [192-194] (NaHCOs3, 96.0 mg/L; CaSO4-2H>0, 60.0
mg/L; MgS04, 60.0 mg/L; KCl, 4.0 mg/ L). CNT stock suspension used was the same as described

in Chapter 3 (Carbon Solutions AP SWCNTs). The CNT stock suspension was diluted with
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moderately hard water (MHW) and sonicated for 20 minutes using a Fisher FS60H bath sonicator
before D. magna addition. Triplicate experiments were performed in which 10 D. magna were
added to 30 mL CNT suspension. A set of D. magna in MHW with no CNTs added was used as a
control. After 48 hours, D. magna adults from each cup were collected and rinsed with Nanopure
water, to remove adhered water, which contains dispersed CNTs, and loose, externally-attached
CNTs, before being transferred into 10 mL Nanopure water. Sonication (Qsonica sonicator Q500)
was used to homogenize D. magna (10 min probe sonication), and these homogenized samples

were diluted 10:1 with Nanopure water and analyzed by spICP-MS.

4.2.2 Nanocomposites and released CNT preparation for exposure experiment

In order to study the association between D. magna and nanocomposite-released CNTs, a
passive release of CNTs from polymer nanocomposites was necessary for the study.
Nanocomposite samples were prepared by collaborators at Johns Hopkins University. Chitosan
was chosen as the model polymer material for its biodegradable properties. A solution of chitosan
(Sigma-Aldrich) in 2% acetic acid was stirred and heated at 50 C for 4 hours. The solution was
centrifuged to remove any undissolved solids. Carbon Solutions AP SWCNTs were mixed into the
solution to generate a 3 wt% loading. The mixture was then sonicated to achieve a homogeneous
CNT suspension. After sonication, the suspension was transferred into an aluminum flask and dried
overnight. The coupon generated from the suspension was peeled from flask and soaked in 1 M

NaOH for an hour to remove any excess acetic acid followed with a DI water rinse.
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To prepare the released CNT suspension for exposure experiment, the coupon was placed in
100 mL of MHW for 7 days. Prior studies of CNT release from nanocomposites performed over
100 days had shown that most CNT loss occurred over the first 1-2 weeks. After 7 days of treatment,
the coupon was removed from the solution. The concentration of released CNT in the solution was
analyzed by spICP-MS prior to exposure experiment. After 20 min of sonication, 100 uL of the
solution was obtained and diluted by 100 using Nanopure water. Then sodium deoxycholate (SDC)
was added to make a 1 wt% surfactant concentration, and the diluted solution was sonicated for
20 min before being introduced to ICP-MS. The rest of the release supernatant was split for
triplicate exposure experiments as 4.2.1.

A comparison experiment was performed to understand the effects of surfactant on D. magna
uptake. CNT suspensions were prepared by diluting the stock suspension. Released CNT solutions
were prepared by placing composites in MHW as described above. Surfactant was added to both

solutions to generate the same amount of surfactant during exposure experiment.

4.2.3 CNT stock suspensions for sediment extraction experiment

Sediment used in this study was obtained by collaborators from Duke University. Natural
estuarine sediment was collected from a pristine saltmarsh estuary, Bread and Butter Creek (BBC)
within the North Inlet Estuarine Research Reserve on the coast of South Carolina. This sediment
was well characterized (98% silt/clay, total organic carbon content f oc = 2.6%, total black carbon
content f gc = 0.6%) [195]. Published work by Chandler and Green [196] details preparation

methods and sediment qualities. Three different SWCNTs were used in the sediment extraction
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experiments: Carbon Solutions P2, Southwest SG651, and Nanolntegris HiPco. The three stock
suspensions were prepared by dispersing known amount of SWCNTs in 2 wt% SDC solution
(Sigma-Aldrich, adding certain amount of SDC powder in Nanopure water).

To identify and quantify the metal impurities in CNTs, microwave total digestion was applied
to all three SWCNTs. Digestion was performed using MARS6 (CEM Corporation) microwave
digestion system. A mixture of concentrated nitric acid (9 mL, ACS reagent, 70%, Sigma-Aldrich)
and concentrated hydrochloric acid (3 mL, ACS reagent, 37%, Sigma-Aldrich) was added to ~5
mg CNTs. The digestion temperature was ramped to 180C in 20 min followed by a constant
temperature digestion time of 15 min. After the digestion finished, 8 mL of Nanopure water was
used to rinse the vessel, and 20 mL of total solution was collected for each sample. However, since
there were still observable floating CNTs, suggesting incomplete digestion, a second round of
digestion was applied using the method developed by Li et al. [186]. In this second digestion,
samples were mixed with 4 mL of concentration nitric acid and 5 mL of hydro peroxide (AR 30%,
Macron Fine Chemicals). Two steps in the digestion were utilized. In step 1, the temperature was
ramped to 170 °C in 20 min with a constant temperature digestion time of 5 min. In the second step,
the temperature was ramped to 190 C, followed by a constant temperature digestion time of 15
min. The samples were left in the microwave oven while they cooled down to room temperature
before the vessels were vented. Digested samples were collected with 11 mL Nanopure water to
rinse the vessels (total of 40 mL solution was collected for each sample). The samples were diluted

by 50 using Nanopure water. And all samples were filtered through a 0.45 pum filter (nylon
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membrane, glass fiber prefilter, Cameo) before analysis. A 1% SDC solution was digested using
the same method to determine if any possible interferences existed in ICP-MS analysis.

spICP-MS analysis was also applied to all three CNT suspensions to confirm the metal content
as well as provide information on particle number and mass concentration. The instrument and
operating parameters were the same as described in Chapter 3. For dissolved standards used in
both multi-element ICP-MS and spICP-MS (Co, Mo, Y, Ni, and Fe), they were all diluted to
concentrations ranging 0-10 pg/L using Spex Certiprep Claritas PPT Grade dissolved metal
standards and 2% nitric acid (optima grade, Fisher). In addition, dissolved calibrations were also
performed using cobalt nitrate hexahydrate (ACS reagent, > 98%, Sigma-Aldrich) as the dissolved
Co source. This was done to examine the possible effect of the acid present in the SPEX standards.
Results of dissolved calibrations performed in different matrices were compared to assess matrix
effects on signal intensity. Different concentrations of CNT suspensions were prepared by diluting
the stock suspensions using 0.1 wt% SDC solution, and all samples were sonicated for 5 min
(Qsonica sonicator Q500) prior to ICP-MS analysis.
4.2.4 Sediment extraction experiment

An experiment was performed to determine the recovery and potential matrix interferences
for CNTs spiked into sediment. Sediment was amended by stirringa sediment slurry
(sediment with 30 g/L salt water (instant ocean) for 20 min. A known concentration of CNTs was
spiked into the stirring slurry and allowed to stir for an additional 20 min. The CNT amended

samples were then continually shaken and incubated at 4 C for 72 hours. Samples were then

103



centrifuged at 1880G for 15 min and the excess water decanted off. The wet sediment was weighed
into test tubes to which 4 mL of 2 wt% SDC was added. The mixture was then sonicated for 10min
(50% power) and another 10min (30% power). The sonicated samples were then centrifuged at
14,100 RPM for 15 min. The supernatant was then collected, diluted by 0.1 wt% SDC, and

analyzed by spICP-MS.

4.3 Results and discussion
4.3.1 CNT association with D. magna

In order to demonstrate the ability of spICP-MS to detect and quantify CNTs in organisms, D.
magna were exposed in triplicate to two concentrations (5 pg/L and 100 pg/L) of CNT suspensions
in MHW. After CNT exposure, the organisms were homogenized by sonication for spICP-MS
analysis. A 10-fold dilution factor was used to create CNT suspensions that were within the
dynamic range of spICP-MS analysis. After 48 hours of exposure to moderately hard water, the
control (no CNTs added) D. magna adults show very limited background yttrium content, with an
average *’Y response of 0.005 counts/dwell time (Figure 4.1 a). A small number of pulses (< 50
out of 600,000 readings) were observed that have counts above 1 and less than 10. In contrast, as
seen in Figure 4.1 b, yttrium pulses clearly demonstrate that CNT association with D. magna
occurs with 412 + 19 pulses observed over the 1 minute data acquisition time for the organisms
exposed to 5 pg/L CNTs. From the comparatively lower number of pulses which were detected for

the non-exposed D. magna (7 + 2 pulses), we can calculate the quantification:
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Figure 4. 1 Time-resolved spICP-MS data of homogenized D. magna suspension (all diluted by
10) after 48 hours of exposure to (a) moderately hard water, (b) 5 pg/L CNT, and (c) 100 pg/L
SWCNTs suspension. The data represents a single analysis of triplicate samples.
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detection limit requires X + 10 = 27 pulses detected.

Pulse detection limit

(

, —) * CNTs suspension concentration
Number of pulses detected in CNTs suspension

= Lowest CNT mass concentration used for quantification of association

27-7
412-7

*5=0.25 pg/L

Thus, a detection limit of about 250 ng/L can be extrapolated for the experimental conditions
used.

The integrated *Y signal from the D. magna, when compared to the CNTs remaining in the
MHW after 48-hours, gave a calculated value of 5.74 + 0.53 ng CNT associated with the D. magna,
which is 3.48 + 0.32% of the total initial CNT mass added to the test matrix. The same data
processing was applied to the D. magna adults exposed to 100 pg/L CNTs suspension. Yttrium
pulses shown in Figure 4.1 c also confirm association of CNTs with D. magna. The 6931 + 125
pulses observed gave an integrated CNTs association value of 3.76 = 0.48% of the total CNT mass
in media (112.8 + 14.43 ng).

There are concerns about the transformation (aggregation state) of CNTs during transport in
the environment. Furthermore, in using metal NPs to track CNTs it is important that these NPs are
not released from the CNTs. To study the potential for changes in the size distribution of yittrium
NPs and/or the CNTs, which may affect their analysis by spICP-MS, a comparison of pulse
intensity distributions in different matrices was made. Results are shown in Figure 4.2. Data
processing methods were discussed in Chapter 3, with only consecutive data points above the cut-

off being counted as CNT-generated pulses. After counting all effective pulses, the results are
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shown as the number of pulses counted on the y-axis and pulse intensity on the X-axis. The
majority of the pulses counted (>99%) have intensity less than 100. Given the size distribution of
the yttrium particles is ~ 15 nm, pulses on the order of 5-10 counts would be observed if these NPs
were not associated with the CNTs. All samples showed the highest pulses having intensities
around 700 counts (off scale on Figure 4.2), which indicates the existence of CNTs with multiple

yttrium particles encapsulated in the structure.
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Figure 4. 2 Pulse intensity distribution of (a) 1 pg/L CNT diluted from the stock suspension in
Nanopure water; (b) 1 pg/L CNT diluted from the stock suspension in moderately hard water; (c)
1 ng/L CNT diluted from the stock suspension in moderately hard water and aged in 20 ‘C incubator
for 48 hr before analysis; (d) diluted homogenized D. magna suspension after exposure to 100
pg/L CNT for 48 hr (about 1 pg/L in mass concentration). All samples were bath sonicated for 15
min before spICP-MS analysis. Binning of data is performed using OriginPro 8.5.1. The bin size
of 1 was used for maximum resolution of pulses.
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Statistical analysis was utilized to compare the different sets of data by applying Student’s t-
test with mean and standard deviation. There is no statistically significant difference observed
between 1 pg/L CNTs suspension in Nanopure water (Figure 4.2 a) and a suspension with the same
concentration in MHW (Figure 4.2 b) (p = 0.77 >0.05), indicating that CNTs are not substantially
more or less aggregated in MHR than in DI. No statistically significant difference is observed
between CNTs suspension in MHW immediately after dilution (Figure 4.2 b) and in suspension
held in an incubator for 48 hr (Figure 4.2 c¢) (p = 0.54 >0.05). Therefore, holding the CNTs at 48
hr in the incubator did not change the yttrium association with CNTs. Furthermore, CNTs detected
in the organisms (Figure 4.2 d) did not show a statistically significant difference from CNTs in
suspension (p = 0.28 >0.05), which strongly suggests the association of yttrium and CNT did not
change during the biological processing. In general, there is no observed transformation of yttrium

particle or CNTs under the experimental conditions.

4.3.2 Dose response assessment

During the suspension and association process in aquatic systems, CNTs stay stable, which
suggests any possible ecotoxicity is mainly due to the CNTs rather than products from possible
complex reactions such as release of dissolved metals. More CNTs leads to increasing toxicity
directly. Thus a dose-response analysis is essential for hazard characterization in the risk
assessment paradigm [197]. For these experiments the methods were the same as for those
described in section 4.3.1. A range of external dose concentrations were obtained by exposing D.

magna adults to CNTs suspensions with mass concentrations of 0, 50, 100, 200, and 400 pg
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CNT/L. Mass of CNTs that associated with the organisms, both ingested and externally attached,
was measured by integrating all Y response, relating this to the yittrium versus CNT calibration

curve, and comparing this with the original CNT mass in exposure media.
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Figure 4. 3 Association results of D. magna exposure in SWCNT suspensions: (a) CNT mass
concentration in homogenized D. magna suspension after 48 hr exposure to 50, 100, 200, and 400
pg/L SWCNT suspension; (b) percentage of CNT associated compared to the original mass of
CNT in suspensions.

The results are illustrated in Figure 4.3. CNTs suspensions were diluted from the original
CNT stock with surfactant, and the mass concentrations at each exposure level were confirmed
by spICP-MS analysis before the exposure experiment. All samples were diluted to a
concentration range within that needed for spICP-MS analysis. CNTs detected in D. magna
homogenates shows an increase corresponding to the CNTs mass concentration in the media.
CNTs mass concentrations detected in the undiluted 10 mL D. magna homoginates are 4.52 +
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0.01, 9.83 £ 0.09, 18.79 £ 2.05, 46.39 + 1.55 ng/L for the external doses of 50, 100, 200, and 400
ng/L CNTs suspensions respectively (Figure 4.3 a). In Figure 4.3 b, the CNT amounts associated
with D. magna are compared with the original suspended CNT. Though the amounts vary, the
percentages of CNTs associated with the D. magna are very similar, about 3.32% (3.01%, 3.28%,
3.13%, and 3.87% respectively). In general, CNTs associated with the organisms are linearly
proportional to the suspended CNT amount over the concentration range tested. This may
suggest that the association of CNTs with D. magna is an aggregation process similar to a linear
adsorption isotherm. However, an ingestion mechanism might also show similar behavior if food

is ingested in proportion to the amount provided.

4.3.3 Association of CNTs released from polymers with D. magna

As previously discussed, the majority of CNTs application currently are in consumer
products in which CNTs help to enhance the properties of materials [68-71, 159, 160]. Polymer
nanocomposites are an important category of such materials. Release of CNTs from composites
as a result of polymer degradation has been discussed in Chapter 3. It is a possible route of CNT
biological exposure into the environment [161]. CNTs released from composites may have
different surface properties than the original CNTs put into the product, which might affect
association with aquatic organisms. In order to understand how association with the organism is
affected when exposed to released CNTs instead of suspended CNTs, two duplicate 3% SWCNT-
loaded Chitosan composites were placed in surfactant-free MHW for 7 days. At the end of the

simulated release experiment, the supernatant was collected, analyzed by spICP-MS, and used
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for exposure experiments. Homogenates of the exposed D. magna were prepared by sonication

as previously described. Surfactant (1 wt% SDC) was added to D. magna homogenate before

spICP-MS analysis. All samples that were analyzed by ICP-MS were diluted by 100 for spICP-

MS analysis.
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Figure 4. 4 Association results of D. magna exposure in CNT released from Chitosan
nanocomposites: (a) CNT mass concentration in homogenized D. magna suspension after 48 hr
exposure to released CNT; (b) percentage of CNT associated compared to the original amount of
released CNT. Error bars (SD) represent triplicate spICP-MS analyses.

The two composites showed similar, but not equal, release of CNTs; the mass concentrations

detected were about 1000 pg/L (970, and 1200 pg/L). There are 751.8 + 51.9, and 890.7 + 55.5

ng/L pulses representing CNTs detected in D. magna suspensions (Figure 4.4 a). The association

percentages are 25.7 + 1.8%, and 24.9 £+ 1.5%. Using CNTs released from the composites, the

proportional relation between associated CNTs concentration and that in the exposure media is still
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the same, although grantedly the difference in exposure concentration is small. The association
percentage values for released CNTs are much higher comparing with the results for suspended
CNTs (~3.32%).

The results shown in Figure 4.4 generates the question, are the released CNTs more
bioavailable than suspended pristine CNTs? For the two experiments, there was a difference with
regards to the presence of the surfactant, sodium deoxycholate (SDC), during the exposure period.
The surfactant was used to reduce the bundling of CNTs for better dispersion. In the exposure
experiments using suspended CNTs, SDC was in the media before organisms were added; on the
other hand, SDC was not added until the exposure was completed in the experiments using released
CNTs as it was believed the released CNTs would be less dispersible. To study the impact of SDC
on the association of CNTs with D. magna, an optimized experiment was designed using three
different CNT sources. First, CNTs released from chitosan were collected after soaking composites
in MHW for 7 days without surfactant. The supernatant was diluted by 3 and 6, then the CNTs
mass concentrations of the two sets of diluted supernatant were measured by spICP-MS.
Suspended CNTs were prepared by diluting the stock with surfactant to obtain the same
concentration as the diluted release supernatant. There is another set of released CNTs with had
SDC added after collecting the supernatant of the composite release experiment. The
concentrations used are close to the concentration range tested in the experiments used to generate
Figure 4.3.1, so the association amount should be relevant to the previous results. In addition, when

high CNT concentration is used for the D. magna exposure, SDC amount is also high (all
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suspended CNTs were diluted from 13 mg/L SWCNTs stock containing 1 wt% SDC). Mortality is
observed in the first 2 hr of exposure when SDC amount in the media is 0.1 wt%. In order to avoid
the effect of mortality on the association of CNTs with D. magna, lower SDC concentrations are

required for exposure. CNT mass concentration and SDC content for different media are listed in

Table 4.1.
Table 4. 1 List of CNT sources used in comparison experiment.
CNT source SWCNT mass Sodium deoxycholate
concentration (pug/L) content (wWt%)
Suspension 1 220 0.02
Suspension 2 410 0.03
Released CNT 1 220 0.02
Released CNT 2 410 0.03
Released CNT 3 250
Released CNT 4 550

The media with different CNT mass concentrations and SDC contents were applied in
organism exposure experiments. The results are shown in Figure 4.5. Suspension 1 and Released
CNT 1 have the same approximate mass concentration of CNTs, and the same SDC content.
Though the CNT sources are different for these two exposure media, the detected CNT amount in
D. magna are very close (25.03 = 0.66 ng/L for Suspension 1, 22.52 +0.30 pg/L for Released CNT

1). And the association percentage is 3.77 £ 0.10% and 3.39 £+ 0.04% for Suspension 1 and
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Released CNT 1 respectively. It is similar for Suspension 2 and Released CNT 2 with CNT mass
concentration of 410 pg/L. Both exposure experiments resulted in ~45 pg/L SWCNTs in D. magna
suspension, and ~ 3.6% association amount compared to the total CNT mass in exposure media.
However, when comparing with the organisms exposed to released CNTs without surfactant, the

association is much stronger with 218.41 = 7.25 ng/L for exposure performed with Released CNT
3, and 464.12 + 3.39 pg/L with Released CNT 4. When surfactant is absent in the exposure
experiment, the association percentage is ~ 28%. So SDC is the main reason for the association
differences. When SDC is present in the exposure media, association will be affected due to the
toxicity of the surfactant, causing organisms to be more stressed. But it is more realistic to have
no such surfactant (or much low concentration) in natural aquatic systems, leading to large portion

of CNTs associated with organisms.

a) 'CNT mass concentration in D.magna suspension | b) /Association percentage
500 30 |(to the total mass of CNT)
- S
A S
400 g
5 £ 25
T 300 =
£ p
§ 200 2
] [=]
S o 5
g 1004 3 AT
= > U
a 7
Z Oﬁm'—‘r_l | NI N 7
'\ ?J
5\0(\ “5\0(\ ent G‘“ G\‘ﬁ N A e s do\\\" dc\\\" Q\\\" o8 G\\“
5\,99 5“5939\695 o e\eas Re\eas p\e\e%e gusP Susvae\eas Re\eas P\e\eas ee\eas

Figure 4. 5 Comparison of association results of D. magna exposure in CNT released from
Chitosan nanocomposites: (a) CNT mass concentration in homogenized D. magna suspension after
48 hr exposure; (b) percentage of CNT associated compared to the original mass of CNT.
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4.3.4 Choice of element proxy for SWCNTs

The experiments with D. magna involved Carbon Solutions AP SWCNTs. In order to examine
the broad applicability of sp-ICP-MS to CNT analysis, we wished to examine different CNTs.
Analysis using spICP-MS can be applied to different CNTs after determining the appropriate metal
analyte. For example, the manufacturer claimed that P2 SWCNTSs contained impurities of nickel
and yttrium. Metal contents in P2 were confirmed after microwave digestion and ICP-MS analysis.
The more abundant element with least interferences and lowest background was chosen as the
effective analyte for SG65i using spICP-MS method. This combination did not always mean that
the element at the highest concentration was the best for spICP-MS analysis. Characterization data

of metal content is listed in Table 4.2, and was used as the first step for choosing the analyte

element.

Table 4. 2 Metal content determined by microwave digestion and ICP-MS for three different

SWCNTs and the surfactant utilized.

Metal content (wt%)
Sample
Fe Co Ni Y Mo
Carbon Solutions P2 1.56 0.58 0.01
Southwest SG65i1 0.52 2.74 0.02 0.96
Nanolntegris HiPco 5.91 0.01
Sodium deoxycholate 0.01 0.01
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Similar to the Carbon Solutions AP SWCNTs, P2 SWCNTs contains more Ni than Y (1.56 wt%
vs. 0.58 wt%). But Y is monoisotopic at mass 89, giving much stronger signals than °*Ni which
only has 26.2 % natural abundance (Figure 4.6 a & b). Thus, Y was considered as the more effective
analyte for Carbon Solutions P2 SWCNTs. Similar factors were considered for SG65i. Though
molybdenum signals can be observed, the 0.96 wt% of Mo is distributed over seven isotopes. In
this case, monoisotopic *°Co is much better with more large pulses (Figure 4.6 ¢ & d). As for HiPco,
the most significant metal impurity is iron, so *°Fe, the most abundant isotope, was chosen to be
the analyte (see Figure 4.6 ). However, it is very easy to encounter interferences for the mass of

56 (**Ar'60", “°Cal'%0", etc.), thus the analysis of *Fe needs to be performed in dynamic reaction

cell (DRC) mode [44].

4.3.5 Dispersion condition

As listed in Table 4.2, the surfactant SDC may contain trace amount of metals. In addition, the
complex ions formed by ionizing SDC molecule could result in interferences for analytes chosen
for the three SWCNTs. The spICP-MS results of SDC solution are compared with Nanopure water
in Figure 4.7. SDC solution shows several pulses for Y analysis while Nanopure water has no
pulses at this mass (Figure 4.7 a & b). It is similar for >**Co analysis of Nanopure water which
indicates no obvious interferences, but 2 wt% SDC shows more pulses for isotopic mass of 59,
with several peaks up to 100 counts (Figure 4.7 ¢ & d). And as for >Fe, SDC solution shows much
higher background and much more pulses compared to Nanopure water (Figure 4.7 e & f). The

average response for SDC solution is 1.49 counts/dwell time, with several pulses over 1000 counts.
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Meanwhile, the average response is 0.22 counts/dwell time for Nanopure water. Thus, for all the

three analytes chosen in this study, SDC may create interferences affecting both mass

quantification and particle number counting. The removal of SDC, on the other hand, may cause

bundling of CNTs which leads to inaccurate CNTs quantification. So, it is critical to determine the

amount of surfactant that provides the best dispersion and least interferences.
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Figure 4. 8§ Number of pulses detected in 60 s acquisition time of 2 png/L. P2 SWCNTSs suspension
using different concentrations of SDC as matrix. A 15 min bath sonication was utilized for better

dispersion for every sample before analysis.

In order to figure out the best dispersion conditions, analysis of 2 pg/L P2 SWCNTs

suspension was performed with different surfactant concentrations. All results shown have been
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normalized by subtracting the particle numbers counted in matrices. P2 CNTs suspensions in 0.001
wt% and 0.01 wt% SDC solutions both have ~ 1000 particles counted (950 + 33, and 1014 + 90
particles respectively). On the other hand, the number of particles counted in P2 suspensions with
0.1, 0.5, 1, and 2 wt% are close to 1100, with a suspension in 0.1 wt% SDC providing the most
particles (1292 + 80 particle counted). Although differences between the SC concentration are
small, 0.1 wt% SDC was considered the best matrix to provide good dispersion and limited amount
of interferences. Similar results were observed for the other CNTs.

Sonication conditions, in addition to surfactant choice, also plays an important role in
dispersion of CNTs. Both bath and probe sonication were applied to 2 ug/L P2 SWCNTs
suspensions with 0.001 wt% SDC (Figure 4.9). The low SDC concentration was chosen to avoid
precipitate formed by the interaction of SDC and the nitric acid added in some of the spICP-MS
analyses. The particle numbers counted are compared in Figure 4.8. Bath sonication of 15, 30, and
60 min shows results of less than 1000 particles counted with no significant differences. Probe
sonication, in the other hand, presents better dispersion of CNTs with ~ 1500 particles counted
(1543 £ 31 particles) even with only 5 min sonication applied. Particle number is decreased when
longer probe sonication times are applied to the suspension (1290 + 24 particles counted for 15
min probe sonication). A possible but untested reason for reduced particle number is the higher
power of the probe used breaks the structure and releases some of the yttrium particles which
escape as individual unattached metal NPs. As was shown in Chapter 3 these NP should produce

pulses whose intensities are below the detection limits.
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In summary, the best dispersion conditions for CNTs are suspension in 0.1 wt% SDC solution
with 5 min probe sonication prior to spICP-MS analysis. These conditions were applied in the

following analysis.
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Figure 4. 9 Effects of sonication conditions on detection of 2 pug/L P2 SWCNTs suspension.

4.3.6 Mass and particle number quantification of SWCNTs
The results of the quantification of the three SWCNTs is illustrated in Figure 4.10. All analyses
were performed on CNTs suspensions with different mass concentrations (0, 0.01, 0.02, 0.05, 0.1,

0.2, 0.5, 1, 2, 5, 10, 20, and 50 pg/L). Metal concentration (left Y-axis) was computed by

121



integrating the entire analyte signals and comparing it to the dissolved element calibration curve.
Particle number concentration is calculated by dividing number of particles counted for each
sample by transport efficiency, flow rate, and acquisition time. To count effective particle pulses,
the dynamic concentration range was chosen from 0.1 to 5 pg/L in order to avoid non-significant
particle number counts or particle coincidence.

Particle number concentration of HiPco SWCNTs is not included in the results. High
background and interferences on **Fe make the particle counting extremely difficult even with
aggressive choice of cut-off. The alternative isotopes for iron did not provide sufficient signal.
As for P2, a cut-off of 1 was applied to the data processing of particle counting since the blank
control (0.1 wt% SDC) provided a value of 0.30 %Y counts/dwell time for x + 5s. Consecutive
data points above this cut-off are counted as effective pulses. Individual reading about this value
are considered as false positive counting. The same cut-off procedure is applied to SG65i data
processing, with 0.81 *Co counts for x + 5s. The particle number concentration vs. mass
concentration plots show good linear correlations for both P2 and SG65i in the chosen
concentration range (0.1 — 5 pg/L). This information can be used for number quantification of
CNTs.

The slope of measured metal concentration vs. SWCNTs mass concentration can be used to
determine metal content in CNTs. For example, the equation of yttrium mass concentration vs. P2
SWCNTs mass concentration is y = 0.0036x + 0.0005 (see Figure 4.10 a), which means the yttrium

content in P2 is 0.0036 (0.36%). Similarly, cobalt content in SG65i is 1.17%, and iron content in
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HiPco 1s 3.79%.
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Figure 4. 10 Relationship between measured metal concentrations (left Y-axis), particle number
concentrations (right Y-axis) and SWCNTs mass concentration (X).
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While comparing with the metal contents in Table 4.2, it is noticed the metal contents
determined by spICP-MS are about half of those determined by conventional multi-element ICP-
MS after microwave digestion. One possible explanation is a matrix effect. All dissolved standards
were diluted in 2% nitric acid to maintain the stability of standard elements [198]. Analyzing the
dissolved standard in other matrices affects the Y and may affect the intensities of other elements
(Figure 4.11). The dissolved yttrium calibration curve prepared in Nanopure water matrix has a
slope of 4.96, about half of the value of 11.10 when performing the calibration in 2% nitric acid.
All metal concentrations in Figure 4.10 were computed using an acidic dissolved standard
calibration, but the CNT samples were analyzed in unacidified 0.1 wt% SDC solutions. So, the
metal contents determined by spICP-MS are possibly lower than the that provided by digested

samples.

80- = 2% Nitric acid
* Nanopure water

60+

404 Y = 11.10x + 0.0005

y =4.96x + 0.0005

— 1 T T T T T T 7 T T T

0 1 2 3 4 5

Dissolved Y standard concentration (ng/L)

Average *Y response
(counts/dwell time)

Figure 4. 11 Matrix effects on dissolved element intensity. The calibration curve is generated based
on the correlation of average ®Y response (Y) and dissolved standard concentration (x). All
standards were prepared by diluting ICP yttrium standard using 2% nitric acid (black) or Nanopure
water (red). Concentrations of 0, 1, 2, and 5 ug/L were utilized.
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Figure 4. 12 Pulse intensity distribution of (a) 500 ng/L NIST 60nm AuNPs; (b) 2 ug/L Carbon
Solutions P2 SWCNTs.

Another reason may be related to the small size of the metal particle in CNTs. As shown in
Figure 4.12 a, nanopartilces having sizes above the detection limit, in this case the NIST 60nm Au
NP, have a Gaussian distribution of pulse intensities. But for metal NPs detected in CNTs structure,
since they are so small, many are under the detection limit, providing only the tail of size
distribution as shown in Figure 4.12 b. Over half of the metal NPs generated signals below
detection limits, making the collection of metal responses incomplete, thus affecting the measured
metal contents in SWCNTs. The best criteria to quantify CNTs is using analyte intensity vs.
SWCNTs mass concentration as a calibration.

4.3.7 Analysis of SWCNTs in sediments

With the ability to quantify SWCNTs in SDC solutions, analysis of CNTs in sediments was

attempted. After SWCNTs were dispersed into sediments, 2 wt% SDC solution was used to extract

CNTs out from the solid phase. Liquid extraction was collected and diluted before spICP-MS
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analysis. As shown in Figure 4.13 a, the difficulty of this study lies in the presence of dissolved
analytes released from the sediments. The diluted control sample (not spiked with CNTs) has an
average %Y response of 4.65 counts/dwell time, indicating the presence of ~ 35 pg/L dissolved
yttrium in the extraction blank. Dilution is required if a lower background is needed for the analysis.
The diluted extraction from sediment with 50 mg/Kg P2 addition has an average of 4.97
counts/dwell time. The increasing of average response indicates the presence of P2 SWCNTSs in
sediment extraction. The high background makes it difficult to count effective pulses as particles.
Also, the majority of signals generated from small yttrium NPs in CNT structure have similar
intensity to the background. In addition, in the real time data, less than 10 peaks are observed
above background signals, which is not statistically different from the control blank. So, when
trying to dilute the samples to suppress background signals, the particle number counted will also

decrease, making it even more difficult for particle number counting analysis.
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Figure 4. 13 Time-resolved *’Y spICP-MS data of the extraction samples from control (a) and
sediment with 50 mg/kg P2 addition (b). Both samples were diluted by 100 using 0.1 wt% SDC.
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Quantitative analysis of CNT mass was still applied to the results. Integrated signals were
converted to Y concentration using the dissolved Y calibration with background subtraction
(Figure 4.14 left Y-axis). The signals were also converted to P2 mass concentration using yttrium
response vs. P2 mass concentration (Figure 4.14 right Y-axis). Considering the large background
yttrium concentration, the detection limit is very high. The average of 35 pg/L dissolved yttrium
concentration, with a standard deviation of 2 pg/L, means the limit of detection (LOD) is 41 pg/L
for yttrium. Considering the 0.36% yttrium content in P2, the extraction needs to contain at least
11 mg/L P2, which requires the addition of P2 to sediment is over 80 mg/kg given the sediment to
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water ratio used in the extraction. According to the data, yttrium (P2 mass concentration) is not
statistically different between the sediment extraction sample with 5 mg/kg and 50 mg/kg P2
addition. In this aspect, ICP-MS detection of CNTs in sediments is not applicable.

The presence of SG651 SWCNTs in the sediment extract is more obvious as observed in results
shown in Figure 4.15. The elevation of background signals from 6.12 counts/dwell time to 44.68
counts/dwell time for the 50 mg/kg samples indicates the added SG65i in sediments are extracted
to the supernatant. But the particle number counted is still not statistically different from the
extraction blank with less than 20 pulses above background. Similar to yttrium, the extraction
blank also contains large amount of dissolved cobalt (~ 10 pg/L). LOD is 13 pg/L for Co, and 1.1
mg/L for SG651 in extraction supernatant (1.17% Co content), with least addition of 1 mg/kg in

the sediment when all the CNTs added can be extracted to supernatant.
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Figure 4. 15 Time-resolved *’Co spICP-MS data of the extraction samples from control and
sediment with 50 mg/kg SG651 addition. All samples were diluted by 100 using 0.1 wt% SDC to
avoid coincidence.

128



It is believed molybdenum is less abundant in sediment than cobalt. So the extraction blank
with high Co concentration may include a limited amount of Mo, which lowers the detection limits
for SG651 spICP-MS analysis. However, as shown in Figure 4.16, the extraction control sample
still has a Mo background of 7 counts/dwell time even after x1000 dilution. The comparison of the
real time data between extraction blank and the one with 50 mg/kg SG65i addition does not provide

obvious evidence for the presence of Mo NPs or CNTs.
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Figure 4. 16 Time-resolved **Mo spICP-MS data of the extraction samples from control and
sediment with 50 mg/kg SG651 addition. All samples were diluted by 1000 using 0.1 wt% SDC.

Thus, the statistical analysis was performed using the **Co spICP-MS analysis results. The
mass concentrations of cobalt and SG651 SWCNTs are statistically different between the CNTs
sample extracted from sediment with 5 mg/kg addition and the one with 50 mg/kg (Figure 4.17).

Comparison to the known amount of CNTs added, the SG651 sediment extraction shows a recovery

over 70%.
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Similar evaluation was applied to HiPco extraction. The comparison of extraction blank
spICP-MS data and extraction from sediment with 50 mg/kg HiPco addition is illustrated in Figure
4.18. Even using DRC mode spICP-MS, there are still a lot of interferences shown in the extraction
control sample (Figure 4.18 a), which cause difficulty in quantification, especially in particle
number concentration determination. However, the elevation of background signals in Figure 4.18
b still indicates the increasing amount of Fe due to HiPco addition (29.20 counts/dwell time to
40.60 counts/dwell time). All signals that drop to zero may be due to limited speed of the analyzer
when switching from pulse to analog mode.
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Figure 4. 18 Time-resolved *°Fe spICP-MS data of the extraction samples from control and
sediment with 50 mg/kg HiPco addition. All samples were diluted by 100 using 0.1 wt% SDC.

In detection of CNTs extracted from sediments, the dissolved background is the main difficulty.
Removal of dissolved metals can be applied prior to spICP-MS analysis to help improve the
detection limits. Application of cation resin to dissolved Co in sediment extraction control samples
removed nearly 70% of the dissolved cobalt. Other possible ion exchange techniques need to be

tested for the best efficiency for this study.

4.4 Summary

With large-scale application in nano-enabled materials, it is very likely to have CNTs releases
to the environment during the life cycle. To understand the potential risk, sensitive and robust
nanometrology methods are vital to evaluate exposure in the environment. This chapter

demonstrates the capabilities and limitations of the current spICP-MS method to detect CNTs in
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complex environmental samples, such as organisms and sediments.

The association of Carbon Solutions AP SWCNTs with D. magna is confirmed by the
exposure experiment, with further evidence supporting the reliability of tracking CNTs using
residue metals as proxies. Under the conditions studied, he association amount is ~3% of the
original CNTs mass in suspension, which corresponds to CNTs exposure concentration. But the
amount increases to over 25% when the CNTs are released from polymer composites. Comparison
experiment suggests the presence of surfactant (SDC) is the main reason for this difference instead
of bioavailability (i.e. ingestion) of the CNTs.

To examine the applicability of the technique, three purified SWCNTs with different residue
metals and lower contents were analyzed by spICP-MS. Although the detection limits increased
over that seen for the yttrium-containing CNTs, it is still practical to detect these three SWCNTs
at environmentally-relevant concentrations (ng/L level). The linear correlation between metal
content and mass concentration is reliable basis for accurate quantification. Particle number
concentrations of CNTs also correspond to mass concentration (SG65i & P2), but the accuracy
cannot be confirmed. Thus, when tracking CNTs in sediments, only mass concentrations were
reported. The high metal background in sediment extraction create interferences for analysis. Most
of the pulses analyzed cannot be distinguished from background signals, which weakens the power
of spICP-MS. To perform better quantification of CNTs in these complex samples, the background

needs to be suppressed or simplified first to avoid interferences.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

This thesis focuses on the characterization and quantification of two types of manufactured
carbon, biochar and CNTs, in complex environmental samples. The findings and implications of

each study will be discussed in this chapter.

5.1 Comparison of quantification methods for biochar in amended soils

Biochar, as the carbon rich residue produced by pyrolysis of biomass, possess the ability to
amend the environment and sequester carbon with its porous and graphite-like structure [1, 2]. To
study its properties and implications when applied to soils, quantification of biochar in amended
soils is very important. Three different methods were used to attempt to differentiate biochar from
the natural organic carbon components (humic substances) in soils.

Thermal decomposition resistance is the first property analyzed. The remaining weight of each
sample at different temperatures was recorded and compared to look for features characteristic of
char carbon. The process is considered pyrolysis since the heating is performed under a flow of
nitrogen. The fact that about 90% of the original weight remained at the end of analysis of biochar
confirms the high carbon content of the material, as well as illustrates the resistance of biochar to
thermal decomposition. However, contrary to the hypothesis that weight loss will only occur at

high temperature for biochar, weight loss also occurs in the low temperature range. The low-
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temperature weight loss is very likely due to small molecules adsorbed in the porous structure of
biochar. The slight difference between weight loss of soil and biochar in mixtures at biochar
concentrations expected in amended soil (< 3%) makes the quantification using TGA implausible.
Analysis results of mixtures with 10 wt% biochar further confirm the incapability of TGA for
quantitative analysis of biochar in soil.

With a graphite-like structure, biochar is believed to be resistant to strong chemical oxidization.
Thus, a hypothesis was that biochar could be quantified by measuring carbon content after
chemical oxidization. Strong chemical oxidization removed most of carbon in soil (> 90%), but it
also removed about half of carbon in biochar as well. This may be due to incomplete pyrolysis
during biochar formation, which causes functional groups other than phenyl to exist in the biochar
structure. These groups appear to be susceptible to strong chemical oxidization and subsequent
weight-loss. In addition, when analyzing the mixture of soil and biochar, biochar floated on the
surface of solution and was possibly lost during the separation of the biochar from the solution. It
was difficult to fully collect all the floating biochar for TOC analysis, making the accuracy of this
quantification unreliable unless improvements in the phase separation is made to the method.

Functional groups were directly detected and quantified by NMR spectroscopy for soil and
biochar. Soil has various peaks across the spectrum due to its chemical complexity, while biochar
shows a signature peak of phenyl carbon in *C NMR spectrum. Quantification of biochar in soil
was achieved by comparing integral areas of the signature peak at 120 ppm. A slightly non-linear,

exponential relation between biochar addition content and integral area was obtained by analysis
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of samples with 0%, 0.5%, 1.0%, and 2.5% biochar addition. Although a limit of detection was not
established, biochar caused an observable increase in the peak at 120 ppm in the samples with 0.5%
biochar addition.

In summary, TGA is not suitable for the biochar or soil used in this study. Thermal resistance
showed by both biochar and soil restrict the application of thermal decomposition. TOC with BC
chemox could be an accurate and efficient method if the settling issue can be solved. The results
could be even more accurate if the biochar tested is more ordered, and thus more chemically stable,
than the biochar used in the study. Comparing the three methods applied, NMR is the best
quantification technique. However, this technique is very expensive and time-consuming. It took
over 2 weeks to prepare the samples, and about 2 days for a single analysis. The precision of the
method was not tested because the long period of experimentation and cost make this method
unlike for widespread use in assessing agricultural application of biochar. Thus, quantification
of biochar in soil is still hard to achieve at this stage due to lack of efficient and accurate techniques,
as well as the possible effects of different starting biomass and the pyrolysis conditions used in the
production of biochar. To solve the problem, future work should focus on improvements of current

methods to achieve precise and accurate quantification with efficiency.

5.2 Detecting SWCNTs with ps-spICP-MS using residue metal as the proxy
Large-scale application of CNTs raises the concern of its health implications. Sensitive and

reliable nanometrology is vital to study its ecological impacts [3-5]. Even using 10 pus dwell time
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to minimize background signal, CNTs at environmentally-relevant concentrations are still not
detectable using carbon as the analyte in spICP-MS. Residual catalyst metals are more reliable
proxies in the spICP-MS technique. Specifically, the use of *Y NPs for Carbon Solutions AP
SWCNTs is effective due to its mass loading in the CNT (> 5%), its generally low background,
and its 100% isotopic abundance. Detection limits of spICP-MS for CNTs lie within the predicted
ng/L concentration range when using the abundant yttrium. The full ablation and ionization of the
metal-containing NPs in the ICP has been supported by the quantitative analysis of total metal in
both acid-digested CNTs and undigested CNT suspensions. Results of filtration and UV-Vis
spectrophotometry indicate the association between yttrium-containing particles and the larger
CNT structures, which ensure the accuracy of CNT mass quantification by trace metal analysis.

Particle number concentration is another important aspect of evaluating CNT exposure to
environment. Particle number can be determined by measuring the effective pulses in spICP-MS
data. Effective pulses are those that can be confidently identified above the background signal.
Although the detected particle number concentration scaled with CNT mass concentration,
undercounting, indicated by comparison to NTA, still occurred due to uneven distribution of metals
in CNTs, size detection limits of technique for the NPs of interest, and bundling of CNTs.

Since CNTs are increasingly used as an additive in polymers, release from polymer
nanocomposites is a major potential source of CNTs in aqueous systems [6-8]. To study the
possible release of CNT from composites, spICP-MS was applied to track CNT release from UV

irradiation treated 1.5 wt% CNT loaded PCL. Correlation between mass concentration and particle
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number concentration illustrated that the detected metal is due to the residue catalyst metal in CNTs.
Results suggest that most of the polymer degradation occurs in the first 10 days of UV treatment,
as does the CNT release. The information gained from spICP-MS can be used to explain the release
scenario for CNTs and inform on the potential impacts on the environment.

Further development of this method is necessary for more accurate quantification, especially
for particle number concentration. Yttrium used in this study is a very rare element in
environmental systems so sample background is low in most cases. However not all CNTs contain
low-abundance metals, so it is hoped this technique can be applied to other different kinds of CNTs
using different residual metals. In addition, the simplified matrix used, the technique should find
its ability to analyze complex environmental samples. All these expectations for future work
require improvement in both hardware and software of the technique to achieve lower detection
limits. In addition, bundling of CNTs calls for evaluation of surfactant and proper sonication
techniques.

This study has been published in Nanolmpact [9]. And the method has been applied in the
study “Photodegradation of polymer-CNT nanocomposites: Effect of CNT loading and CNT
release characteristics” (Lankone, R. et al.) [10], which was submitted to ACS Applied Materials

& Interfaces.
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5.3 Application of ps-spICP-MS in detecting CNTs in complex samples

With the possible release of CNTs and their interaction with ecological systems during every
stage of life cycle, the developed ps-spICP-MS was also applied to biological organism and
sediment samples.

Daphnia magna, as an important part of aquatic food chains, was chosen to test the interaction
of CNTs with organisms. It is possible to detect CNTs associated with organisms using spICP-MS
at pg/L solution concentrations, even when a relatively small fraction of the CNTs become
associated with the organism. Our experimental protocol does not differentiate between ingested
and adsorbed CNTs and thus we refer to “association” of CNTs with D. magna, not uptake. The
distinction between ingested and adsorbed may be ecologically irrelevant to consumers of D.
magna. The association amount compared to the original CNT mass showed about 3% of
suspended CNTs were associated with the organism under the conditions studied. But another
experiment reveals over 25% association when composite-released CNTs were exposed to D.
magna. Although the possible different bioavailability of CNTs from different sources was
proposed, the presence of surfactant in some experiments may be the real reason for the differences
in association. These results highlight how particle stability in solution may influence biological
uptake in the environment.

Modification of the procedures to improve the ability to quantify CNTs include: use of more
D. magna (greater than the 10 adults that were used in this study), reducing or eliminating the

dilution of the homogenate, or use of longer spICP-MS data collection time, which could make it
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possible to detect CNTs in D. magna exposed to sub-pg/L concentrations.

As described in Chapter 5.2, spICP-MS has been applied to three different SWCNTs
containing different metal proxies. Possible metal analytes were first identified by elemental
analysis and further tested by spICP-MS. Surfactant and sonication conditions were investigated
for better dispersion. Similar to the yttrium-containing CNTs used in Chapter 3, measured metal
concentrations (Y, Co, Fe) and nominal mass concentrations of the three CNTs have linear
correlations. The linear relationships also exist between particle number concentrations and mass
concentrations for SG651 and P2 SWCNTs, however high Fe background is not favorable for
HiPco particle counting.

The sp-ICP-MS method has been applied to detect CNTs in sediments. CNTs were mixed with
sediment, then extracted with 2 wt% SDC solution. The supernatant was collected and analyzed
by spICP-MS to determine the original amount added to the sediment. The high metal background
of sediment and low metal content in CNTs increase the detection limits, bringing in difficulties in
quantification of CNTs. Only large-scale addition of SG65i to sediment (mg/kg level) was
detectable with current technique.

Further work in the sediment project could involve additional sample preparation to improve
background dissolved metal removal, such as ion-exchange chromatography, thus reducing
interferences for CNT analysis. Improvements in the hardware and software are also very

necessary for better analysis of elements such as Fe.
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The investigation of CNTs in the environment should be a main focus of future work. The
ability of spICP-MS to quantify both CNT mass, and if possible, particle number, in ecological
systems will be an important advance over traditional ICP-MS analysis. It is still unclear if particle
mass or particle number (or some other metric such as surface area) is the appropriate dose metric
for the ecotoxicology of nanomaterials. Thus, the additional information gained from spICP-MS

may help inform us of the relative importance of these characteristics.

5.4 Implication of thesis

Although further method developments are needed, this investigation of manufactured carbon,
biochar and CNTs, provides possible information on their environmental interactions,
transformations, and implications. Understanding the properties, advantages, and shortcomings of
these two graphite-like materials can lead us to appropriate applications, which benefit and value

the planet we are living on while minimizing risk.
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APPENDIX

Chapter 3 and part of Chapter 4 was previously published: J. Wang, R. S. Lankone, R. B. Reed,
D. H. Fairbrother and J. F. Ranville. Analysis of single-walled carbon nanotubes using spICP-MS

with microsecond dwell time. Nanolmpact, 2016, 1: 65-72.
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