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Supplemental Information 

 

Carbon nanotube details. Carbon nanotubes (CNTs) are cylindrical and can be single-

walled (SWCNT) or multi-walled (MWCNT).  SWNTs are essentially a single sheet of graphite 

(called graphene) rolled up and connected end to end.  MWCNTs are concentric SWCNTs of 

increasing diameter. Because of their unique properties, double-walled carbon nanotubes 

(DWCNTs) are considered a separate class of MWCNT.  All CNTs have unique and excellent 

electrical, thermal, and physical properties with a high strength to weight ratio, which makes 

them ideal for a variety of applications [1]. The method of production affects the mechanical, 

electrical, and thermal properties of the CNTs [2]. Laser ablation is common for SWCNTs, and it 

produces CNTs similar to the Arc technique. Laser ablation is not currently used for large-scale 

production of MWCNTs.   

The CVD process operates at low temperatures (<1000°C) to produce CNTs with a high 

defect density (i.e., disorder), and the arc process operates at much higher temperatures 

(>3000°C) to produce CNTs with a low defect density.  Consequently, the CVD CNTs have a 

lower thermal stability and less desirable mechanical and electrical properties as compared with 

arc CNTs.  For SWCNTs, a metal catalyst is necessary for synthesis, and the raw product can 

contain a high percentage of metal catalyst impurities, up to 50% of the total weight. When 

MWCNTs are synthesized using the arc process, no metal catalyst is required, and thus there is 

no metal contamination.  Arc produces a low yield of CNTs, generally 20-60%; the remaining 

mass is fullerenes, multilayer polygonal carbon nanoparticles, graphitic nanoparticles, 

amorphous carbon nanoparticles, and, for SWCNTs, metal catalysts. Generally, before arc CNTs 

are used they are purified with a gas- or liquid-phase chemical treatment or through physical 

separation such as centrifugation or filtration [3]. Often CNTs are chemically treated to add 
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surface functional groups to make them hydrophilic or for particle supports. Unfortunately, 

chemical oxidation induces defects in the CNTs and decreases their thermal stability.  Physical 

and chemical destruction of the bonds occurs when the sp
2
 orbitals are transformed to sp

3
 

orbitals, which are represented by non-hexagonal polygons (e.g., a pentagon).  Physical 

destruction includes folding, tearing, twisting, or stretching of the CNT structure, and chemical 

or thermal destruction includes oxidation of the CNT or breaking of the C-C bonds. 

Three MWCNTs representing the CNT treatment process included a raw (MW-O), 

purified (MW-P), and functionalized (MW-F) MWCNT.  The MW-Os were obtained from 

Cheaptubes, Inc., and were used as received.  The MW-Ps are the MW-Os purified with dilute 

HNO3 to remove metal and amorphous carbon impurities.  The MW-Fs are the MW-Ps further 

treated using microwave-assisted acid treatment (HNO3/H2SO4) to add functional groups to the 

surface to make them hydrophilic (5.27% –COOH, 0.03% –SO3) [4]. FTIR analysis revealed that 

no oxygenated funcational groups were present for MW-O and MW-P.  The zeta potential (pH 7) 

for MW-O, MW-P, and MW-F was -14.5, -8.73, and -50.30, respectively, which provides further 

evidence for the presence of oxygenated functional groups on MW-F.  MWCNTs synthesized by 

the Arc method were obtained from Alfa Aesar in raw form and used as received (Cat. #42886).  

Two commercial functionalized MWCNTs were obtained from Cheaptubes, Inc.  They contained 

–OH (MW-OH, 2.5%) and –COOH (MW-COOH, 3.7%) functionalities on the surface as listed 

by the manufacturer. MWCNTs that had similar properties but with varying diameters were 

obtained from Sigma Aldrich (Cat. #636835, 636509, 636525, 694185) to examine the thermal 

stability as a function of diameter. One Sigma Aldrich MWCNT (MW-15) was annealed 

(graphitized) under inert conditions at 2000°C to represent graphitized CNTs (MW-15G).  Mitsui 

MWCNTs (MW-Mitsui) are commonly used in toxicology studies and were obtained from the 
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University of Rochester. Low-purity (as received) SWCNTs were obtained from Sigma Aldrich 

(Cat. #636797) and contained mixed chirality.  Purified SWCNTs (>90% carbon, >75% 

SWCNTs, <10% Mo/Co) of >50% semiconducting chirality (6,5) were obtained from SouthWest 

NanoTechnologies, Inc. 

Analytical method details. Samples were analyzed using an thermal optical 

transmittance (TOT) OC/EC instrument show in detail in Figure SI-1. As the sample is analyzed, 

the volatilized and combusted carbon travels to an oxidizing oven (MnO2 catalyst at 870°C), 

where it is transformed into carbon dioxide (CO2).  The CO2 passes through a methanator (Ni 

firebrick–supported catalyst) and is reduced to methane (CH4).  The CH4 signal is measured 

using a flame ionization detector (FID).  At the end of the sample run, a known mass of CH4 is 

injected into the sample oven to calibrate the FID; this known mass is used for quantification. An 

external standard of sucrose is used to validate the instrument calibration.  

 
 

Figure SI-1. Instrument schematic  

 

Samples are first heated under non-oxidizing conditions (100% He carrier gas) to remove 

volatile OC. The sample chamber is then cooled, switched to oxidizing conditions (90% He/10% 

O2), and heated again.  For this instrument, temperatures range from 0 to 920°C and are set by 

the user.  OC that does not volatilize instead undergoes pyrolysis to become char or PEC, which 

has thermal properties similar to EC.  Because the sample darkens as it chars and then lightens as 

the carbon evolves, optical correction is used to separate PEC (OC) from EC. A laser (632 nm) is 
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used to measure the transmittance or reflectance of the sample throughout analysis, and the split 

between OC and EC is automatically placed where the transmission returns to its original value 

after the char has been removed. Optical correction is only valid if the assumption that OC and 

PEC will evolve at lower temperatures than EC is true.  

For this study, ultra-high purity gases were used, and an oxygen/moisture trap (Restek 

#20601) was put in line with the helium tank. QFFs are constructed of pure quartz and have a 

99.9% aerosol retention efficiency for 0.3-µm particles according to the ASTM standard method, 

D2986-95a [5].  Because this study uses aqueous samples, the retention size cannot be used to 

estimate the nominal pore size, and thus the performance of these filters for aqueous samples is 

unknown. Upon use of QFFs to filter the aqueous CNT suspensions, which were well dispersed, 

a black filtrate was evident, and thus filtration through QFF was deemed a failure for this 

method. 

 

Figure SI-2. Thermogram example (sucrose) showing how OC, PEC, and EC are traditionally 

defined using the NIOSH temperature program.  A 100% He carrier gas is used for non-

oxidizing conditions, and a 90% He/10% O2 carrier gas is used for oxidizing conditions. 

 

Thermal optical analysis has been used frequently for analysis of black carbon in air and 

sediment samples, and because of the difficulty in analyzing black carbon against a carbon 
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matrix, there is no concurrence on analytical method that should be used [6, 7]. For high loadings 

of black carbon where the sample is too opaque to render a good optical reading, or non-

homogenous filter loadings, such as with sediment samples, optical correction is not possible [6, 

8]. We evaluated the validity of optical correction for MW-F CNTs using different split methods 

for OC/EC separation including two optical splits, transmittance and reflectance, and a manual 

split that was placed between the two carrier gas conditions.  The manual split is considered 

valid on the basis of the assumption that when only CNTs are present, all carbon evolving under 

inert and oxidizing conditions is OC and EC, respectively. Maximum temperatures of 675°C and 

910°C were used during inert and oxidizing conditions, respectively. The MW-F sample was 

used to evaluate the OC/EC split methods because it is relatively free of amorphous carbon 

(99.9% CNTs) and is assumed to be ~100% CNTs.  A control filter (blank) showed that no 

OC/EC contamination was present owing to exposure of the filters to the air during drying.  The 

manual gas split was placed between transitioning carrier gas conditions (i.e., 100% He to 90% 

He/10% O2), and the automatic transmittance/reflectance splits were based on optical correction 

as determined by the laser reading and analytical software. The gas split provided the most 

reliable value; approximately 97% of the TC was defined as EC (i.e., CNTs).  The mass lost 

during the non-oxidizing phase may be attributed to the oxygenated surface defects, as it is 

assumed there is no amorphous carbon remaining on the surface of the CNTs.  If no loss had 

occurred during the non-oxidizing phase, 100% of the TC would be CNTs. The transmission and 

reflectance optical correction splits fared worse, retaining only 80% and 64% of the CNT mass, 

respectively.  This was because the split was located where the CNTs evolved, due to a very low 

optical reading from the blackness of the CNTs.  Therefore, this finding means that when 
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analyzing CNTs, a manual split, whether it is based on the carrier gases or a specified 

temperature, should be used. 

Figure SI-3 shows a calibration curve for the MW-F stock solution for 2-100 µg, 

indicating a good analytical linear range. The method detection limit (MDL) for a weak CNT in 

a simple matrix was calculated using the EPA Method with nine replicates of MW-F CNTs in a 

tap water-X-114 mixture (~0.85%).  Using a mean mass of approximately 3.70±0.25 µg, an 

MDL (99%) of approximately 0.72 µg was calculated. The lower critical limit (LCL) and the 

upper critical limit (UCL) for 95% confidence were calculated to be 0.30 µg and 1.02 µg, 

respectively. The limit of detection (LOD) and limit of quantitation (LOQ) were calculated to be 

approximately 1.8 µg and 2.5 µg, respectively.  

 

 

Figure SI-3. Calibration curve for MW-F CNT stock solution (0.85 g/L) using a manual gas split. 
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CNT Thermal Behavior 

 
Figure SI-4. Thermograms of CNTs under non-oxidizing conditions using the NIOSH 

temperature program. 

 

 

 
Figure SI-5. Percent MW-O mass remaining after analysis under non-oxidizing conditions at 

various maximum temperatures. 
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Figure SI-6. Mass loss curves of CNTs under oxidizing conditions. 

 

 

Raman Spectroscopy. Figure SI-7a shows the Raman spectrograms of the D and G 

bands for a robust (MW-P) and a weak (MW-Arc) MWCNT. The robust MWCNT had a large 

D-band peak compared to the weak MWCNT, and its ID/IG ratio was much larger.  SWCNTs 

(not shown) had similar ratios as the MW-Arc, but because SWCNTs are not as stable as the 

MW-Arc, the ID/IG ratio alone cannot be used to estimate the thermal stability of the CNTs in a 

sample. However, combined with the RBM (Figure SI-7b), Raman spectroscopy can be a 

powerful tool for characterization of the thermal stability of CNTs in an environmental or 

biological sample. 
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Figure SI-7. Raman spectroscopy of (a) MW-Arc and MW-P D-band and G-band peaks and (b) 

of the radial breathing mode for SWCNTs (SW) and MWCNTs (MW-P). SWCNTs (not shown) 

have a very similar D-band/G-band peak ratio as the MW-Arc. 

 

 

 
 

Figure SI-8. Raman spectroscopy of MW-Mitsui in a digest Cyanobacteria matrix loaded onto a 

quartz-fiber filter. Inset: Raman microscope image shows the CNT aggregate (indicated by 

arrow) used to gather the Raman spectrum. 
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(a) 

 

(b) 

 

Figure SI-9. Thermograms of (a) urban air and (b) urban air spiked with 3 µg MW-Mitsui CNTs. 

The EC in (a) was determined by conventional air analysis using optical correction, and the 

CNTs in (b) by a manual split as discussed in this study.
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Table SI-1. Quantification methods for carbon nanotubes 

Method Matrix Application Advantages Disadvantages Reference 

Near-infrared 

fluorescence 

(NIRF) 

Ultrapure water, D20 
Extracted SWCNT 

samples 

Low detection 

limit ~1 µg 

Only valid for 

semiconducting 

SWCNTs; CNTs must 

be fully dispersed; 

clean matrix only in 

D2O 

[9, 10] 

Ultraviolet-visible 

light near infrared 

absorbance (UV-

VIS NR) 

Ultrapure water 
Stock suspensions in 

water; extracted samples 

Simple, economic, 

readily available 

Clean matrix only with 

H2O; good dispersion 

required 

[11, 12] 

Fluorescence probe 

labeling 
Yeast cells 

Toxicity studies; fate and 

transport 

Excellent detection 

limit (2.5 fg); no 

background 

interferences; not 

biased to CNT type 

Difficult; expensive; 

CNTs must be labeled 

first; may alter 

physicochemical 

surface properties 

[13] 

Isotopic labeling 
Lumbriculus variegates 

Peat 

Toxicity studies; fate and 

transport 

Good for any type 

of matrix, no CNT 

bias 

Difficult, expensive, 

isotope labeled CNTs 

must be used 

[14, 15] 

Gel electrophoresis Tissue cells Liquid samples 

Very good 

detection limit (5 

ng); no CNT bias 

Low volume samples 

(60 uL max); internal 

calibration needed 

each time because of 

variation in gel, light 

intensity, and scan 

[16, 17] 

Thermogravimetric 

analysis (TGA) 
CNT only 

Characterization of dry 

CNTs 
Simple, economic 

Only valid for CNTs 

by themselves 
[18] 

Advanced
1
 TGA 

coupled with MS 

(TGA-MS) 

Marine sediments Environmental matrices 

Good separation of 

CNTs from organic 

and elemental 

carbon 

Detection limit ~10 

ug; complex 

instrument 

[19] 

Temperature 

programmed 

oxidation (TPO) 

CNT only Dry CNT samples Simple, economic CNT only matrix [20, 21] 

Chemothermal 

oxidation, 375 °C 

(CTO-375) 

Marine sediments 
CNTs in environmental 

matrices 

Simple, economic, 

can separate CNTs 

from black carbon 

Recovery is dependent 

on type of CNT (e.g., 

low for CNTs with 

high defect density 

[22] 
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and/or small diameter) 

Advanced
2
 CTO Rat lung tissue 

Highly graphitic CNTs in 

complex matrices 

Simple, economic, 

readily available 

Can't distinguish 

between CNTs and 

carbon background 

unless a very stable 

CNT is used (i.e., low 

defect density) 

[23] 

Thermal optical 

transmittance 

(TOT) 

CNT only, diesel 

particulate, NOM in water 

Stock suspensions, CNTs 

in environmental matrices 

Simple, economic, 

valid for all CNT 

types; good 

detection limit (1 

µg); separation 

from black carbon 

Optical separation 

only valid for 

homogeneously loaded 

samples  

[24-26] 

1
Hydrogen assisted thermal degradation was used 

2
Pre-oxidative steps were employed to remove background organic/elemental carbon 
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Table SI-2. CNT ID/IG ratios and the temperature at 50% CNT mass loss under oxidizing conditions.

CNT ID  I
D
/I

G
  Oxidation Temperature (°C)

a
  CNT Thermal Classification  

MW-O  1.3 ± 0.10  715  

 

 

 

 

Thermally “Weak” 

MW-P  1.4 ± 0.12  675 

MW-F  1.5 ± 0.12  650 

MW-15  0.78 ± 0.050  778 

MW-20  1.3 ± 0.10  716 

MW-30  1.2 ± 0.090  715 

MW-100  1.2 ± 0.16  715 

MW-OH  1.2 ± 0.18  717 

MW-COOH  1.2 ± 0.19  715 

SW  0.080 ± 0.060  651 

SG-65  0.13 ± 0.90  593 

MW-15G  0.52 ± 0.023  844  

Thermally “Strong”  MW-Mitsui  0.10 ± 0.014  867 

MW-Arc  0.20 ± 0.060  907 
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