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Abstract

TSI Nanoparticle Surface Area Monitor (NSAM) Model 3550 has been developed to measure the nano-
particle surface area deposited in different regions of the human lung. It makes use of an adjustable ion trap
voltage to match the total surface area of particles, which are below 100 nm, deposited in tracheobronchial
(TB) or alveolar (A) regions of the human lung. In this paper, calibration factors of NSAM were experi-
mentally determined for particles of different materials. Tests were performed using monodisperse (Ag
agglomerates and NaCl, 7–100 nm) and polydisperse particles (Ag agglomerates, number count mean
diameter below 50 nm). Experimental data show that the currents in NSAM have a linear relation with a
function of the total deposited nanoparticle surface area for the different compartments of the lung. No
significant dependency of the calibration factors on particle materials and morphology was observed.
Monodisperse nanoparticles in the size range where the response function is in the desirable range can be
used for calibration. Calibration factors of monodisperse and polydisperse Ag particle agglomerates are in
good agreement with each other, which indicates that polydisperse nanoparticles can be used to determine
calibration factors. Using a CFD computer code (Fluent) numerical simulations of fluid flow and particle
trajectories inside NSAM were performed to estimate response function of NSAM for different ion trap
voltages. The numerical simulation results agreed well with experimental results.

Introduction

Occupational health risks associated with man-
ufacturing and application of nanoparticles is
one of the critical issues for nanotechnology
development. Demands for nanomaterials are
rapidly increasing, and workers may be exposed
to particularly harmful nanoparticles. Several
recent studies have shown that the toxicity of
inhaled nanoparticles may be more appropri-
ately associated with particulate surface area

(Oberdorster et al., 1995; Oberdorster, 1996,
2005; Donaldson et al., 1998; Maynard & Ku-
empel, 2005). Nanoparticles defined to be below
100 nm have an increasing surface area with a
decreasing particle size for the same amount of
mass. From the viewpoint of nanoparticle tox-
icity, an instrument which measures nanoparticle
surface area deposited in the human lung is very
desirable.
Relatively few techniques are available to mon-

itor exposures with respect to aerosol surface area
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(Shi et al., 2001; Maynard, 2003; Jung & Kittelson,
2005). The BET method based on a gas adsorption
method is not suited for a rapid evaluation of
aerosol surface area at lower concentration (Bru-
nauer et al., 1938). It can be used only for powders,
not for particles in the gasborne state. It does not
have on-line capabilities. The first instrument
designed to measure aerosol surface-area was the
epiphaniometer (Baltensperger et al., 1988). The
epiphaniometer is not well suited for widespread
use at the workplace because of the inclusion of
radioactive source and the lack of effective tem-
poral resolution. One of other possible methods is
diffusion charging (DC). Instruments using DC
include the LQ1-DC diffusion charger (Matter
Engineering, Switzerland) and the TSI model
3070a Electrical Aerosol Detector (EAD). These
diffusion chargers were recently evaluated (Jung &
Kittelson, 2005; Ku & Maynard, 2005). Several
studies using atmospheric field data have shown
that EAD can be used as a useful indicator of the
amount of particle surface area deposited in the
lung (Woo et al., 2001; Wilson et al., 2003, 2004).
Recently, it was found that response functions of
EAD can be changed to match the particle surface
area deposited in the lung through the adjustment
of ion trap voltage in EAD (Fissan & Kuhlbusch,
2005). Based on the observation, TSI Nanoparticle
Surface Area Monitor (NSAM) model 3550 has
been developed to measure the nanoparticle

surface area deposited in two regions, trancheo-
bronchial (TB) and alveolar (A), of the human lung
of a reference worker (Fissan et al., 2006) by
adjusting ion trap voltage. Errors will occur in
other cases such as kids and asthmatics; further
studies are still needed for other cases. NSAM
provides a simple and fast solution for measuring
the surface area dose in different parts of the
inhalation system.
The schematic of NSAM is shown in Figure 1.

The major components of NSAM consist of a
diffusion charger chamber, an ion trap, an elec-
trometer filter, and other sharp bending parts to
transport the nanoparticle stream. The total inlet
flow rate of 2.5 lpm is divided into 1.5 lpm for
aerosol and 1.0 lpm for sheath air surrounding a
corona needle. In the charger chamber, the aerosol
stream and the ion stream opposing each other are
mixed. After the aerosols are charged by unipolar
ions in the charger chamber, the flow with a flow
rate of 2.5 lpm enters the ion trap. Excess particles
with high electrical mobility and ions are removed
in the ion trap. Particles which penetrate the ion
trap are collected by the electrometer filter. The
delivered charges give rise to a current, which is
measured by an electronic circuit.
Modifications of the EAD with different ion

trap voltages have been tested with the goal of
determining the deposited nanoparticle surface
area for different regions of the human inhalation

Figure 1. The schematic of NSAM.
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system (Fissan & Kuhlbusch, 2005, Fissan et al.,
2006). The response function curve of EAD for an
ion trap voltage of 100 V matched with TB depo-
sition and an ion trap voltage of 200 V with A
deposition. The EAD with variable ion trap volt-
ages to match the lung deposition curves is now
referred as NSAM.
This paper consists of two parts. In the first part,

response functions and calibration factors of
NSAM for TB and A regions are experimentally
obtained. The effects of particle materials and
shape on the response function and calibration
factor of NSAM are investigated. Tests using
polydisperse and monodisperse Ag particle
agglomerates are compared to each other. In the
second part, numerical simulation results for the
response function of NSAM are compared with
experimental data.

Experimental methods

In order to obtain both the response function and
the calibration curve of NSAM in which the input
is the particle number concentration (N) and the
output is the electrometer current (I), a test facility
was constructed to generate Ag particle agglom-
erates with an electrical mobility size range from 7
to 100 nm (Figure 2). Ag wire (purity level 99.9
%) was placed in a ceramic boat in the furnace.
Nitrogen with a flow rate of 3.0 lpm was used as a
carrier gas passing through the electric furnace.
The flow rate of the carrier gas was regulated by

combinations of needle valve, pressure gauge, and
rotameter. Silver was vaporized in the electric
furnace followed by particle formation by con-
densation and coagulation (Han et al., 2000).
Different experimental setups were added follow-
ing the electric furnace depending on monodis-
perse or polydisperse test. In the monodisperse
test, Ag particles are introduced to both an
Ultrafine Condensation Particle Counter (UCPC)
and NASM after primary particles are classified by
a Differential Mobility Analyzer (DMA) set at a
fixed voltage corresponding to particle size. In the
polydisperse test, a scanning mobility particle sizer
(SMPS) and UCPC are used to measure particle
size distribution and polydisperse Ag particles are
directly introduced to NSAM after passing
through a neutralizer. For all experiments, the
carrier gas flow rate was fixed at 3.0 lpm. In order
to change particle size distributions, the electric
furnace temperature was varied from 950 to
1200 �C. The dilution flow using compressed
nitrogen gas (1.0 lpm) was also introduced in front
of UCPC and NSAM. Aerosol flow after the
dilution was split into two streams going into
UCPC (1.5 lpm) and NSAM (2.5 lpm), respec-
tively. For the generation of monodisperse parti-
cles, primary particles larger than the peak size of
a given particle size distribution were subsequently
selected with a DMA (Model 3080, TSI, Inc.). A
Kr-85 neutralizer was used to get a defined charge
distribution.
Experimental setup shown in Figure 2 was

modified to evaluate NSAM response using NaCl
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Figure 2. Experimental setup to evaluate NSAM response using monodisperse or polydisperse Ag particle agglomerates.

63



particles in a size range from 17 to 100 nm. A
constant output atomizer (Model 3075, TSI, Inc.)
was used to generate NaCl particles, and pure and
dry air compressed at 37 psi was passed through
the atomizer. In order to change particle size dis-
tributions, the concentration of NaCl solutions
was varied from 0.0001 to 0.01 g/cc. The flow rate
from the atomizer was about 3.0 lpm. Aerosol
flow was passed through a diffusion dryer and then
through a neutralizer to prevent particle loss due
to highly charged status. In order to get higher
monodispersity, primary particles larger than peak
size of a given particle size distribution were sub-
sequently selected with an electrostatic classifier
(Model 3080, TSI, Inc.). In order to minimize the
effect of humidity during the measurement, silica
gel in the diffusion dryer was regenerated fre-
quently. The humidity was kept as low as 30–50%
during all experiments. Therefore, NaCl particles
could not change in size during or after DMA
classification (Tang et al., 1977). Splitting of the
aerosol flow after the dilution was the same as in
the case of Ag particle agglomerates.
The particle number concentration and elec-

trometer current were simultaneously measured
from UCPC and NSAM for all the experiments.
The data integration time for all instruments was
set to 2 min.

Normalized sensitivity and calibration factor of

NSAM

For the NSAM, the input is particle number
concentration (N) and the output (I) is electrom-
eter current. Therefore, the size dependent sensi-
tivity (S) of NSAM is given by

SðdpÞ ¼
IðdpÞ
NðdpÞ

; ð1Þ

where dp is the particle diameter. All sensitivity
data are normalized with respect to the sensitivity
for 100 nm particles. In other words, the sensitiv-
ity for 100 nm particles is used as a reference
point. Normalized sensitivity (NS) is given by

NSðdpÞ ¼
SðdpÞ

Sð100 nmÞ : ð2Þ

Calibration factor of NSAM is necessary to
convert NSAM electrometer current signal into
nanoparticle surface area deposited in human

lung. Therefore, the calibration factor (CF) is
given by

CF ¼ Surface area deposited in human lung

Electrometer current
;

ð3Þ

where CF has a unit of lm2/(cm3 *pA).

Experimental results and discussion

Response function curves of NSAM for each dp2-
weighted TB or A region are shown in Figures 3
and 4, respectively. Response function curves are
plotted in terms of the normalized sensitivity. It is
very useful to determine how well a response
function curve of NSAM is matched with an
ideally wanted response function curve obtained
from a theoretical lung deposition efficiency curve
for TB or A region. The deposition efficiencies in
TB and A regions (gTBand gA) were obtained
using the UK National Radiological Protection
Board’s (NRPB’s) LUDEP Software (James
et al., 2000), based on the recommendations of
ICRP Publication 66 (ICRP, 1994). The lung
deposition efficiency curves of spherical nano-
particles were derived for a reference worker
(Fissan et al., 2006). For particles below 100 nm,
particle density has no influence on the particle
lung deposition efficiency curve because the
dominant mechanism of particle lung deposition
is only diffusion in the size range (Heyder et al.,
1986).
As shown in Figures 3 and 4, our experimental

data are compared with Fissan et al. (2006) results
for EAD, which is essentially the same instrument
as NSAM. For Ag particle agglomerates, the two
experimental data sets show good agreement with
each other for both the TB and A regions.
Response function curves of NSAM are well
matched with those of the ideally wanted lung
deposition efficiency curves for both TB and A
regions. There is a small difference between Ag
particle agglomerates and NaCl particles in terms
of normalized sensitivity.
Even though Ag particle agglomerates below

10 nm show larger deviation from the ideally
wanted response function curve in Figures 3 and 4,
it has no significant contribution to integrated
surface area measurement deposited in human
lung because of the dp2 dependency. The surface
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area contribution of a 10 nm particle is only 1% of
that of a 100 nm particle (Fissan et al., 2006).
Calibration curves of NSAM for TB is plotted

in Figure 5. The calibration factor is obtained as
the slope of the linear curve fitted to the data
points on the plot for the particle surface area
deposited in human lung vs. the NSAM elec-
trometer current. Using the particle size measure-
ment and the particle penetration efficiency, the
particle surface area deposited in the human lung
(DS) is calculated by

DSðdpÞ¼pd2pgðdpÞ formonodisperseparticles;

DS¼Rpd2pgðdpÞ forpolydisperseparticles; ð4Þ

where g(dp) is the particle lung deposition
efficiency in TB or A region of human lung.

As shown in Figure 5, there exists a linear rela-
tion between the NSAM electrometer current sig-
nal and the particle surface area deposited in
human lung. However, there may be a weak
dependency of the calibration factor on the particle
material. Calibration factors of NSAM for differ-
ent parts of the inhalation system and different
particle materials are summarized in Table 1. The
differences of calibration factors between Ag par-
ticle agglomerates and NaCl particles are below
13% for both the TB and A regions. Several factors
such as the particle morphology, the change of
particle size, and particle material may have influ-
ence on this difference. However, it is believed that
the first two factors have no influence on the dif-
ference of calibration factor in this experiment. Ku
et al. (2005) showed that diffusion charging
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Figure 3. Comparison of response function curves of NSAM for TB region.
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responses of the LQ1-DC (Matter Engineering,
Switzerland) and DC2000CE (EcoChem, USA)
were proportional to the mobility diameter
squared, regardless of the morphology for mono-
disperse Ag particle agglomerates below 100 nm.
Based on the result, the NSAM response for Ag
particle agglomerates is assumed to be very close to
that for spherical monodisperse Ag particle. Also,
NaCl particles could not be changed in size during
or after DMA classification because humidity was
kept lower than the deliquescent point above which
NaCl particles only can grow (Tang et al., 1977).
Our data suggest that the difference of 13%
between Ag particle agglomerates and NaCl par-
ticle may be attributed to the weak dependence on
materials. The dielectric constant of the particle
material has a second order effect on particle
charging rate (Liu & Pui, 1977).
The calibration result of NSAM using polydis-

perse Ag particles is in agreement with that using
monodisperse Ag particles for a TB region (Fig-
ure 6). It demonstrates the huge linear range of the
instrument. It also demonstrates that polydisperse
NaCl–aerosol can be more easily used for
calibration. Therefore, any monodisperse and

polydisperse aerosols can be used for the calibra-
tion purpose of NSAM for both the TB and A
regions, as long as the aerosols are limited in the
size range where the response function is compa-
rable with the needed response function.

Numerical simulation results of NSAM flow path

and discussion

Using a commercial CFD s/w Fluent 6.2, numer-
ical simulations of fluid flow and particle trajec-
tories inside NSAM were performed to estimate
response functions of NSAM under different ion
trap voltages. As shown in Figure 1, the geometry
inside NSAM is very complex and the charging
process is extremely complicated, which involves
turbulent mixing of airborne particles with uni-
polar ions produced from a corona needle.
Therefore, the model of NSAM is simplified into
flow path without the diffusion charger chamber.
The simplified geometry model starts from the exit
of the charger chamber and ends in front of the
electrometer filter. It is assumed that the exit of
the charger chamber exactly matches the inlet of
the ion trap. Flow variables are uniform at the
inlet boundary and the inlet velocity is 2.61 m/s.
Navier–Stokes equations are solved using the
implicit solver in Fluent 6.2. The flow is in the
laminar flow regime. The second order upwind
scheme is used for the velocity equations.
Derivation of the normalized sensitivity is

necessary to compare experimental data with
numerical simulation results. The current signal (I)
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Figure 5. Calibration factor of NSAM for TB region.

Table 1. Summary of calibration factors (lm2/(cm3 pA)) of
NSAM

Region Ag NaCl

TB 83.97 95.67
A 385.24 422.68
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measured by the electrometer filter inside the
NSAM in the experiment is given by

IðdpÞ ¼ NinðdpÞQinnðdpÞegtotðdpÞ; ð5Þ

where Nin is the particle number concentration at
the inlet of NSAM, Qin is the total flow rate
(2.5 lpm) entering into the inlet of NSAM, n(dp) is
the particle mean charge level, e is the charge on an
electron, gtot (dp) is the total penetration efficiency
of particle in NSAM.
The mean charge level per delivered particle

from diffusion charger in EAD (Medved et al.,
2000; Kaufman et al., 2002), which is proportional
to the particle diameter for the size range of 10–
100 nm, is used in the Fluent simulations. Equa-
tion (5) is substituted into Eq. (1) and the sensi-
tivity (S) is given by

SðdpÞ ¼
NinðdpÞQinnðdpÞegtotðdpÞ

NinðdpÞ
¼ QinnðdpÞegtotðdpÞ:

ð6Þ

Eq. (6) is substituted into Eq. (2) and the nor-
malized sensitivity (NS) is given by

NSðdpÞ ¼
QinnðdpÞegtotðdpÞ

Qinnð100 nmÞegtotð100 nmÞ

¼ nðdpÞ
nð100 nmÞ

gtotðdpÞ
gtotð100 nmÞ

:

ð7Þ

The normalized sensitivity is expressed as the
ratio of mean charge levels multiplied by that of

total penetration efficiencies. The total penetration
efficiency is given by

gtotðdpÞ ¼ gflowpathðdpÞ � gcharger chamberðdpÞ; ð8Þ

where gflowpath (dp) and gcharger chamber(dp) are
the penetration efficiencies of particles through
the flow path and the charger chamber, respec-
tively.
Equation 8 is substituted into Eq. (7) and the

normalized sensitivity is given by

NSðdpÞ ¼
nðdpÞ

nð100 nmÞ
gflowpathðdpÞ

gflowpathð100 nmÞ

�
gcharger chamberðdpÞ

gcharger chamberð100 nmÞ
:

ð9Þ

If the ratio of the penetration efficiencies for the
charger chamber in the Eq. (9) is assumed to be
equal to 1, the normalized sensitivity (NS) is sim-
plified as

NSðdpÞ ¼
nðdpÞ

nð100 nmÞ
gflowpathðdpÞ

gflowpathð100 nmÞ
: ð10Þ

The flow path penetration efficiency in Eq. (10)
was obtained through particle trajectory calcula-
tions using the discrete phase model in Fluent. The
effect of Brownian motion was included in the
simulations. Ag particles used in Fluent simula-
tions are in the range of 10–100 nm. In order to
investigate the electrophoresis effect, a user-
defined subroutine was run during the Fluent
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calculation. It adds the electric force to the existing
body force term of the discrete phase model in
Fluent and thus enables the application of the
electric field in the ion trap part. The mean charge
level of particles injected from the inlet boundary
is set to be proportional to the particle size in the
user-defined subroutine. In each particle trajectory
calculation, 1000 spherical Ag particles with the
same size were released from the inlet boundary
and each particle has the mean charge level pro-
portional to its size. Material properties of Ag
include a density of 10.5 kg/m3, a thermal con-
ductivity of 429 W/m K, and a specific heat of
235 J/kg K. The penetration efficiency for the flow
path was calculated by dividing the number of
particles arriving at the end point by the number of
injected particles. For each particle size, the pro-
cedure of particle trajectory calculation was repe-
ated over 20 times to improve the statistical
accuracy. The normalized sensitivity was obtained
by multiplying the ratio of the penetration effi-
ciency for the flow path determined from numeri-
cal simulations by that of mean charge level as
shown in Eq. (10).
A comparison of the response function curves

obtained by Fluent simulation and experimental
measurement can be found in Figures 3 and 4.
Fluent simulation results are relatively well mat-
ched with experimental results in the size range
between 10 and 100 nm. Because particles below
10 nm do not contribute significantly to the par-
ticle surface area deposited in human lung, the
particles were not modeled. Normalized sensitivity
estimated by Fluent simulation is larger than that
obtained by experimental measurement in both
cases of TB and A regions. The deviation between
the model and the experimental results points to
the importance of the charger chamber for the
whole system. With the next version of the model,
the effects within the charger chamber will be
modeled.

Conclusions and discussion

We have experimentally investigated the response
functions and calibration factors of a modified
EAD, the TSI Model 3550 Nanoparticle Surface
Area Monitor (NSAM), for the measurement of
nanoparticle surface area deposited in the human
lung. Also, we have analytically derived nor-
malized sensitivity of the NSAM to compare

experimental data with numerical simulation
results. The comparison indicates that numerical
simulation is a valuable method to predict the
NSAM results.
NSAM shows a linear relation between the

particle surface area deposited in human lung and
the electrometer current for both TB and A
regions of a reference worker. The results look
promising in that NSAM gives a real-time quan-
titative measurement of the particle surface area
deposited the human lung and thus can be used to
correlate with epidemiological studies for nano-
particles below 100 nm. From the experimental
data, there is a weak dependency of response
function curves of NSAM on particle materials.
Also, the NSAM calibration factors for both the
TB and A regions show a weak dependency on
particle materials. The differences between Ag
particle agglomerates and NaCl particles are below
13%. For calibration, monodisperse nanoparticles
in the size range where the response function is in
the desirable range can be used. Polydisperse
nanoparticles can be used more easily for the cal-
ibration purpose.
Fluent simulations results matched reason-

ably well with experimental results in terms of
the response function. It demonstrates that
Fluent simulation can be used to optimize the
NSAM response qualitatively. However, in
order to get more accurate results quantita-
tively from numerical simulation, the charger
chamber penetration efficiency also needs to be
considered in the numerical simulations. Fur-
thermore, it is suggested that modification of
ion trap configurations can be considered to
improve the match between the response
function of NSAM and the ideally wanted
response function curve.
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