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Abstract

Carbon nanotubes (CNTs) have numerous exciting potential applications and some that have 

reached commercialization. As such, quantitative measurements of CNTs in key environmental 

matrices (water, soil, sediment, and biological tissues) are needed to address concerns about their 

potential environmental and human health risks and to inform application development. However, 

standard methods for CNT quantification are not yet available. We systematically and critically 

review each component of the current methods for CNT quantification including CNT extraction 

approaches, potential biases, limits of detection, and potential for standardization. This review 

reveals that many of the techniques with the lowest detection limits require uncommon equipment 

or expertise, and thus, they are not frequently accessible. Additionally, changes to the CNTs (e.g., 

agglomeration) after environmental release and matrix effects can cause biases for many of the 

techniques, and biasing factors vary amongst the techniques. Five case studies are provided to 

illustrate how to use this information to inform responses to real-world scenarios such as 

monitoring potential CNT discharge into a river or ecotoxicity testing by a testing laboratory. 

Overall, substantial progress has been made in improving CNT quantification during the past ten 

years, but additional work is needed for standardization, development of extraction techniques 

from complex matrices, and multi-method comparisons of standard samples to reveal the 

comparability of techniques.
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 Introduction

The steady increase in potential applications1 and production1,2 of carbon nanotubes (CNTs) 

and their inevitable release during the life cycle of products has raised questions regarding 

their potential impact on humans and the environment.3,4 CNTs can be conceptually 

understood as rolled up graphitic sheets of hexagonally arranged carbon atoms with sp2 

hybridization. These materials have exceptional mechanical strength as well as thermal and 

electrical conductivity properties that make them ideal for a myriad of potential applications 

(e.g. construction, environmental, optical, electronic, and biomedical).5–8 The annual 

production capacity of CNTs reached 2 × 106 kg (2.25 ktons) yr−1 in 2011 with an estimated 

production capacity of 5 × 106 kg (4.5 ktons) yr−1; this change was a 10-fold increase since 

2006.1 With increasing production volume, it is important to determine the potential for 

biological exposures to CNT during the production, usage, and disposal of CNT-enabled 

products. The necessary linchpin to quantifying potential CNT exposure, and any risks from 

it, is the availability of robust analytical methods for quantifying CNTs in complex 

environmental matrices.9 These methods are critical for the assessment of potential CNT 

exposure, toxicity testing on the potential risks that may occur after exposure, and 

determination of the environmental fate of CNTs.10

Analytical techniques to quantify CNTs usually rely on unique physicochemical properties 

of CNTs that differentiate them from other compounds in relevant media. These approaches 

leverage the structural, thermal, and electrical properties of CNTs and include 

spectroscopic,11,12,13,14,15 optical,16,17 and thermal16,14,18 techniques used individually or in 

combination.9,15 Importantly, techniques used for analysis of traditional organic and 

inorganic toxic chemicals are often not applicable for the following reasons: a) unlike most 

organic pollutants, CNTs have a distribution of lengths and diameters rather than a single 

molecular structure and, therefore, mass spectrometry methods, a key tool in current organic 

analytical methods, generally cannot be used; the large molecular weight of CNTs could 

potentially challenge mass spectrometric methods too; b) most techniques cannot distinguish 

between CNTs and naturally occurring black carbon allotropes (e.g., soot or charcoal), 
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which are present at much higher concentrations in the environment than those modeled for 

CNTs19; c) several other carbon forms are often present in samples (e.g., natural organic 

matter; NOM) which may interfere with CNT quantification in the sample matrix; and d) the 

wide range of shapes, sizes, diameters, functional groups, and agglomeration states make it 

difficult to develop a universal analytical method for quantifying all types of CNTs. In 

addition, commercially manufactured CNTs may also contain substantial concentrations of 

metal catalysts, amorphous carbon, and graphitic (non-CNT) nanoparticles (NPs) which may 

cause biases with some analytical techniques, but are essential for other techniques.20–22

While there have been numerous analytical techniques used to quantify CNTs in various 

matrices,4,14–16,23–38 for each technique there have only been a limited number of studies, 

often made by a single laboratory, and thus the robustness of the methods is unknown. In 

particular, relevant experimental parameters including comprehensive characterization of the 

CNTs and quantities used for testing and calibration procedures are not always reported. 

Moreover, failed attempts to apply new methods and techniques or to replicate approaches 

described in previous studies are often not published, and thus, the limitations of each 

technique such as potential biases for various matrices (e.g., water or soil with natural 

(NOM) or soil organic matter (SOM)) are often unclear. Overall, while some recent review 

papers have focused in part on CNT quantification,4,39,40 many critical topics (e.g., 

interferences in key matrices (environmental, biological, synthetic polymers), and the 

potential biases with CNT quantification from changes to the CNTs (e.g., oxidation)) related 

to the development of robust, precise, and reproducible CNT quantification methods have 

not yet been critically evaluated.

This manuscript reviews CNT quantification techniques and evaluates their applicability for 

different key matrices (water, soil/sediment, tissue) and different types of CNTs (i.e., single-

wall carbon nanotubes (SWCNTs) or multiwall carbon nanotubes (MWCNTs)). We report a 

critical evaluation and comparison among the advantages and limitations of each technique 

including biases for relevant matrices, biases from physicochemical changes to CNTs in 

those matrices (i.e., oxidation/degradation, wrapping with organic molecules, and 

agglomeration), detection limits in various matrices, the potential for standardization, and 

the types of CNTs that can be analyzed. In addition, methods for extraction or separation of 

CNTs from different matrices, which may be necessary for sample preparation for some 

techniques, are enumerated. These quantification, separation, and extraction techniques may 

also be relevant for quantifying CNT loading in consumer products but the focus of this 

paper will be on scenarios relevant for assessing the potential environmental risks and fate of 

CNTs. For example, potential quantification techniques for representative scenarios related 

to environmental release and potential ecotoxicological effects are discussed. Future 

research topics to elucidate and improve the analytical performance of these techniques and 

CNT quantification in general are also highlighted. This paper is intended to serve as a 

reference to guide scientists in the area of CNT quantification through the selection of an 

appropriate technique given a type of CNT, sample matrix, and CNT concentration. Given 

the substantial literature on physicochemical properties and characterization of CNTs,41,42 

basic background information on these subjects is not provided. While CNTs are also widely 

known to cause artifacts in many nanotoxicology assays such as by adsorbing key 

Petersen et al. Page 3

Environ Sci Technol. Author manuscript; available in PMC 2017 May 03.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



reagents,26,43–45 this manuscript will focus on biases related to quantification of CNTs and 

not biases in the measurements of their potential toxicological effects.

 Extraction and Separation Procedures for CNTs

Numerous techniques have been investigated to extract or separate CNTs from different 

matrices to overcome quantification limits in complex biological and environmental media 

(Table 1). In this manuscript, we define “extraction” as the isolation of analytes from a 

matrix by their physical transition from one phase into another. In contrast, separation means 

the isolation of analytes from themselves (e.g. differently sized CNTs), or from a matrix 

within a given phase (e.g. a mobile phase in chromatography or field flow fractionation). 

Successful extraction methods usually involve the suspension of CNTs in a specific media in 

which interfering compounds are less soluble, but the converse approach can also be 

utilized: removing the matrix while leaving the CNTs. However, most reported separation or 

extraction methods have only been used by a single research group in one or a small number 

of studies to partly or fully separate CNTs from an environmental matrix (e.g., asymmetric 

flow field flow fractionation (AF4), matrix digestion, and sonication with 

surfactants).15,23,46 Other techniques have not yet been utilized with environmental and 

biological matrices (e.g., density gradient centrifugation, gel permeation chromatography, 

capillary electrophoresis, two-polymer phase extraction), but instead have been successfully 

applied to simpler matrices (e.g., deionized water) or have been used for CNT 

purification.47–49 These techniques may be valuable for use with environmental and 

biological matrices and are also listed in Table 1. Conversely, there has been more progress 

with extraction and analysis of fullerenes, another carbon nanomaterial, from complex 

matrices.50–56

Currently, many challenges remain in CNT extraction and separation strategies. First, it is 

unclear to what extent many of these techniques would be applicable for both MWCNTs and 

SWCNTs given the different properties of these two classes of CNTs, as most methods have 

only been applied to one or the other. This thought may be extended beyond the number of 

walls, to include any change in physicochemical properties (e.g., length, internal or external 

diameter, number of walls, or functional groups). Nevertheless, we expect that separation 

and extraction techniques may have to be tailored for a specific physicochemical property. 

For example, a method that can isolate short CNTs from a matrix could be ineffective when 

used against a population of long, highly entangled CNTs. Second, separation or extraction 

methods have not yet been applied to CNTs as utilized in potential consumer applications 

such as in polymer nanocomposite matrices. Given that CNTs will be released into the 

environment from consumer products, it is important to quantify the release of CNTs from 

these products after environmental stresses. It may also be important to quantify the 

concentration of CNTs in the consumer products, such as CNT-containing nanocomposites, 

to determine the potential quantity that could be released. Given challenges related to 

collecting and quantifying CNTs released from polymeric nanocomposites, one approach to 

estimate the quantity of CNTs released is to use a mass balance approach by quantifying the 

CNT concentration in a product before and after environmentally relevant degradation 

processes. For example, established methods are needed to extract CNTs from CNT-

containing nanocomposites before and after the weathering and degradation processes (e.g., 
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due to UV degradation and abrasion) to enable quantification of CNT concentrations.57–60 

This will allow scientists to more fully address the complete life cycle of nano-enabled 

consumer products. Finally, extraction or separation procedures may change the 

physicochemical properties of the CNTs, potentially impacting the reliability of results from 

analytical methods. One such example is the matrix digestion approach described by 

Doudrick et al.,23 which was suitable for subsequent analysis using thermal optical 

transmittance (TOT), but is potentially unsuitable for spectroscopic quantification by Raman 

scattering, because of concerns that the Raman spectra (e.g., ratio of D to G band) may be 

altered by the digestion procedure. Overall, although encouraging results have been obtained 

for a limited number of studies, the overall development of extraction and separation 

methods for CNTs from matrices for quantitative analyses is still a relatively new area of 

research.

 Quantification techniques

A broad range of techniques have been developed to quantify or identify CNTs in 

environmentally and biologically relevant matrices (Table 2). In general, the techniques can 

be sorted into four groups: those that rely on the unique spectroscopic and thermal 

characteristics of the CNTs (that enable them to be distinguished from the matrix), those that 

utilize the presence of metal catalyst impurities (associated with the CNTs from the 

synthesis process), those that require isotopically enriched or depleted CNTs (e.g., with 

carbon-14 or carbon-13), and finally, microscopic techniques. There are large differences in 

the sensitivities and applicability of these techniques. Some thermal processes produce 

detectable gases (CO, CO2), while others measure radiative heating of a sample. For 

example, the microwave method involved irradiating CNT containing samples with 

microwave radiation, wherein the carbon nanotubes absorb the microwave radiation, and the 

increase in temperature is proportional to the CNT concentration for a given matrix.61,62 

When comparing different studies, even those using the same quantification technique, there 

is substantial diversity in the characteristics of the CNTs utilized.

It is evident from Figure 1 that, while some instruments used in the CNT quantification 

techniques are commercially available (e.g., UV/vis/NIR spectroscopy and Raman 

spectroscopy), most of the techniques require uncommon equipment that need to be partially 

or wholly custom built (e.g., microwave method, photoacoustic and photothermal imaging) 

or expertise that is not readily available. The use of uncommon instruments in these 

techniques also poses challenges for commercial ecotoxicity testing facilities to fulfill 

guidelines for standard methods related to maintaining a consistent exposure 

concentration.63 While some analytical instruments that can be used to quantify CNTs are 

widely available (e.g., UV/vis spectrophotometry), some of them have significant potential 

interferences as will be discussed in detail in subsequent sections. To provide one example, 

challenges related to the use of UV/vis spectrophotometry have recently been described 

including absorption coefficients dependent on the CNT structure distribution and dispersion 

method, as well as decreasing absorption coefficients with CNT agglomeration and 

uncertainty in determining non-CNT from CNT contributions.64,65 The lack of robust and 

widely available analytical methods likely contributes to the exclusive use of nominal 
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concentrations to describe the exposure concentration and the absence of reported changes in 

CNT concentrations during experiments in many nanoecotoxicology studies.

Microscopic techniques can provide unambiguous identification of the CNTs in a complex 

matrix (e.g., transmission electron microscopy (TEM) analysis using electron energy loss 

spectroscopy or high resolution TEM ),27,66 but low or uneven distributions of CNTs on 

microscopy samples hamper the conversion of the number of CNTs detected on (several) 

images to the number/mass concentration of CNTs in a sample. These limitations can be 

overcome, for matrices without substantial interferences, by using a centrifugation-based 

method to capture the CNTs from a known volume onto a microscopy sample holder (e.g. 

TEM grid). Under these conditions, frequency data (number of CNTs per area) can be 

converted into particle number and mass concentration metrics.67–69 However, when one 

considers projected environmentally relevant concentrations of CNTs (typically ng to μg 

kg−1 solids),70 the likelihood that one captures a CNT onto a microscopy grid with μg-sized 

environmental samples is exceedingly small. Overall, due to limitations related to the sample 

preparation issues (low CNT concentration especially compared to other solids, overlapping 

particles, and uneven distribution of CNTs onto the sample holders), results from electron 

microscopic techniques remain mainly on a qualitative level, and are currently of limited 

utility for quantitation.

While electron microscopic techniques are very helpful to confirm the identity of CNTs in a 

matrix if the CNT loading is sufficiently high, reliable controls of the sample matrix without 

CNTs, the CNTs alone, the sample holder, and any other interferences are needed to avoid 

false positive or false negative results, but these controls are rarely available for 

environmental samples. In addition, the amount of time required for sample preparation 

depends on the samples matrix and greatly varies among techniques. For example, obtaining 

TEM images suitable for automated image analyses may require that individual CNTs are 

evenly distributed on a TEM grid and do not overlap with other particles. This often requires 

elaborate and tailored extraction, dispersion and deposition techniques that are very time 

intensive to develop. In contrast, sample preparation for hyperspectral imaging microscopy 

is usually very fast, as liquid samples can be directly cast onto a microscopy slide and 

subsequently imaged. However, the current commercial setup lacks the possibility for 

automated image acquisition as well as suitable measures to determine the deposited sample 

volume, which hampers its quantitative capabilities.

Due to the similarities between CNT structure and that of atmospheric soot or carbon black, 

many analytical techniques that have been used for their extraction or isolation from air, soil, 

or sediment have been also used to quantify CNTs (e.g., thermal optical transmittance 

(TOT), chemothermal oxidation at 375 °C (CTO-375), thermogravimetric analysis (TGA), 

and total organic carbon (TOC)).14,16,18,71 While TOT can measure CNTs, custom 

temperature ramping programs are required for CNTs that differ from standard National 

Institute for Occupational Safety and Health (NIOSH) methods used for soot analysis on 

atmospheric samples.16 Similar modifications may also help improve CNT quantification by 

other thermal techniques such as CTO-375. Sampling of soot in air requires separation from 

the air, and usually involves filters, impactors or centrifugal separation. Airborne CNTs 

would likely also be captured by these techniques.72–76
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All of the quantification techniques are critically assessed in subsequent sections for the 

potential impact of matrix interferences or interferences from changes that may occur to the 

CNT in different test systems or the natural environment. For example, the impact of CNT 

degradation, as has been shown to occur enzymatically and due to interactions with cells and 

bacteria,77–83 and oxidation on the performance of different analytical methods are 

evaluated. In addition, the limits of detection (LODs) for these techniques in different media 

are compared and used to assess the potentially relevant techniques for five case study 

scenarios. The potential for these techniques to be standardized, a critical issue for 

regulatory agencies, is also discussed.

 Evaluation of potential matrix interferences for quantification procedures

Perhaps the principal reason that quantification of CNTs in environmentally relevant 

matrices is challenging is because of matrix interferences, namely difficulties associated 

with detecting carbon in a carbon background, especially at modeled average environmental 

CNT concentrations.70,84–86 The matrix characteristics that are most likely to cause 

interferences are described in detail in Table S1. Overall, natural waters and cell media (e.g., 

in studies with fish or human cells) have significantly fewer matrix interferences compared 

to biological tissues, soil/sediment, and released material from nanocomposites. For most 

spectroscopic measurements, while molecules and suspended particles in natural waters and 

cell media can potentially scatter incoming/outgoing light thus potentially biasing 

measurements, methods that account for these effects are generally available; in contrast, 

separation from the matrix is often needed prior to CNT quantification in tissues, soil/

sediment, and fragments released from nanocomposites. For inorganic elemental analysis, 

having a constant and relatively low background metallic content of the matrix of the same 

element as the catalyst(s) of the CNTs is most important for all relevant matrices to achieve 

a low LOD and accuracy. Additionally, the multi-isotopic capability of the inorganic 

elemental analysis may enable qualitative and/or quantitative isotopic analysis when the 

isotopic ratios of the catalyst particles differ from those typically observed in the 

environmental matrix. For single-particle inductively coupled plasma-mass spectrometry 

(spICP-MS) analysis of CNTs, the background metallic content in nanoparticulate form in 

matrices is similarly important with regards to the accuracy of the measurement, while low 

background metallic content in dissolved form is necessary for achieving a low LOD. 

However, spICP-MS instruments operating at microsecond dwell times can only perform 

nanoparticle isotopic analysis for detection of two elements, a capability which nevertheless 

can be used to distinguish naturally occurring NPs from their engineered counterparts.87 

While spICP-time of flight (ToF)-MS has recently shown the capacity for multi-element 

analysis,88,89 the size limit of detection was larger for gold and silver NPs compared to 

quadrupole-based instruments.89 Given the expected small amounts of the catalysts 

associated with individual CNTs and challenges associated with determining the background 

cut off level for SWCNT analysis using spICP-MS,22 it is unclear if spICP-ToF-MS will 

work well for CNT quantification.

Thermal techniques often do not show interferences with natural waters and cell media, 

although there were technique-specific chemicals in these matrices (e.g., peptone in the 

media for TGA analysis)90 that could impact the results. Two key considerations for many of 
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the thermal techniques are whether components in the matrix can change the thermal 

stability of the CNTs and if there is the potential for overlap in the oxidation temperatures of 

CNTs and combustible components of the matrix. Thermal techniques could generally work 

in all matrices but the detection limit will be higher in matrices with more interferences as 

will be discussed in a subsequent section. Lower LODs may be achievable by first extracting 

the CNTs or decreasing the bias from other forms of organic carbon.

Quantification of CNTs (and other carbon nanomaterials91–95) via isotopic labelling 

generally has fewer interferences than the other techniques, but obtaining isotopically 

enriched CNTs is typically challenging and/or expensive. Furthermore, this approach is only 

relevant for laboratory studies, not for detecting CNTs released into the environment. A 

related strategy, labeling CNTs with coatings containing a radioisotope, was used in many 

early biodistribution studies in the biomedical field,96–98 but has not been used in 

environmental or ecotoxicological studies. The challenge with this approach is that the 

accuracy of any measurement is contingent upon the radioactive tracer remaining associated 

with the CNTs.

Natural abundance, stable isotopic measurements (e.g., carbon-13)21 face similar limitations 

in that they require a CNT-free sample to which one can compare the isotopic composition 

in order to deploy the technique quantitatively. In laboratory studies, this is possible and 

more economically viable than radiolabeling techniques, but one has to carefully select 

CNT-free controls for quantifying CNTs in environmental samples. Furthermore, while the 

initial label is more expensive, the analytical techniques required to trace a carbon-14 label 

(i.e., liquid scintillation counting) are facile compared to the expert preparatory and 

analytical equipment required to trace natural-abundance isotopes (i.e., much lower levels of 

either carbon-14 or carbon-13 require accelerator mass spectrometers and isotope ratio mass 

spectrometers, respectively, and each with closed-tube-combustion preparation upstream). 

Nevertheless, the carbon source for SWCNTs produced using the high pressure carbon 

monoxide (HiPco) process is usually biomethane,21 which has a strong naturally depleted 

carbon-13 signature, and such CNTs would be good candidates for using natural abundance, 

stable isotopic measurements.78

 Evaluation of potential bias from changes to the CNTs

In addition to interferences from different environmentally and biologically relevant 

matrices, changes that may occur to CNTs while in these matrices can also cause 

interferences for many of the quantification techniques (Table S2). The extent to which 

agglomeration, degradation, and wrapping by other molecules occurs depends on the 

physicochemical properties of the CNTs and of the matrix. It is well known that CNTs will 

agglomerate in waters with sufficient ionic strength if they are not stabilized through, for 

example, a surfactant and that CNTs have a large capacity to adsorb natural organic 

matter.99–102 With regards to CNT agglomeration, while most techniques are sensitive to this 

change (e.g., most thermal techniques, Raman, NIRF, UV/vis/NIR absorbance, and spICP-

MS), some are not impacted by it (e.g., inorganic element analysis) or may even be 

enhanced (e.g., hyperspectral imaging). Potential interference from CNT agglomeration may 

result in, for example: a) changes to the intensity or peak wavelengths in the 

Petersen et al. Page 8

Environ Sci Technol. Author manuscript; available in PMC 2017 May 03.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



spectrophotometry signals; b) shifts in the thermal stability of the CNTs, which could 

prevent separation from other components in the matrix, such as black carbon soot; or c) 

hindering uniform distribution on a filter prior to analysis by TOT. Agglomeration may also 

increase the heterogeneity and affect representativeness of the subsamples in a matrix, which 

could lead to increased uncertainty. However, larger subsamples could help lower the 

uncertainty when feasible.

The literature shows variable results on the degradation of CNTs in environmental matrices. 

In some studies, degradation of carbon-14 labeled CNTs by enzymes or bacteria has been 

shown to be slow or not detectable 77,78,103 except under specific situations with a special 

microbial consortium.77 In contrast, studies assessing the degradation of non-carbon-14 

labeled CNTs have often shown substantial degradation.82 The cause of this discrepancy is 

unclear. Studies on the photodegradation of CNTs have shown significant modifications to 

their surface structure or the loss of fluorescence under some experimental conditions.104,105 

Thus, it is reasonable to assume that some degree of degradation could occur with CNTs in 

surface waters if they stay suspended for a sufficiently long period. Almost all quantification 

techniques are sensitive to CNT degradation and oxidation, although the degree of oxidation 

needed before it impacts quantification varies among techniques. One exception is 

carbon-14 analysis, which is not impacted by oxidation. In contrast, the degree of oxidation 

can directly impact CNT thermal properties and potentially the capacity to differentiate 

between CNTs and other forms of carbon present in the matrix using many of the thermal 

based techniques.

Wrapping of organic molecules around CNTs, such as proteins or NOM, may also impact 

most quantification techniques. Many of the potential changes that could cause biases, such 

as decreased signal intensity of a spectroscopic measurement or a change in the thermal 

stability of CNTs for thermal measurements, are similar to those discussed for degradation. 

However, the reason behind these changes is from the impact of the coating on the CNT 

properties rather than a change to the core CNT material itself as would occur during 

degradation. One challenge in discussing the potential bias from organic molecules 

wrapping around CNTs, and also agglomeration and oxidation/degradation, is that the 

magnitude of the bias relates partly to the degree of agglomeration, oxidation, and the 

quantity of organic molecules associated with the CNTs. It is possible to foresee examples 

when these changes in the environmental matrices could have a bias, but it is challenging to 

quantify the magnitude of the expected bias without information about the sample system 

(e.g., aqueous phase NOM concentrations can range between 5 mg/L and 50 mg/L) or the 

extent of oxidation. This information about the sample system or magnitude of likely 

changes could allow one to account for biases.

Being aware of the potential biases present in a sample from these changes to the CNTs 

and/or carrier matrix will support researchers in determining to what extent these factors 

may impact their measurements. However, it might be challenging to get this kind of 

information from samples with low CNT concentrations when there is a low signal to noise 

ratio. Environmentally-relevant information on the rate of CNT modifications (e.g., 

oxidation) by environmental processes is limited,77,103,106–108 and systematic studies of 

those processes would be an enormous benefit to parallel efforts to quantify CNTs in the 
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environment. While leaching of metal catalysts from the CNTs in environmental matrices is 

not explicitly covered in the above changes to the CNTs, it could dramatically impact 

analyses using spICP-MS or elemental analysis. The potential for changes in the catalyst 

particles associated with the CNTs in environmental matrices is the primary reason that 

these techniques are not more broadly used despite their low LODs.

 Detection limits of quantification techniques

The LOD for CNT quantification is one of the most critical performance metrics required to 

compare the various techniques. However, the definition of the LOD depends partly on how 

the CNT mass in a given sample is determined. The most common approach is for the whole 

sample, including CNTs, catalyst particles, and any carbonaceous impurities, to be included 

in the CNT mass used. It is possible instead to only use the CNTs themselves, at least for 

SWCNTs where, after purification procedures, the properties are more clearly 

distinguishable and high quality separation techniques exist.109 While additional metrics 

such as number or surface area concentrations are highly desired,63,110 the LOD values 

provided here are for mass concentrations.

There are two different approaches for determining the necessary LOD for quantifying 

contaminants in the environment. The first requires that the LOD is adequate for 

quantification of the contaminant at concentrations that may have harmful effects. An 

alternative requirement is for the analytical techniques to quantify the contaminant at the 

concentration that it is determined or estimated to be present in the environment. We have 

compared the LODs for the various analytical techniques using both approaches through 

comparing the LODs to a species sensitivity distribution for CNT acute toxicity to pelagic 

organisms (Figure 2) and to modeled environmental concentrations (Figure 3). Several 

trends are evident from reviewing these figures. First, the LODs in water span several orders 

of magnitude with some techniques only capable of quantifying CNTs in samples with 

concentrations greater than 10 mg/L (e.g., gravimetric measurements), while the most 

sensitive techniques can detect concentrations between 0.1 μg/L and 1 μg/L (e.g., spICP-

MS) (Figure 3). Second, the lowest LOD values are for pristine water samples and increase 

with higher amounts of potential interferences in the matrix. Higher LODs are observed 

when NOM is present in waters, and even higher LODs are typically achieved when using 

CNT quantification techniques in soils, sediments, and biological tissues. Third, multiple 

techniques appear capable of quantifying CNTs at concentrations relevant for stock 

suspensions (e.g., 10 mg L−1 to 100 mg L−1) that could be used for pelagic aquatic toxicity 

testing (Figure 2). As discussed in more depth in a case study, some techniques could also be 

used to quantify the initial exposure concentration for ecotoxicity testing and the 

concentration after the experiment concludes. Fourth, the LODs are often orders of 

magnitude higher than the average modeled environmental concentration, but some are 

within the range of modeled sediment concentrations despite the lower LODs for CNT 

quantification in sediments. This suggests that it may be feasible to quantify CNTs in the 

environment under certain conditions. Overall, these figures can be used to assess which 

methods may offer suitable techniques for an intended purpose, as is described in more 

detail in the case studies. Alternatively, extraction or separation techniques (see above) may 

be necessary to selectively isolate and concentrate the CNTs prior to analysis.
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 Potential for standardization

There are numerous reference materials (RM; e.g., UV/vis spectroscopy calibration 

standards) and standard methods that can support the standardization of CNT quantification 

techniques (Table S3). In addition, there are multiple CNT RMs and representative test 

materials (Table S4); RMs have assigned values for certain properties, whereas 

representative test materials are only guaranteed to be stable and homogeneous with respect 

to one or more specified properties but may be used in the development of test methods 

which assess properties other than those for which stability and homogeneity have been 

shown.111 Currently, three RMs are available for SWCNTs, while MWCNTs are only 

available as representative test materials. The careful characterization of the CNT RMs may 

be useful for the standardization of numerous techniques, given the wide range of properties 

that have been certified (i.e., the sources of uncertainty are thoroughly understood and the 

certified values have meaningful metrological traceability) or for which information values 

are provided (i.e., the sources of uncertainty are not fully understood or a limited number of 

analyses were performed). Standardized methods are also already available for 

characterization of CNTs (e.g., Raman spectroscopy and NIR fluorescence characterization) 

which could be modified to develop standard methods for CNT quantitation.42,112–118 In 

addition, a modified version of a NIOSH standard method for use of TOT for elemental 

carbon analysis (NIOSH Method 5040) could potentially be used for CNT quantification. 

However, the robustness of this method for CNTs will still need to be evaluated for different 

matrices. Extraction and separation procedures also need to be standardized but are not 

addressed in this section due to the limited number of studies on this topic. Research topics 

that would support the standardization of these techniques are described in the Future 

Research Topics section.

 Case studies

In this section, five case studies will be used to illustrate how the quantitative methods 

described in this manuscript could be utilized to address hypothetical situations requiring 

CNT quantitation. The scenario for the first two case studies is that scientists are asked to 

determine whether the concentration of CNTs in a stream receiving effluent from a treatment 

plant where CNTs may be released is above 500 μg L−1; this concentration was chosen 

because it is approximately 50 % of the lowest LC50 value of the species sensitivity 

distribution shown in Figure 2. This scenario will be discussed in the context of whether the 

CNT characteristics (e.g., SWCNT or MWCNT, catalyst materials, and thermal properties) 

are known a priori or not. In the third case study, scientists will be trying to measure the 

exposure concentration to organisms during a laboratory ecotoxicity experiment in a water 

only system with an organism that has an EC50 value (the concentration at which 50 percent 

of the organisms are affected) of 10 mg L−1 and the lowest concentration tested is 1 mg L−1. 

In the fourth case study, CNTs with known characteristics are accidentally released into a 

lake, and scientists are asked to determine the concentration in the lake sediment. In the fifth 

case study, “OECD Test 305: Bioaccumulation in fish: aqueous and dietary exposure” is 

performed using a known type of CNTs and the scientists need to quantify the concentration 

in the fish tissues.
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 Case I: CNTs with known characteristics are released into a river

First, identify the techniques that may have LODs better than 500 μg L−1 using Figure 3: 

UV/vis spectroscopy, inorganic elemental analysis, spICP-MS, NIRF, Raman spectroscopy, 

TOT, and carbon-14 labeling. Electron microscopy should, in principle, be able to detect 

CNTs at these concentrations, but it may be challenging to identify CNTs amidst the other 

particulate matter, and quantification will be challenging as discussed above. Of particle risk 

is the ability to collect a representative sample where the TEM thin section actually contains 

a statistically significant number of CNTs. Nevertheless, electron microscopy could be used 

for a qualitative assessment or to confirm the presence/absence of CNTs based on results 

from the quantitative analysis. Among the quantitative techniques, the choice of which 

technique to employ first would depend on numerous factors such as their availability and if 

the unique properties of the CNTs of interest may eliminate some of the analytical 

techniques from consideration (e.g., quality assurance (QA), techniques only applicable for 

SWCNTs would not be relevant for MWCNT quantification). For example, carbon-14 

labeling would not be relevant for field measurements, while NIRF would only be applicable 

for SWCNTs.15 In addition, Raman spectroscopy analysis would require preconcentration of 

the sample to yield the desired LOD which may be challenging.13 Next, the properties of the 

river water prior to the discharge location (e.g., thermal profile, elemental composition and 

organic matter concentration of the water) could be evaluated to assess what biases may be 

encountered during CNT quantification for various techniques. If it is possible to obtain the 

CNTs of interest, a next step would be to prepare a CNT dispersion, mix the dispersion with 

stream water prior to the location of discharge, and then analyze the water using the 

quantification technique(s) to determine relevant QA/quality control (QC) characteristics 

such as the LOD, reproducibility, bias, signal to noise ratio, and linearity of calibration 

curve. It may also be important to test the stability of the CNT in the water prior to the 

discharge location to assess if agglomeration or oxidation of the CNT could cause a bias; if 

agglomeration causes a significant bias, it may be possible to disperse the samples such as 

by adding a surfactant or sonicating the sample. If the QA/QC characteristics are sufficient 

to provide the needed level of statistical significance for the quantification measurement, the 

final step would be to analyze the test samples.

 Case II: CNTs with unknown characteristics are released into a river

The process is substantially more complicated if characteristics of the CNT to be detected 

are unknown. First, it would be helpful to obtain water samples before and after the point 

source discharge location. It would then be possible to do some measurements to try to 

determine if characteristics of the river water reflective of CNT characteristics are changed. 

For example, an elemental analysis or spICP-MS analysis of the river waters could be 

conducted to assess if uncommon elements (e.g., yttrium) or ratios of elements (e.g., cobalt 

to molybdenum) often used for CNT catalysts are present at different concentrations before 

and after the location of discharge; measuring these samples before and after filtering could 

reveal if the metals are associated with particles such as CNTs. One distinct advantage of the 

metal analysis techniques is that the LODs for many of these elements are orders of 

magnitude better than the limit of detection needed for the CNTs (Figure 3). This 

information supported by other characterization techniques (e.g., TEM analysis to assess if 

SWCNTs or MWCNTs can be identified) could help determine the type of CNT being used. 
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An alternate first step would be to obtain a sample directly at the discharge location and 

conduct these analyses. The advantage of this approach is that there would not be dilution of 

the CNTs, but the matrix may be substantially more complex (e.g., wastewater treatment 

plant effluent). A next step is to spike known concentrations of the specific CNT if 

identified, or alternatively RM SWCNTs and representative test material MWCNTs, into the 

river water prior to the discharge location and determine the QA/QC characteristics for the 

selected techniques and the extent to which agglomeration or oxidation could influence the 

results. If acceptable results can be obtained with the specific CNT (if identified) or the RM 

CNTs, then analysis can be conducted on the river sample after the location of discharge.

 Case III: Laboratory Ecotoxicity Study

The third case study involves a laboratory ecotoxicity experiment during which the 

concentration remaining suspended during the experiment needs to be quantified. Depending 

upon what organism is tested, there may be interferences such as algae or bacteria which 

remain suspended and have CNTs associated with them. If it is straightforward to separate 

the test organisms from the media with suspended CNTs, numerous techniques may be 

applicable for quantifying the initial CNT concentration in suspension (≥1 mg L−1) (see 

Figure 2). The techniques available to determine the change in concentration during the 

experiment depend on the LOD needed for these measurements. For example, if it is 

unlikely that the CNT will settle during the experiment, numerous techniques would enable 

measurements to show that the concentration remained within 20 % of the initial 

concentration, the desired maximum concentration loss indicated in many OECD tests.63 

However, if substantial settling occurs, it is necessary to determine the lowest detection limit 

needed (e.g., 0.1 mg L−1 to quantify a loss in concentration of 90 % of the initial 

concentration). When measuring the CNT concentration dispersed in tests with suspended 

unicellular organisms or small multicellular organisms (e.g., Tetrahymena thermophila), the 

cells themselves may cause biases or require the extraction of the CNTs. It is also unclear if 

CNTs that are suspended but associated with cells should be counted as part of the total 

suspended concentration. Nevertheless, many techniques could likely still be used to 

quantify the total suspended concentration but control experiments to test for potential biases 

from the cells and the matrix would need to be conducted prior to starting the experiment.

 Case study IV: Quantification of CNTs with known characteristics in lake sediment

Quantifying CNTs in sediments is substantially more difficult than in water samples. As 

shown in Figure 3, the LODs for most techniques are at least an order of magnitude higher 

in soils and sediments compared to in waters. To quantify CNTs in sediments, a first step 

would be to obtain “clean” sediment from another water body ideally with similar sediment 

characteristics. Because the CNT type is known in this case study, it is possible to spike this 

clean sediment with CNTs and then assess the quality of the analytical results (e.g., linearity, 

LOD, etc.). The suitable techniques for this analysis will depend upon instrument 

availability, the type of CNT (e.g., NIRF after CNT extraction has been shown to be a 

valuable technique for analysis of SWCNTs in sediments15 but is not applicable to 

MWCNTs), and the estimated range of probable CNT concentrations in the sediment. If 

satisfactory LODs are not available for the available techniques in the reference sediment, it 

may be necessary to investigate extraction or separation methods to decrease the LOD 
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(e.g., 15,46). Given the low detection limits obtained using NIRF after extraction (62 μg/

kg),15 challenges with obtaining a better LOD are likely only to be problematic for 

MWCNTs unless the SWCNTs are oxidized or modified to the extent that NIRF is not 

applicable or NIRF is not available for sample analysis.

 Case study V: Quantification of CNT in fish after a standard toxicity test

Assessing potential bioaccumulation of chemicals in organisms is an important component 

of risk assessment of chemicals. One frequently used test is OECD method 305: 

Bioaccumulation in fish: aqueous and dietary exposure.119 Again, the LODs for quantifying 

CNTs in organism tissues are greater than those in water, yet similar to the LODs for soils 

and sediments (Figure 3). While the whole fish is usually analyzed in this method, it may be 

beneficial to test the CNT biodistribution in addition to the total concentration in the fish. 

This is important because CNT translocation across the gut tract is rarely observed in 

ecotoxicological studies.27,31,120,121 If the biodistribution of SWCNTs is evaluated, then the 

technique with the best LOD is NIRF microscopy which has been reported to detect 

individual SWCNTs.31,121 If this instrument is not available, Raman microscopy and 

electron microscopy can be used to assess biodistribution of CNTs in organisms although it 

is important to carefully avoid artifacts;27,43,122,123 however, one should note that G/D ratios 

are strongly influenced by any sp2 or sp3 hybridized carbons present in the organism for 

Raman microscopy analysis. Other microscopic approaches such as photothermal/

photoacoustic imaging have also been successfully used to assess the distribution of CNTs in 

plants, yet are infrequently available (Figure 1).24 To quantify the total concentration of 

CNTs in the fish, it is possible to use NIRF microscopy for SWCNTs,31 but extraction from 

the fish tissue will likely be needed for MWCNTs. An extraction procedure has been 

published for MWCNTs in rat lungs followed by quantification using TOT,23 but this 

approach has not yet been used in tandem with other quantification techniques or with fish 

tissues. If carbon-14 labeled CNTs are available, assessing uptake by and biodistribution in 

fish through carbon-14 labeling is a viable approach.124 The microwave method has also 

shown promise for detecting MWCNTs in biological samples (e.g., earthworms) but requires 

custom built equipment.62,125

 Future Research Topics

The analysis that we present here on the current state of the science with regards to 

quantification of CNTs in matrices relevant for nanotechnology environmental health and 

safety measurements also reveals several key future research topics to move this field 

forward. First, most of the quantification techniques developed for aqueous environments 

will have potential biases or a higher LOD in complex matrices such as soils and biological 

tissues. Thus, the continued development of CNT extraction and separation procedures for 

environmental and biological matrices is a critical topic for additional research. 

Nevertheless, addressing the quality of the CNT separation depends in part on the robustness 

and precision of the subsequent analytical techniques, which also need to be improved. 

Second, sensitivity analyses of techniques can provide relevant information regarding the 

robustness of an experimental procedure to minor changes to a protocol and the 

contributions of various steps to the total uncertainty of the result. This approach and related 
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approaches such as cause-and-effect analysis can highlight which steps of a protocol need to 

be carefully followed to ensure a reliable result and which steps are less critical.126 Third, 

interlaboratory comparisons, where multiple laboratories use the same protocol, are needed 

to standardize the more mature techniques and extraction and separation procedures. While 

it is necessary to assess many topics related to analytical precision of a single laboratory 

(e.g., within and between operator variability, instrument to instrument variability, day-to-

day variability, all contributing to the within-laboratory repeatability), interlaboratory 

comparisons can provide unique information about the comparability of results among 

laboratories (i.e., between-laboratory reproducibility) and potential factors in the protocols 

that need to be controlled to standardize the procedure. Such information is needed to 

provide estimates of the bias and precision of an analytical method. Fourth, analyzing an 

individual or set of homogenized test samples using multiple techniques will be helpful in 

highlighting method specific biases and the comparability of results among methods (e.g., 

similarly to a black carbon quantification ring trial127). This differs from interlaboratory 

comparisons in that a single sample is analyzed by multiple techniques, as opposed to 

different laboratories using the same technique and test method. Similar results among 

orthogonal techniques would lead to greater confidence in the results of the methods while 

different results could yield insights into biases, strengths, and limitations of different 

methods. For example, in a recent study on the fate of SWCNTs in a mesocosm, an 

experimental setup designed to simulate the natural environment that often includes multiple 

species and which has been used in several nanotoxicity studies,128,129 both NIRF and 

elemental analysis were used on the same samples.29 The agreement among these methods 

suggested that elemental analysis may be a useful approach in these complex matrices if the 

catalysts used to synthesize the CNTs are of an element with low concentrations in the 

matrix (e.g., Mo).29 A similar approach could be used to compare among different extraction 

or separation techniques with a single sample. Fifth, isotopically enriched or depleted 

CNTs21,78 could be used to help develop other orthogonal techniques given that isotopic 

techniques often have the fewest biases for many of the matrices and changes that could 

occur to the CNTs in these matrices. Such an approach was used by Schierz et al. to develop 

the NIRF technique for quantification of SWCNTs in sediments after extraction by also 

testing the extraction procedure with carbon-14 labeled SWCNTs.15 Sixth, using extraction 

and/or separation techniques in combination such as AF4 followed by capillary 

electrophoresis could be another promising avenue for future research. Lastly, almost all 

quantitative techniques require known CNTs to yield information about their characteristic 

information (e.g., thermal profile, metal catalyst, impurities, NIR spectra, and Raman 

signature). Additional work is needed to develop techniques for quantification of unknown 

CNTs in an environmental or biological matrix. Along these lines, the impact of CNT 

heterogeneities (e.g., different lengths) on their quantification could also be helpful.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Availability of CNT quantification techniques
Abbreviations: Asymmetric flow field flow fractionation with multi-angle light scattering 

(AF4-MALS), analytical ultracentrifugation (AUC), chemothermal oxidation at 375 °C 

(CTO-375), near infrared fluorescence (NIR), single particle inductively coupled plasma-

mass spectrometry (spICP-MS), thermal gravimetric analysis (TGA), thermal gravimetric 

analysis-mass spectrometry (TGA-MS), total organic carbon (TOC), thermal optical 

transmittance (TOT), scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), atomic force microscopy (AFM).
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Figure 2. 
Comparison between detection limits for analytical techniques in a water-only media under 

optimal conditions juxtaposed with a species sensitivity distribution for CNTs for acute 

toxicity testing of pelagic organisms. For the species sensitivity distribution, the 95 % 

confidence for the LC50 values is shown by the gray shaded area around the curve. The 

detection limits for the techniques span a range of one order of magnitude (e.g., 1 mg/L to 

10 mg/L). This figure is modified with permission from Garner et al.189

Abbreviations: Asymmetric flow field flow fractionation with multi-angle light scattering 

(aF4-MALS), analytical ultracentrifugation (AUC), chemothermal oxidation at 375 °C 

(CTO-375), near infrared fluorescence (NIRF), single particle inductively coupled plasma-

mass spectrometry (spICP-MS), thermal gravimetric analysis (TGA), thermal gravimetric 

analysis-mass spectrometry (TGA-MS), total organic carbon (TOC), thermal optical 

transmittance (TOT).
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Figure 3. 
Detection limits for analytical techniques in various media under optimal conditions and 

modeled environmental concentrations (184, 285, 386, 470, 519); modeled environmental 

concentrations are not available for biological matrices. The detection limits for individual 

techniques span a range of one order of magnitude (e.g., 1 mg/L to 10 mg/L)

Abbreviations: Asymmetric flow field flow fractionation with multi-angle light scattering 

(aF4-MALS), analytical ultracentrifugation (AUC), chemothermal oxidation at 375 °C 

(CTO-375), near infrared fluorescence (NIRF), single particle inductively coupled plasma-

mass spectrometry (spICP-MS), thermal gravimetric analysis (TGA), thermal gravimetric 

analysis-mass spectrometry (TGA-MS), total organic carbon (TOC), thermal optical 

transmittance (TOT).
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Table 1

Extraction and separation techniques to isolate CNTs from environmental and biological matrices

Technique Overview Strengths Limitations

Asymmetric Flow Field-Flow 
Fractionation 46,47,130–133

Flow-assisted separation 
technique based on particle 
diffusion against a 
hydrodynamic field in the 
absence of a stationary phase

Enables separation of well 
dispersed CNTs by 
length, reduces sample 
polydispersity, possibility 
for online/offline coupling 
with a variety of 
analytical techniques can 
yield complementary 
information

Time-consuming and laborious 
operation/method development, 
high sample dilution during the 
analysis, possibility of strong 
particle-membrane interactions 
may result in low recoveries, 
separation less efficient (low 
number of theoretical plates) than 
with e.g., capillary electrophoresis

Capillary Electrophoresis134–137 Based on the different 
electrophoretic mobilities of 
the species (on the basis of 
their charge/size ratio) through 
an electrolyte contained in a 
fused silica capillary when an 
electrical field is applied; a 
suspension of CNTs, usually 
in a surfactant, is subjected to 
an electric current

Potential separation of 
bulk samples of CNTs 
according to the charge/
size ratio, length sorting 
and separation according 
to bundled/non-bundled 
can occur; high theoretical 
plate number, thus 
potentially superior 
resolution power, due to 
the plug-like flow of the 
electroosmotic flow

Laborious sample preparation for 
controlled experiments, several 
important challenges still remain, 
including limited sensitivity, non- 
quantitative recoveries, and 
reproducibility problems; 
micellular electrokinetic 
chromatography cannot be used, as 
CNTs are too large to reside in the 
intramicellular region

Centrifugation138 Large suspended particles are 
removed first on basis of 
difference in sedimentation 
velocities

Potential isolation of 
CNTs from matrix, either 
in sediment or supernatant

Protocol will depend on CNT and 
matrix, further separation of the 
fraction is challenging without 
disturbing neighboring fractions

Density gradient centrifugation139,140 Particles will equilibrate to 
their isopycnic (equal 
bouyancy point) in a density 
gradient at sufficiently high 
applied acceleration

Can enable extraction of 
specifically modified 
subpopulations, resolves 
aggregate states

Low processing quantity, kinetic 
and transport non-idealities can 
occur, different aggregation states 
have different buoyant densities.

Size exclusion chromatography48,141–147 A chromatographic method 
that separates analytes based 
on their size and shape by 
differential exclusion from the 
pores of the stationary phase; 
no interactions must exist 
between CNTs and the 
stationary phase

Relatively simple and 
inexpensive, good size 
separation for SWCNTs 
within a certain length 
limit and shape

It has mainly been used for short 
single-walled carbon nanotubes; it 
is unclear if this technique can 
separate larger SWCNTs or 
MWCNTs; prefiltration might be 
needed; agglomerates can get 
trapped within the chromatographic 
column or the prefilter; well 
dispersed suspensions are required; 
only for qualitative analysis; no 
environmental samples have been 
tested

Matrix Digestion23 Different chemicals or 
solutions are used to dissolve 
the matrix (e.g., tissues) to 
facilitate subsequent analytical 
techniques

Lowers detection limits 
and removes potential 
biases for many 
techniques

Different approaches will likely 
need to be developed for each type 
of matrix (e.g., tissue vs. sediment) 
and may need to be developed for 
different types of tissues

Micro- nanofiltration13,148 Use of micro and nanopore- 
sized filters to separate 
analytes based on their size

Very simple and 
inexpensive; at low CNT 
concentrations, can treat 
larger volumes than other 
techniques

Mainly used for CNT suspensions 
with very little interferences and at 
low concentrations to avoid 
clogging the filters; it is difficult to 
regenerate the CNT suspension for 
further characterization/
quantification; there might be 
sample losses and filter 
interferences

Selective Oxidation14,18,149 Use of thermal or chemical 
oxidation to separate more 
refractory carbon fractions 
(CNTs) from more labile 
organic carbon

Allows for a cleaner (and 
easier) subsequent 
characterization or 
quantification

Not very reliable in the presence of 
interfering material or when the 
oxidation is not complete (e.g. 
coals, very rich organic carbon 
environments); recoveries might 
vary between different types of 
CNTs
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Technique Overview Strengths Limitations

Sonication with surfactant15 Use of a surfactant to create a 
stable CNT suspension that 
can then be separated from the 
remaining non CNT material 
that settles down at a different 
speed

Can extract CNTs with 
varying surface chemistry 
from sediment, no special 
equipment is necessary

Recoveries vary among SWCNTs 
with no recognizable pattern; 
repeatability varies, surfactants 
may interfere with quantitation 
procedure
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