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Effects of size and shape on filtration of TiO, nanoparticles

Yung Sung Cheng and Yue Zhou

Lovelace Respiratory Research Institute, Albuquerque, New Mexico, USA

ABSTRACT

Titanium dioxide (TiO,) is one of the most widely used nanoscale materials to date and could result
in human exposures. The main objective of this study was to perform detailed characterization of
TiO, agglomerate particles and how these properties influence particle penetration in a screen filter.
Transmission electron microscope (TEM) photos showed compact agglomerates of nanoscale
primary particles. The projected area diameter was close to the mobility diameter, where the length
was about 25% larger than the mobility diameter. The mean aspect ratio of TiO, agglomerate was
constant between 1.39 and 1.55. Using the tandem differential mobility analyzer-aerosol particles
mass analyzer (DMA-APM) technique, we were able to measure aerodynamic diameter, mass, and
fractal dimension. The value of fractal dimension based on mass and mobility diameter was 2.8.
Penetration of classified TiO, particles through a screen filter was measured. Penetration increased
with increasing mobility diameter and flow rate indicating that diffusion and interception were the
main filtration mechanism. The measured physical dimensions, mobility diameter, and aerodynamic
diameter were used in a single-fiber filtration theory for the fan model filter to predict the
penetration of TiO, particles. The interception parameter was the key to estimate the penetration.
Experimental penetration data were in best agreement with the model in which the maximum
length was used to calculate the interception model. This result was consistent with the assumption
that the rotation time of a non-spherical particle of small aspect ratio was much less than the

ARTICLE HISTORY
Received 3 January 2017
Accepted 17 April 2017

EDITOR
Jing Wang

transport time for the particle to pass through the filter fiber.

Introduction

The global production of TiO, for all uses is in the
millions of tons per year. It is used in the paint, pig-
ment, and lacquer segment at nearly 57% of the mar-
ket, followed by the plastics segment at 26%, and
paper with another 13%. The remaining 4% is com-
prised of “other” segments including applications
such as catalysts, cosmetics, coated fabrics, ceramics,
printing inks, roofing granules, welding fluxes, and
glass. Recently, more attention has been given to the
use of TiO, as a nanomaterial. TiO, is one of the
most widely used nanoscale materials to date; it is
incorporated into consumer products such as
sunscreens and toothpastes; industrial products like
paints, lacquers, and papers; and photocatalytic pro-
cesses such as water treatment (Robichaud et al.
2015). Consequentially, many sources of nanoscale
TiO, could result in human exposure and entrance of
this material into the environment (air, water, or soil
compartments).

TiO, is produced and used in the workplace in vary-
ing particle size fractions including fine (or respirable)
and ultrafine (or nanoparticle <100 nm). Sampling

studies at plants handling bulk TiO, powder showed air-
borne particles in the size range between 10 nm and
20 pm, indicating that nanoscale TiO, particles could be
released from bulk powder (Huang et al. 2010; Ichihara
et al. 2016). The total mass concentration in one facility
was 30 mg/m’ (Ichihara et al. 2016); whereas in another
facility the TiO, respirable mass concentrations in the
range of 6 to 142 pug/m’ were obtained (Huang et al.
2010). In two research facilities where nanoscale TiO,
particles were produced, mass concentrations of 0.1 to
4.99 mg/ m? TiO, were measured (Lee et al. 2011). The
number particle sizes ranged between 15 and 710 nm,
showing bimodal distributions. Exposure assessment at
seven small to large facilities that manufactured and used
nanoscale metal oxides including titanium was con-
ducted in a study (Curwin and Bertke 2011). The mass
concentrations from personal samplers had geometric
means of 78 and 11 ug/m’ for the large and medium
facilities, respectively. A MOUDI cascade impactor was
used to determine the mass concentration size distribu-
tion. Generally, the greater mass of particles was found
in the large particle sizes. In production processes, the
predominant mass of particles is found in the 0.1 to
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1 pum diameter range. Transmission electron microscope
(TEM) analysis also showed that the majority of particles
were compact aggregates. TEM analysis of TiO, particles
in plants that handled bulk powder and nanoscale mate-
rials showed similar compact aggregates consisting of
spherical particles (Koivisto et al. 2012; Ichihara et al.
2016).

TiO, is a poorly soluble and low toxicity particle. The
Occupational Safety and Health Administration (OSHA)
permissible exposure limit for TiO, is 15 mg/m’. In a
chronic inhalation study of rats exposed to 250 mg/ m’
of fine TiO,, increased probabilities of lung tumor were
observed (Lee et al. 1985). The National Institute of
Occupational Safety and Health (NIOSH) recommended
that TiO, be classified as a potential occupational carcin-
ogen and that exposures be controlled as low as feasible
in 1988. Later, a 2-year inhalation study showed a statis-
tically significant increase in lung cancer in rats exposed
to ultrafine TiO, at an average concentration of 10 mg/
m’ (Heinrich et al. 1995). Two recent epidemiologic
studies have not found a relationship between exposure
to total or respirable TiO, and lung cancer (Fryzek et al.
2003; Boffetta et al. 2004). Recently, NIOSH recom-
mended airborne exposure limits of 2.4 mg/m’ for fine
TiO, and 0.3 mg/m’ for ultrafine (including engineered
nanoscale) TiO,, as TWA concentrations for up to 10 h/
day during a 40-h work week (NIOSH 2011). NIOSH
also recommended controlling exposures as low as
possible.

Filtration processes are commonly used in the occu-
pational environment to reduce the airborne particle
concentration and to control worker exposure. Perfor-
mance evaluation of filters and respirators using nano-
particles showed diffusion and interception are the
dominant deposition mechanisms for ultrafine particles
(Cheng and Yeh 1980; Ichitsubo et al. 1996; Kim et al.
2007; Rengasamy et al. 2009; Chen et al. 2014, 2015;
Zhou and Cheng 2016). Experimental data agreed with
the filtration theory for spherical particles in fan model
filters such as screen filters (Cheng et al. 1980; Kirsch
and Chechuev 1985; Ichitsubo et al. 1996) and in Nucle-
pore filters (Chen et al. 2015). For silver nanoparticle
agglomerates of varying degree of complexity depending
on the temperature treatment, penetration through as a
screen filter showed lower penetration than spherical
particles of the same mobility diameter (Kim et al. 2009).
Detailed characteristics of silver nanoparticles including
mobility, diameter, mass, and maximum length were
used in the filtration model to explain the experimental
data. Chen et al. (2015) further demonstrated that pene-
trations of silver aggregates in a Nuclepore filter
decreased as the mass-mobility fractal dimension
decreased from 3.0 to 2.1. This is due to higher
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interception deposition as the effective length (maximum
projected length) increased with decreasing fractal
dimension.

For fiber-like nanoparticles including nanofibers and
multi-walled carbon nanotubes (MWCNT), interception
deposition is higher than compact particles (Seto et al.
2010; Wang et al. 2011a,b; Son et al. 2014). Wang et al.
(2011a) performed penetration measurement of single-
fiber MWCNT classified by a differential mobility ana-
lyzer (DMA) in a model filter system consisting of 20
wire screens and numerical simulation of fiber penetra-
tion in the screen filter assuming random orientation of
MWCNTs. Numerical results for MWCNT's agreed rea-
sonably well with experimental data when the mobility
diameter was less than 250 nm, but significantly underes-
timated the penetration when the mobility diameter was
larger than 250 nm. The discrepancy was attributed to
possible bending of the longer carbon nanotubes (CNTs)
in the flow. They also performed similar experimental
measurements of MWOCNT single-fiber penetration
through a screen filter and compared with a single-fiber
filtration model (Wang et al. 2011b). They found out
that the interception parameter using the random orien-
tation of fiber underestimated the penetration for fiber
longer than 100 nm. An effective interception length can
be approximated by the MWCNT aerodynamic diameter
by multiplying by a scaling factor.

There was limited information of physical character-
izations and transport properties of nanoscale TiO, par-
ticles and how these characteristics influenced the
particle transport and collection in filters. In a recent
study, nanoscale TiO, particles were sampled using a
MOUDI impactor (Noel et al. 2013). TEM analysis of
collected samples on the MOUDI impactor stages
showed compact agglomerates consisting of spherical
primary particles. The projected area diameters on each
impactor stage were determined. For nanoscale particles,
additional characteristics such as mobility diameter and
physical dimensions are needed to understand their
behaviors. The main objective of this study was to per-
form detailed characterization of TiO, agglomerate par-
ticles including physical dimensions and transport
properties generated from a dry powder aerosol genera-
tor and how these properties influence particle penetra-
tion in a screen filter.

Materials and methods
Aerosol generation and characterization

The anatase TiO, aerosol, with a purity >99% and 10-
25 nm diameter (US Research Nanomaterials Inc., Hous-
ton, TX, USA), was used in the study. The TiO, aerosol
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was generated by a dry powder dispersion method using
a vortex shaker (Vortex Genie 2, Model G560, Scientific
Industries Inc., Bohemia, NY, USA; Ku et al. 2006).

The aerosol was then classified by an Electrostatic
Classifier (EC; Model 3071A, TSI Inc., Shoreview,
MN, USA). Mobility diameters in the range of 50 to
500 nm were used for the characterization study. The
classified CNT aerosol was verified by the Scanning
Mobility Particle Sizer (SMPS; GRIMM Aerosol Tech-
nik GmbH & Co., Germany). Figure 1 shows the
aerosol generation system.

The mobility classified TiO, particles were character-
ized in terms of effective density, mass, transport proper-
ties, and physical dimensions. A point-to-plane
electrostatic precipitator (In-Tox Products, Moriarty,
NM) was used to collect TiO, particles on TEM grids
(Cheng et al. 1981). The acquired TEM grids loaded with
TiO, aerosols were then analyzed by a transmission elec-
tron microscope (JEOL Model 2010, JEOL Ltd., Tokyo,
Japan) at the University of New Mexico (UNM). Photo-
micrography taken by the TEM was then analyzed for
physical dimensions and morphology using an imagine
analysis software, Image-Pro Plus (v4.0, Media Cyber-
netics, Silver Spring, MD, USA).

Tandem mobility classification - mass analyzer
measurement

An Aerosol Mass Analyzer (APM, Model 3601,
Kanomax USA, Andover, NJ, USA) was used to measure

the mobility-classified TiO, for its mass, effective density
(pefr)> aerodynamic diameter, and dynamic shape factor
following the method described by McMurry et al
(2002). Basically, polystyrene (PSL) particles were intro-
duced into the APM and the concentration of PSL par-
ticles was measured downstream from the APM by
varying the APM voltage. The APM voltage (Vps) corre-
sponding to the peak concentration was the point where
the centrifugal and electrostatic forces were in balance.
Subsequently, classified TiO, aerosol of the same mobil-
ity was introduced to the APM and its peak concentra-
tion and voltage (Vcnt) was determined.

The effective density and mass of the TiO, particles
are then calculated (McMurry et al. 2002; Park et al.
2003):

o Venr ]
eff PpsL v
43

— T Pett Apy [2]

The aerodynamic diameter of the classified TiO, was
estimated as follows (Kasper 1982; Park et al. 2003):

_ [Pett C(dar)
dae — dM 00 C(dae) ) [3]

where d,. and dy; are the aerodynamic and mobility
diameter of the classified TiO,; C(d,.) and C(dy) are the
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Figure 1. The schematic diagram of the experimental setup with the screen filter.
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corresponding slip correction factors for d,. and dy;,
respectively; and p, is the unit density.

Penetration of TiO, in a screen filter

A screen filter consisting of 30 stainless mesh 635
wire screens (Tetko Inc., Monterey Park, CA, USA)
was used for the filtration study. These wire screens
were used in filtration studies of MWCNT (Wang
et al. 2011a,b) and utilized in the diffusion battery
(Model 3040, TSI Inc.). The screen was characterized
extensively in terms of fiber diameter (20 pwm), thick-
ness (50 pum), and solid volume fraction (0.345)
(Cheng and Yeh 1980; Cheng et al. 1980; Wang et al.
2011a). Penetration of mobility-classified TiO, par-
ticles through the screen filter was measured with a
condensation particle counter (GRIMM Technologies,
Inc., Douglasville, GA, USA). The flow rates through
the filter were 2 and 4 L/min, corresponding to face
velocities of 2.92 and 5.85 cm/s, respectively.

Fan model filtration theory

The screen filter has been shown in physical structure to
be a good example of fan model filter (FMF), which con-
sists of parallel rows of monodisperse cylinders placed
perpendicular to the air flow (Cheng and Yeh 1980). In
the same plane, the cylinders are parallel and equidistant,
but axes of cylinders in different planes are oriented ran-
domly. Also, the pressure drop and filtration efficiency
for spherical particles of screen filters follows the FMF
(Cheng and Yeh 1980; Cheng et al. 1980, 1985). Cheng
et al. (1985) reported that the measured pressure drop of
screen filters follows the FMF (Kirsch and Fuchs 1967):

AP F <4U/wH> 4 <4U;mH)7 4

nd, ) K \ nwdl

where F is the dimensionless drag, U is the face velocity in
filter, u is the air viscosity, o the solid volume fraction, dv,
is the screen wire diameter, and H is the screen filter thick-
ness. The Kuwabara hydrodynamic factor, K¢ for the FMF
is defined as

2

In o o
L —0.75 + af _TF

fr= - 5

= —0.5Ina—0.524+0.64 «.

In the FMF, « is replaced by ar ( = a ©/2) in Equa-
tion (5), indicating a lower pressure drop than a filter con-
sisting of parallel staggered rows (Kirsch and Fuchs 1967).
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Based on mass conservation, the classical single-fiber
filtration theory is expressed as

Cout 4xnH

P = C, =exXp| — ) dw Esingle fiber | 5 [6]

7(l—«a

where C, and C,, are the initial concentration and con-
centration exiting from the filter, respectively, and n is
the number of screens. The single-fiber efficiency is the
summation of individual efficiencies for diffusion (Ep),
direct interception (Eg), initial impaction (E;), and an
interaction term for diffusion and interception (Epg)
(Stechkina et al. 1969):

Esingle fiber — ED + ER + EI + EDR~ [7]

For FMF, the individual term in Equation (7) can be
expressed as (Stechkina et al. 1969; Cheng et al. 1980;
Kirsch and Chechuev 1985):

Ep= 2.7 Pe"?/3, 8]

Er= i Kl—i—%) —(14+R)+2(1+R)In(1+R) |,

[9]
1
E= —5 [(29.6—28a%%)R? —27.5R**]Stk, [10]
4Kz
Epr= 124 (Kg)~'/?Pe!/2R*/3, [11]

The Peclet number (Pe), the interception parameter
(R), and the Stokes number (Stk) are defined as

Pe= % [12]
D
d
R= -2 13
7 13
2
stk = Lot Clée)U [14]

18ud, ’

where D is the diffusion coefficient of the particle, C is
the slip correction factor, d,, is the particle physical diam-
eter, p, is unit density, and d,. is the aerodynamic
diameter.

Experimental filtration efficiencies in several screen
filters showed that the FMF single-fiber filtration equa-
tion is valid for spherical particles in the size range of 2
to 900 nm (Cheng et al. 1980, 1985; Kirsch and
Chechuev 1985; Ichitsubo et al. 1996).
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Results and discussion
Morphology and physical dimension measurement

Figure 2 shows examples of mobility-classified TiO, par-
ticles collected on TEM grids. Compact agglomerates
consisting of primary particles were observed for mobil-
ity diameters between 50 and 500 nm, similar to those
reported in the plants handling nanoscale TiO, materials
(Curwin and Bertke 2011; Koivisto et al. 2012). Also, sev-
eral inhalation studies of rodents exposed to nanoscale
TiO, particles showed that laboratory-generated particles
have compact agglomerates in the 100 to 500 nm size
range using either a Collison nebulizer (Grassian et al.
2007) or dry powder generators including a brush dust
generator (Ma-Hock et al. 2009), a fluidized bed, and
rotating brush generator (RBG; Noel et al. 2013). These
studies did not report measurements of TiO, physical
dimensions. Detailed measurements of physical dimen-
sions of the classified TiO, nanoparticles and their rela-
tionship to the mobility diameter were described in the
following section.

The measured physical dimensions included the
maximum length (L), maximum projected width (W)
normal to L, Aspect ratio (L/W), and the projected
diameter calculated from the projected area. The
length is also called the maximum Feret diameter and
W is the Feret diameter normal to the maximum
Feret diameter. Table 1 lists the mean and standard
deviation of the measured dimensions as a function

(a)

e 4

(b)

0.2 Hrn

Table 1. Physical dimensions of TiO, nanoparticles.

Mobility diameter

(nm) L(nm) SD dp(nm) SD  Aspectratio SD
56.7 129 50.7 93.7 19.2 1.51 0.30
1 161 48.2 122 347 1.48 0.32
152 171 71.1 125 46.4 1.55 0.44
231 322 73.8 244 74.8 1.51 0.35
308 365 139 274 134 1.54 0.35
380 528 192 426 148 1.39 0.30

of mobility diameter. Figure 3 plots mean length and
projected area diameter (dp,) as function of mobility
diameter (dy;), showing that both length and diameter
increased with the mobility diameter. The relationship
of d,, and mobility diameter can be expressed as a
linear equation:

dpe = 8.22 + 0.998dy. [15]

The coefficient of determination, R* was 0.934. The
projected area diameter is similar but slightly larger than
the mobility diameter, consisting with the theoretical
model and experimental observations (Rogak and Flagan
1993; Kim and Zachariah 2005; Kim e al. 2007). Figure 4
plots the mean aspect ratio as a function of dy. The
mean aspect ratio was relatively constant between 1.39
and 1.55 in the size range of 50 to 400 nm, indicating
that these are compact agglomerates. The mean and
standard deviation of the aspect ratio (8) was 1.50 and
0.06, respectively.

(c)

0.5 ﬂ“‘

Figure 2. Examples of the TEM morphology of the TiO, particle for mobility diameter of 50 nm (a), 200 nm (b), and 500 nm (c).
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Assuming an elliptical shape with constant aspect
ratio for the projected area of TiO, nanoparticles, d,,
can be expressed as

dpa = [16]

E.

By substituting Equation (15) into Equation (16) and
using the mean value of B, we obtain the following
equation:

L = 10.1 + 1.22dy. [17]

Figure 3 shows that Equation (17) is in agreement
with the experimental data with R of 0.906. Chen et al.
(2015) also reported linear relationship between the

maximum length and mobility diameter for silver aggre-
gate nanoparticles of various shapes.

3.0

2.5 —

2.0 —

Aspect Ratio
°

9.8 | | l
0 100 200 300 400

Mobility Diameter (nm)

Figure 4. Aspect ratio plotted as a function of mobility diameter.
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Figure 5. The TiO, particle mass as a function of mobility diame-
ter. The solid line is the fitted power (Equation (17)).

APM measurement

From the APM measurement of the mobility classified
TiO, particle, the aerodynamic diameter was then esti-
mated using Equation (3). The particle mass was plotted
as a function of the mobility diameter in a log-log scale
as shown in Figure 5. The mass-mobility diameter fol-
lowed a power-law relationship:

m = adf/{. [18]

The slope of the fitted equation (Dy) is the fractal
dimension based on mass-mobility diameter and had a
value of 2.82. The R* value of the fitted equation was
0.974. The value of the Dxis close to 3 for spherical parti-
cle, consistent with the compact shape obtained from the
TEM photos.

Penetration through the filter

Figure 6 shows the penetration of TiO, particles through
the screen filter as a function of mobility diameter. Three
measurements were conducted for each experimental
condition. Penetration increased with mobility diameter
and seemed to level off at larger diameters. Penetrations
for 5.85 cm/s were higher than those obtained at 2.92 cm/
s, indicating the diffusion and interception were the main
filtration mechanisms. To further investigate the relation-
ship between the particle characteristics and the penetra-
tion through the screen filter, the fan model filtration
theory for screen filters was adopted for the TiO,
particles. Also shown in Figure 6 is penetration of spheri-
cal particles at 5.85 cm/s reported by us previously
(Cheng et al. 1985). Penetration of TiO, particles follows
closely with the spherical data for small particles up to
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Figure 6. Experimental penetration of TiO, aerosol (mean +SD)
in the screen filter as a function of mobility diameter at face
velocities of 2.92 and 5.85 cm/s, respectively. Also shown is the
penetration data of oleic acid (OA) spherical particle at 5.85 cm/s
as well as the theoretical calculation.

200 nm. For particles larger than 200 nm, the TiO, pene-
tration is slightly lower than those of spherical particles.
Penetration based on the single-fiber filtration model
(Equations (6)-(14)) for the screen filter used in this
study (¢ = 0.345, d,, = 20 um, and H = 50 pum) is
shown in Figure 6 for spherical particles at 5.85 cm/s,
indicating that the FMF theory agrees with the experi-
mental data. Figure 7 shows penetration curves for TiO,
particles based on the single-fiber filtration models. All
parameters for TiO, particles were based on measure-
ments. The diffusion coefficient was based on the mobil-
ity diameter; the aerodynamic diameter was given in

1.00 =
o TiO, Data {2 92 cm/sac)
il ===: Maximum Length Mode!
~— Random Orientation Mode!
<o Sphere Model
& Ti0, Data (5.85 cm/sec)
===+ Maximum Langth Model
c Random Orientation Model
9 Sphere Model
=1
S 0.10
= 0. =
« =
c .
[1H]
o
0.01 T T T 1 1 T T T
10 100

Mobility Diameter (nm)

Figure 7. The curves are single fiber theoretical filtration models
using different dimensions for the interception parameter. The
mobility diameter was used in the interception parameter in
Model 1 (dotted curve). In Model 2 (solid curve), random orienta-
tion of the particle was assumed. In Model 3 (dashed curve), the
L was used in the interception parameter.

Equation (3). For the interception parameter
(Equation (13)), three different scales of d,, were used,
including: (1) d, = dy assuming a spherical particle
shape, (2) d, = L sinf = 0.63 L assuming random orien-
tation of the TiO, particle, and d, = L (maximum
length). Figure 7 shows that penetrations calculated from
all three models based on different interception parame-
ters were close because TiO, were compact nanoparticles
of small aspect ratio. The penetrations diverged only for
diameter >200 nm when the interception mechanism
became more important in the filtration of TiO, nano-
particles. Experimental penetration data of TiO, particles
agreed with calculations from all three models for parti-
cle size smaller than 150 nm. For particle sizes >200 nm,
the experimental data were in best agreement with the
model in which the maximum length was used to calcu-
late the interception model.

TiO, nanoparticles used in this study had a mass-
mobility fractal dimension of 2.82 close to the spherical
shape (D¢ = 3.0). TiO, penetrations in the screen filter
were slightly lower than spherical particles. This result
was consistent with the data on penetration of silver
nanoparticles in a Nuclepore filter (Chen et al. 2015).
Their data showed that penetrations decreased as the
mass-mobility fractal dimension decreased from 3.0 to
2.1; penetration of aggregates with Dy = 2.6 was close to
that of silver particles of spherical shape (Df = 3.0).
When the maximum length was used in the interception
parameter, our single fiber model was in agreement with
TiO, experimental data. These results were consistent
with previous filtration studies for silver chain agglomer-
ates (Kim et al. 2009), who reported that the penetration
data agreed with a filtration model, where the interception
parameter was calculated based on the maximum length.
Wang et al. (2011b) indicated that using the maximum
geometric length to calculate the interception parameter
would be reasonable when the rotation time of a non-
spherical particle was much less than the transport time
for the particle to pass through the filter fiber. The silver
chain agglomerates had an aspect ratio of 1.6-1.8
(Kim et al. 2009), where the TiO, nanoparticles in this
study had an aspect ratio of 1.39-1.55. Both nanoparticles
had small aspect ratios and hence, short rotational time
(Wang et al. 2011b). More recently, in a capillary
tube model of penetration for MWCNT through a Nucle-
pore filter, the maximum length of MWCNT was used in
the interception parameter, which agreed with experimen-
tal data (Chen et al. 2014). The capillary tube was
relatively long (11 um) compared with MWCNT (30-
500 nm diameter); therefore MWCNT might have
enough time to rotate during the time flying through the
tube. This might also be valid in the case of screen filter
diameter (20 um) and TiO, (50-400 nm).



Conclusions

Detailed characterization of TiO, particles generated from
a dry powder generator was performed. Analysis of TEM
photos of mobility-classified TiO, particles showed com-
pact agglomerates of nanoscale primary particles. The
physical shape obtained in this study is similar to TiO, par-
ticles observed in production facilities (Curwin and Bertke
2011; Koivisto et al. 2012) as well as TiO, generated in the
laboratory for inhalation exposure studies (Grassian et al.
2007; Ma-Hock et al. 2009; Noel et al. 2013). The projected
area diameter is close to the mobility diameter, where the
length is about 30% larger than the mobility diameter. The
mean aspect ratio of the TiO, agglomerate was constant
and small between 1.39 and 1.55. Using the tandem DMA-
APM technique, we were able to measure aerodynamic
diameter, mass, and the fractal dimension. The value of
fractal dimension based on mass-mobility diameter was
2.82, consistent with the observed compact shape.

Penetration of classified TiO, particles through a
screen filter was measured. Penetration increased with
increasing mobility diameter and flow rate indicating that
diffusion and interception were the main filtration mecha-
nisms. The measured physical dimensions, mobility diam-
eter, and aerodynamic diameter were used in a single-
fiber filtration theory for the fan model filter to predict
the penetration of TiO, particles. The mobility diameter,
maximum length (L), and 0.63 L assuming radon orienta-
tion were used in the interception parameter. Penetrations
calculated from all three models based on these intercep-
tion parameters were close because TiO, were compact
nanoparticles of a small aspect ratio. Experimental pene-
tration data of TiO, particles agreed with calculations
from all three models for particle size smaller than
150 nm. For particle sizes >200 nm, the experimental
data were in best agreement with the model in which the
maximum length was used to calculate the interception
model. This result was consistent with previous filtration
study for silver nanoparticle chain agglomerates of aspect
ratio of 1.6-1.8 (Kim et al. 2009). It may be because the
rotation time of a non-spherical particle of a small aspect
ratio was much less than the transport time for the parti-
cle to pass through the filter fiber.
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