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Carbon nanotubes size classification, characterization and nasal
airway deposition

Wei-Chung Su and Yung Sung Cheng

Lovelace Respiratory Research Institute, Albuquerque, NM 87108, USA

Abstract

Workers and researchers in the carbon nanotubes (CNT)-related industries and laboratories
might be exposed to CNT aerosols while generating and handling CNT materials. From
the viewpoint of occupational health, it is essential to study the deposition of CNT aerosol in
the human respiratory tract to investigate the potential adverse health effects. In this study,
a human nasal airway replica and two types of CNT materials were employed to conduct CNT
nasal airway deposition studies. The two CNT materials were aerosolized by a nebulizer-based
wet generation method, with size classified by three designated classification diameters (51,
101 and 215 nm), and then characterized individually in terms of their morphology and
aerodynamic diameter. The nasal deposition experiments were carried out by delivering the
size classified CNTs into the nasal airway replica in three different inspiratory flow rates.
From the characterization study, it showed that the morphology of the size classified CNTs
could be in a variety of complex shapes with their physical dimension much larger than their
classification diameter. In addition, it was found that the aerodynamic diameters of the
classified CNTs were slightly smaller than their classification diameter. The nasal deposition data
acquired in this study showed that the deposition efficiency of CNTs in the nasal airway were
generally less than 0.1, which implies that the majority of the CNTs inhaled into the nose could
easily penetrate through the entire nasal airway and transit further down to the lower airways,
possibly causing adverse health effects.
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Introduction

Carbon nanotubes (CNT) are rolled graphene sheet with a

cylindrical structure that can have a length to diameter aspect

ratio of up to 108 (Wang et al., 2009). Based on the tube

structure of the CNTs, several types of CNTs have been

invented and manufactured. Examples such as single-walled

nanotubes (SWCNTs), multi-walled nanotubes (MWCNTs)

and stacked-cup carbon nanotubes (SCCNTs) are currently

being produced and available in the market. CNTs have been

widely applied in various commercial products because of

their unique physical properties in terms of mechanical

strength, thermal conductivity, electrical property and optical

property (Endo et al., 2008). Based on published reports, the

annual production capacity of CNT materials was 0.2 kiloton/

year in 2005 and reached 4.6 kiloton/year in 2011 (De Volder

et al., 2013). It was estimated that the total production value is

expected to be 1.3 billion by 2015 (Parish, 2011).

CNT materials might become airborne in the CNT-

associated workplaces and laboratories during handling,

manufacturing, application and cleanup processes (Dahm

et al., 2012; Chen et al., 2012). Therefore, those workers and

researchers might be exposed to CNT aerosols, which could

pose potential adverse health effects (Donaldson et al., 2006).

Based on animal exposure studies in related literature

(NIOSH, 2013), exposure to CNTs in mice can induce an

early onset and persistence of pulmonary fibrosis (Porter

et al., 2010), cause pulmonary inflammation (Muller et al.,

2005) and reduce lung clearance function (Pauluhn, 2010).

Animal studies also indicated that certain CNTs cause a

burden to the macrophage in the alveoli or even migrate into

the intrapleural space (Mercer et al., 2010). These findings

raise a critical concern regarding the possible carcinogenicity

of CNTs to induce lung cancer and pleural mesothelioma, the

lung diseases which have been confirmed to be caused by

notorious asbestos exposure (Peto et al., 1977). Therefore,

studying the deposition of CNTs in the human airways is

urgent and important from the point of view of occupational

health and aerosol respiratory deposition to protect associated

CNT workers. However, due to the fact that CNT aerosols are

extremely small (in the nano-scale) and usually not a singular

particle (but commonly aggregated together), there is a great

uncertainty about the aerodynamic behavior as well as the
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deposition efficiency of the CNT aerosols in the human

airways. It is also very difficult to apply the traditional aerosol

characterization and airway deposition scheme developed

for micro-sized particles to the nano-sized CNTs for obtaining

related physical characteristics and airway deposition data.

As a result, to date no human airway deposition study

has ever been carried out with CNTs. All published depos-

ition data in the literature were limited to using isometric

nanoparticles as test aerosols (Cheng et al., 1995; Kelly et al.,

2004). Consequently, the deposition nature of CNTs in the

human airway remains not well understood at present.

With this in mind, the purpose of this study was to

carry out a series of in vitro CNT human airway deposition

studies to acquire some original experimental data. The

current study is the primary stage of the series of deposition

studies designed and conducted in our laboratory. In this

study, two CNT materials were aerosolized, size classified

and characterized individually with unique methods and

instruments especially suitable for nanoparticles to investigate

the physical characteristics of the CNT aerosols. A realistic

human nasal airway replica was employed for the deposition

experiment since the nasal airway is an important entrance

to the human respiratory tract. The CNT deposition efficiency

obtained in the nasal airway can directly indicate the

percentage of the inhaled aerosols that have then entered

the lower airways. Therefore, studying the deposition of

CNTs in the nasal airway is indispensable while investigating

a whole picture of CNT respiratory deposition. The CNT

nasal deposition data is also essential for developing and

verifying a numerical model for estimating CNT airway

deposition that can be used to assess the risk of the worker

exposure to CNT in related occupational settings.

Experimental method

Nasal airway replica

A physical human nasal airway replica made of acrylic

plates was used in this study. This nasal airway replica was

made based on a set of in vivo head MRI scans of a

nonsmoking Caucasian male (53 years of age, 73 kg in body

mass and 173-cm tall). This nasal airway replica was

constructed by 77 acrylic plates (1.5 mm thickness each)

consisting of detailed nasal airway structures from the nostril,

vestibule, nasal valve, turbinate and nasopharynx. The airway

geometry and the flow field in this nasal airway replica have

been well studied (Subramaniam et al., 1998; Zwartz &

Guilmette, 2001), and this nasal airway replica has been used

in many airway deposition studies with spherical particles or

fiber aerosols in our laboratory (Cheng et al., 2001; Su &

Cheng, 2005; Su et al., 2008). Figure 1 shows that the nasal

airway replica used in this study. In this study, the inside

surface of the nasal airway was applied with a layer of oil

when conducting the deposition experiment to simulate the

wet surface of a real human nasal airway.

CNT materials

Two CNT materials were employed in this study for the

deposition experiment. One of the CNT materials was

SCCNT (Shenzhen Nanotech Co., Shenzhen, China).

This SCCNT material was engineered in high yield from

a proprietary chemical vapor deposition process, and it has

more than 95% purity with tube diameters around 10–20 nm

and tube length about 5–15 mm before aerosolization.

Figure 2(a) shows that the morphology of the SCCNT bulk

material. This SCCNT material has been used in inhalation

toxicology studies on mice (Mitchell et al., 2007). The other

CNT used in this study was SWCNT material (SWeNT�

SG76, Southwest NanoTechnologies, Norman, OK). Based on

the manufacturer’s specification, the SWCNT material has

Figure 2. CNT materials used in this deposition study (a) stacked-cup
carbon nanotubes (SCCNT) and (b) single-walled carbon nanotubes
(SWCNT).

Turbinate

Ves�bule

Nasopharynx

Nasal valve

Figure 1. The human nasal airway replica.
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a tube diameter of 0.93 ± 0.27 nm with more than 90%

carbon content by weight and high aspect ratio (41000),

which indicates that this SWCNT material has an elongated

tube length. Figure 2(b) shows that the morphology of the

SWCNTs used in this study.

CNT aerosol generation and characterization

Figure 3 shows that the experimental setup of the CNT

aerosol generation, size classification and characterization

scheme used in this study. In order to aerosolize the CNTs

from the bulk material with a CNT aerosol concentration high

enough for airway deposition study, a nebulizer-based wet

method was adopted for generating CNT aerosols. To prepare

CNT liquid suspension for the nebulizer, each CNT material

was first put in optima� grad Isopropanol (Fisher Scientific,

Pittsburgh, PA) and treated with an ultrasonicator for more

than 24 h to break agglomerate and excessively long

CNTs. The CNT suspension was then added into the nebulizer

(Up-Mist, Hospitak Inc., Farmingdale, NY) for aerosol

generation. In the generation system, three drying columns

were installed to ensure the isopropanol mist would evaporate

completely and only CNT aerosols would remain in the air

flow for the deposition study. A Kr85 radioactive neutralizer

was placed in the last drying column to have the CNT aerosols

achieve charge equilibrium before being used further. It is

believed that the CNT aerosols generated by this nebulizer-

based wet generation method should be similar to those

CNT aerosols generated by spray coating processes in some

CNT application factories (Dahm et al., 2012).

In this study, the deposition experiment was designed to

be conducted using size classified CNT aerosols. The

preselected classification diameters for this study were 51,

101 and 215 nm. To classify CNT aerosols to the designated

classification diameters, a differential mobility analyzer

(DMA, Model 3071A, TSI Inc., Shoreview, MN) was used

for this purpose. The principle of the DMA is to use the

balance between the electrostatic force and the air drag

force acting on the aerosols to size classify polydisperse

aerosols into monodisperse aerosols according to the elec-

trical mobility diameter (dB) of the aerosols. Based on this

mechanism, submicron and singly charged aerosols can

provide the best condition for DMA operation. For size

classifying CNT aerosols in this study, a portion (1 L/min) of

the nebulizer-generated CNT aerosols was delivered into

the DMA, and the DMA was set with parameters (sheath

flow of 10 L/min and different voltages) to have CNT

aerosols pass through the DMA and then be size classified

based on their dB. For measuring the size distribution of the

size classified CNTs, the outlet of the DMA was connected

to a sequential mobility particle sizer (SMPS) nanoparticle

monitor (GRIMM Aerosol Technik GmbH & Co., Germany).

Using the SMPS for size monitoring together with adjusting

the DMA parameters, a desired concentration peak of the size

classified CNTs can be ensured to locate at the designated

classification sizes. In this study, samples of classified

CNT aerosols were also collected on TEM grids based on

each classification diameter using a point-to-plane electro-

static precipitator (In-Tox Products, Albuquerque, NM). The

morphology of the classified CNTs was then inspected using

a transmission electron microscope (TEM) examination

(JEOL 2010, JEOL Ltd., Tokyo, Japan). Pictures of CNT

aerosols in each classification diameter were taken while

conducting the TEM morphology analysis.

In order to further understand the physical characteristics

of the DMA classified CNT aerosols, the size classified CNTs

were delivered to an aerosol particle mass analyzer (APM)

equipment (Kanomax USA, Inc., Andover, NJ) for investigat-

ing associated effective density (�eff) and aerodynamic

diameter (dae). The dae is an aerosol physical property used

for indicating aerosol inertia, which is also commonly used

in plotting aerosol airway deposition results. The APM

consists of two co-axis metal cylinders. The principle of the

APM is to utilize the balance between the electrostatic force

Figure 3. The experimental setup for the CNT
aerosols generation, size classification and
characterization.
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(by changing voltage) and centrifugal force (by changing rpm)

acting on the particles to acquire associated mass informa-

tion for the test aerosol of interest. To use the APM to

characterize the CNTs, the size classified CNTs were directly

delivered into the APM after coming out of the DMA. In the

APM, voltage corresponding to the peak aerosol concentra-

tion for a specific rpm in each test condition was

measured and recorded. Monodispersed polystyrene latex

(PSL, density¼ 1.02 g/cm3) spheres with diameters close

to the designated classification diameters of CNTs were

employed as the reference particles in the APM study.

In separate experiments, the PSL spheres were also aerosol-

ized by the same nebulizer generation system, size classified

by the DMA and then delivered into the APM for obtain-

ing the reference voltage–concentration relationship. By

comparing the voltage corresponding to the peak aerosol

concentration between the classified CNTs and the reference

PSL, the effective density of the classified CNTs, �eff, CNT,

can be calculated by the equation

�eff, CNT ¼ �PSL VAPM, CNT=VAPM, PSL
Þ,

�
ð1Þ

where �PSL is the density of the PSL. VAPM, CNT and VAPM, PSL

are the voltage corresponding to the peak aerosol concentra-

tions for classified CNTs and PSL, respectively. Once

the effective density of the classified CNTs was available,

the dae of the classified CNTs can then be calculated by

solving the equation

�od2
aeC daeð Þ ¼ �eff, CNTd2

BC dBð Þ, ð2Þ

where �o is the unit density, C (dae) is the aerosol slip

correction factor for the classified CNTs with aerodynamic

diameter dae and C (dB) is the aerosol slip correction factor

for a particle with electrical mobility diameter of dB (the

designated classification diameter). It is worth noting that the

experimental setup, procedure and equations described above

and used in the APM study to characterize the size classified

CNTs have already been well established and applied in many

researches to study the �eff and dae for nanoparticles

(McMurry et al., 2002; Park et al., 2003; Ku et al., 2006).

Nasal airway deposition experiments

The CNT nasal deposition experiment was conducted by

delivering DMA size classified CNTs into the nasal airway

replica and measuring the CNT concentrations both at the

inlet and outlet of the nasal airway replica. Figure 4

demonstrates the experimental setup of the nasal airway

deposition study. Inspiratory flow rates of 15, 30 and

43.5 L/min were used in this deposition study. These three

flow rates represent the breathing flow rate of a worker having

a light, intermediate and heavy workload, respectively

(NCRP, 1997). For measuring the CNT concentration at the

inlet and outlet of the nasal airway replica, a SMPS was

connected to the inlet and outlet of the nasal airway replica

and a two-way valve was used to facilitate switching between

the two measurement taking locations. As mentioned previ-

ously, the size classified CNT aerosols would present a peak

concentration right at the channel bar corresponding to the

designated classification diameter. Therefore, when conduct-

ing the CNT deposition experiment for a certain classification

diameter, only that single channel bar showing the peak

concentration was used in the study to track the varying of the

CNT concentration over time. Figure 5(a) shows an example

of the SMPS data from a real deposition study. As can be

seen, the SMPS measure the concentration of the size

classified CNT for every second over time, and the abrupt

concentration change in Figure 5(a) indicates the measure-

ment taking was switched from the inlet to the outlet of the

nasal airway. The SMPS instrument raw data can be

exported to MS Excel, and then the average concentration

at the inlet and outlet of the nasal airway replica can be

estimated. Figure 5(b) shows the estimated CNT average

concentration at the inlet and outlet of the nasal airway. With

Figure 4. The experimental setup of the nasal
airway deposition study using size classified
CNTs.

Mixing
Column

Nebulizer

Compressed
Air 15 L/min

Supplement
Air

Vacuum

HEPA

SMPS

Fl
ow

m
et

er

Two-way
Valve

H
EP

A

Air Valve

Classified CNT
Aerosols 1 L/min

Supplement Air

Neutralizer
Po-210

HEPA

Inspiratory
flow rate

15, 30, 43.5
L/min

H
EP

A

Nasal Airway Replica

Neutralizer Kr 85

Drying Column

Drying Column

Differen�al
Mobility
Analyzer

CNTs Aerosols 1 L/min

846 W-C. Su & Y. S. Cheng Inhal Toxicol, 2014; 26(14): 843–852

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 1
2:

34
 3

1 
A

ug
us

t 2
01

5 



the average CNT concentrations available both at the inlet

and outlet of the nasal airway, the nasal deposition efficiency

of a size classified CNT can be determined by the equation

DE ¼ 1� F Cout=Cinð Þ, ð3Þ

where DE is the nasal deposition efficiency of the size

classified CNT, Cin and Cout are the average number

concentration (particle/cm3) of the size classified CNTs

measured at the inlet and outlet of the nasal airway replica,

respectively. F is the particle delivery efficiency correction

factor (to be defined afterward) for a certain experimental

condition. In this study, each experimental condition

(arranged with two CNT materials, three classification

diameters and three flow rates) was repeated at least five

times for obtaining statistically meaningful deposition results.

Since the CNT aerosols used in this deposition study were

in the nano-scale, systemic error due to diffusion wall

loss while CNT aerosols are transiting in the tubing installed

in the experimental setup might be a concern. In order to take

into account systemic error and more accurately estimate the

nasal deposition efficiency, studies were carried out to

investigate the particle delivery efficiency correction factor

for the experimental setup used in this deposition study. The

particle delivery efficiency correction factor investigation was

conducted by using the same experimental setup described

above for nasal deposition study, but without the physical

nasal airway replica installed. The CNT concentration ratio

Cout/Cin was measured by the SMPS, again both at the inlet

and outlet locations of the experimental setup (the inlet and

outlet were connected directly to each other). The particle

delivery efficiency correction factor, F, is defined as the

inversion of the concentration ratio measured by the SMPS

(F¼Cin/Cout). The particle delivery efficiency correction

factor investigation was conducted for each experimental

condition designed in the nasal deposition study. The particle

delivery efficiency correction factors acquired were then

applied to Equation (3), functioning to adjust the CNT

concentration ratio Cout/Cin measured in the real nasal

deposition experiment when the nasal airway was installed.

In this way, it is believed that the nasal deposition data

acquired in this study is more precise and close to the true

nasal deposition efficiency with the particle delivery effi-

ciency correction factor taken into account.

Results

Figure 6 shows the size distribution of the SCCNT and

SWCNT aerosols before and after the size classification

measured by the SMPS. As can be seen, the size classified

CNTs showed an ideal concentration peak right at the SMPS

channel bar representing the designed classification diameter

(51, 101 and 215 nm). Figures 7 and 8 demonstrate some

morphology examples of the size classified SCCNT and

SWCNT aerosols collected by the electrostatic precipitator.

It can be seen that the morphology of the SCCNT and

SWCNT aerosols were noticeably distinct. Most of the size

classified SCCNT aerosols still show to a certain extent a

fiber-like morphology. On the other hand, all of the size

classified SWCNT aerosols were found to be similar to a

twisted rubber band. Figure 9 displays some results of the

voltage–concentration measurement acquired from the APM

study for size classified SCCNT and SWCNT aerosols, as

well as for the PSL reference particle. Table 1 presents the

effective densities and aerodynamic diameters of the size

classified SCCNTs and SWCNTs calculated by Equations (1)

and (2). It can be seen that the estimated dae of the size

classified CNT aerosols were generally less than their dB

(classification diameter). Table 1 also shows that the larger

the CNT aerosol, the less dae than dB. Table 2 shows the

deposition efficiencies of CNT in the nasal airway obtained

for different CNT materials, classification sizes and

Figure 5. The concentration measurement of
classified CNTs at the inlet and outlet of the
nasal airway replica (a) instrument raw data
and (b) average concentration.
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inspiratory flow rates used in this deposition study. It should

be noted that for all the experimental conditions designed in

this study that the CNT deposition efficiency in the nasal

airway were generally less than 0.1.

Discussion

As shown in Figure 6, the size classified CNTs showed

apparent concentration peaks at corresponding channels

representing 51, 101 and 215 nm in the SMPS. This result

indicates that the CNT aerosols could be successfully size

classified by DMA based on their inherent electrical mobility

diameter. It is worth noting that although some concentration

subpeaks are shown in each classification diameter, the

concentrations of these subpeaks were considerably lower in

comparison to the main concentration peak. However, ques-

tions and issues may still be raised about the forming and

effects of these subpeaks on the final result of the deposition

study. Based on the principle of the DMA operation (Cheng &

Denee, 1981), these subpeaks were formed by doubly or triply

charged CNTs with their dB larger or smaller than the

designated classification diameter. These multiply charged

CNTs could also be size classified while transiting in the

DMA, exiting to the outlet of the DMA, and then being

measured by the SMPS. The influence of these multiply

charged CNTs on the result of DMA size classification

theoretically should be insignificant, since the ratio of the

percentage of multiply charged particles to that of singly

charged particles is relatively low (Flagan, 2008). Therefore,

it ensures that the majority of the classified CNTs coming out

of the DMA should have a dB that is the same as the

designated classification diameter. Besides, the experimental

method of this deposition study was designed by using only

one SMPS channel to track the change of the peak concen-

tration over time. Therefore, focus could be made solely on

the designated classification diameter of interest, and those

CNTs with dB away from the designated classification

diameter could be omitted automatically; they had a very

limit influence on the final deposition data.

As could be noticed from the CNT morphology

analysis (Figures 7 and 8), even though CNT aerosols have

been size classified, they still could be in a variety of

complicated shapes. For SCCNTs (Figure 7), the classified

SCCNTs could be a single tube, tangled tube, curved tube,

round tube, as well as birdnest-like tubes. In addition, it was

found that the physical dimension of the classified SCCNTs

were much larger than their designate classification diameter

(the reference bar in each CNT subpicture indicates 100 nm).

As for the SWCNTs (Figure 8), by contrast, the shape of the

classified SWCNTs were relatively more consistent in com-

parison to the classified SCCNTs. The classified SWCNTs

were basically all in circular shapes similar to cotton balls or

twisted rubber bands with letter ‘‘O’’ or number ‘‘8’’ shapes.

Similar to the SCCNTs, the physical dimension of the

classified SWCNTs were found to be much larger than their

designated classification diameter. From this CNT aerosol

morphology analysis, it is clearly demonstrated that both

SCCNT and SWCNT aerosols are constructed by loose

Figure 6. The size distribution of the classified CNTs (a) prior classification, (b) after 51 nm size classification, (c) after 101 nm size classification and
(d) after 215 nm size classification.
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nanotubes with considerable void. Therefore, even though the

CNTs dimensions are much larger than the designated

classification diameter, their dB is compromised by their

limited mass due to the void in their structure. This statement

was also in agreement with what was found in the APM study

conducted in this research as shown in the Table 1. As can be

seen, given that the density of CNT bulk material is roughly

about 2 g/cm3, the calculated effective density �eff CNT of the

size classified CNT aerosols were generally less than 1 g/cm3.

Some published research also found a similar result, which

showed a relatively low effective density for CNTs and

aggregated nanoparticles (McMurry et al., 2002; Park et al.,

2003; Ku et al., 2006; Chen, et al., 2012).

As can be seen in Table 2, the deposition efficiencies of

SCCNTs and SWCNTs in the nasal airway expressed no

appreciable difference and trend associated with the experi-

mental condition (CNT material, classification diameter and

flow rate) used in this deposition study. The nasal deposition

efficiencies obtained all ranged around 0–0.1. This result

implies that most of the SCCNTs and SWCNTs inhaled into

the nasal airway with dB from 51 to 215 nm will easily pass

through the nasal airway and enter the tracheobronchial or

even lower airways where possible adverse health effects

could be induced. This is not a surprising result because,

based on in vivo and in vitro studies in the literature, aerosols

51 nm

215 nm

101 nm

Figure 8. The morphology of the size classified SWCNTs. (reference
bars in each subpicture represent 100 nm).

51 nm

215 nm

101 nm

Figure 7. The morphology of the size classified SCCNTs (reference bars
in each subpicture represent 100 nm).
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with diameters within the range of the designated classifica-

tion diameters used in this study always showed a relatively

low deposition efficiency in the nasal airway as compared to

some other larger or smaller particles (Cheng et al., 1996;

Cheng, 2003). This result might be due to the fact that there is

a lack of a strong deposition mechanism for aerosols within

this diameter range to deposit in the nasal airway. Figure 10

plots the CNTs deposition efficiency in the human nasal

airway as a function of the impaction parameter (d2
aeQ).

Also plotted together are deposition data of fiber aerosol

and spherical particle previously acquired in our laboratory

using the same nasal airway replica (Su et al., 2008). The dae

used for calculating the impaction parameters for size

classified CNTs were those listed in Table 1. As can be

seen in Figure 10, the continuity of the nasal deposition

efficiencies between different experimental data sets was

shown fairly well. All the data sets are shown to connect

each other smoothly from the large carbon fiber with the

length longer than 100 mm to the small CNTs with mobil-

ity diameters around 50 nm. Figure 10 also presents no

apparent discrepancy between CNT data and the spherical

particle data. This result implies that, for the classified

CNTs in the size range studied in this research, as long as

a CNT has the same dae as a compact particle (despite the
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Figure 9. Examples of the results from DMA–APM study.

Table 2. The deposition efficiency of SCCNT and SWCNT in the human nasal airway.

SCCNT

Flow rate Q L/min) Electrical mobility diameter (nm)

51 101 215
15 0.07 ± 0.08 (1.12) 0.03 ± 0.04 (1.06) 0.06 ± 0.04 (1.00)
30 0.04 ± 0.13 (1.13) 0.01 ± 0.03 (1.07) 0.04 ± 0.02 (1.00)
43.5 0.05 ± 0.11 (1.10) 0.03 ± 0.03 (1.01) 0.07 ± 0.02 (1.00)

SWCNT

Flow rate Q (L/min) Electrical mobility diameter (nm)

51 101 215
15 0.03 ± 0.08 (1.13) 0.06 ± 0.05 (1.05) 0.03 ± 0.05 (1.05)
30 0.03 ± 0.02 (1.16) 0.01 ± 0.05 (1.06) 0.05 ± 0.04 (1.00)
43.5 0.04 ± 0.04 (1.11) 0.05 ± 0.03 (1.02) 0.03 ± 0.02 (1.00)

The numbers in brackets are the particle delivery efficiency correction factors acquired.

Table 1. The effective density and aerodynamic diameter of the size
classified CNTs.

SCCNT

Electrical mobility
diameter dB (nm)

Effective
density �eff (g/cc)

Aerodynamic
diameter dae (nm)

51 0.91 ± 0.01 46.8 ± 0.1
101 0.87 ± 0.01 88.8 ± 0.2
215 0.83 ± 0.02 183.8 ± 1.6

SWCNT

Electrical mobility
diameter dB (nm)

Effective
density �eff (g/cc)

Aerodynamic
diameter dae (nm)

51 0.92 ± 0.02 47.2 ± 0.2
101 0.93 ± 0.01 94.0 ± 0.3
215 0.90 ± 0.01 194.4 ± 0.9

850 W-C. Su & Y. S. Cheng Inhal Toxicol, 2014; 26(14): 843–852
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fact that their morphologies are complicated and their

physical dimensions are much larger than their designated

classification diameter), the CNT will behave similarly to

the compact particle, which will result in a comparable

deposition efficiency in the human nasal airway.

Conclusion

In this study, two types of CNT materials (SCCNTs and

SWCNTs) were aerosolized, size classified, characterized

and then used for conducting nasal airway deposition study.

The experimental result obtained showed that CNT aerosols

can be ideally size classified by designated classification

diameter using a DMA. The size classified CNTs generally

presented a complicated shape morphology, low effective

density and slightly smaller aerodynamic diameter than the

relevant electrical mobility diameter. The nasal deposition

data acquired in this study showed that the deposition

efficiency of CNTs in the nasal airway were all below 0.1,

which implies that most of the CNTs inhaled could

easily penetrate through the nasal airway and further transit

down to the lower airways. The experimental scheme

employed in this deposition study can be a useful experi-

mental approach to apply on other human airway deposition

studies using different airway sections with additional types

of CNT or nanoparticle materials.
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