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Abstract Inhalation toxicology studies generally

use the Brunauer, Emmett, and Teller (BET) gas

adsorption method to measure total surface area of

particles whereas occupational exposures are more

readily measured by real-time mobility-based surface

areas or active surface area measured with diffusion

charger-based instruments. Three surface area mea-

surement methods were studied: filter-based inert gas

adsorption (BET method), diffusion charging, and

mobility-based methods. The goal of the project was

to investigate and develop a correlation between the

measurement methods. The experimental design con-

sisted of measuring surface area in a series of five trials

for each of two powder types, fine and ultrafine

titanium dioxide with primary particle sizes of 440 and

20 nm, respectively, and two aerosol concentrations.

Diffusion charger instruments tended to underestimate

the total particle surface area measured by the BET,

but were well correlated with mobility-based surface

areas obtained from a scanning mobility particle sizer.

Filter-based gas adsorption methods and diffusion

charging methods provide different but valuable

information on total and active surface areas of

particles, respectively. Results indicate they should

not be used as predictors of one another.
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Introduction

Production and use of engineered nanomaterials

continues to rise each year. Titanium dioxide powder

(TiO2) is among the most highly produced materials

and is used in a wide variety of applications such as

cosmetics, paints, and energy storage/production.

Current estimates of US ultrafine TiO2 (uTiO2)

powder production are *44,000 MT/year and could

reach *260,000 MT/year by 2015 (Robichaud et al.

2009). Associated with the increased use of new

technologies and science applications for uTiO2 are

potential risks of occupational exposure. Current

mass-based occupational exposure limits for TiO2

(total dust) range from 10 (ACGIH 2009) to 15 mg/m3

(OSHA 2010); however, these limits may not ade-

quately protect workers from adverse health effects

associated with exposures to uTiO2 (NIOSH 2011). In

response to this shortcoming, the National Institute for

Occupational Safety and Health (NIOSH) recently
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recommended two mass-based occupational exposure

limits for TiO2: 2.4 mg/m3 for fine and 0.3 mg/m3 for

ultrafine (NIOSH 2011).

For many ultrafine and nanoscale particles, surface

area is an important exposure metric as evidence exists

for its relationship with deleterious health effects (Bello

et al. 2009; Donaldson et al. 2000; Duffin et al. 2002;

Hussain et al. 2009; Monteiller et al. 2007; Seaton et al.

2009; Stoeger et al. 2006). Surface area of ultrafine and

nanoscale particles measured by gas adsorption using

the Brunauer, Emmett, and Teller (BET) method, is well

correlated with decreased pulmonary function in vivo

and increased oxidative stress and production of reactive

oxygen species in vitro (LeBlanc et al. 2010; Nur-

kiewicz et al. 2009; Singh et al. 2007). Ultrafine TiO2

can trigger a pro-inflammatory response presumably

due to their large surface area (Singh et al. 2007). A

number of researchers concluded that for constant doses

by mass, increase in particle number or surface area,

measured by gas adsorption, was very likely responsible

for observed adverse effects in toxicology studies

(Donaldson et al. 2000; Ferin et al. 1992; Monteiller

et al. 2007). Inert gas adsorption is therefore currently

considered the gold standard for particle surface area

measurement in conjunction with health effects studies.

Particle surface area can be measured by a variety

of methods including diffusion chargers (DCs),

mobility-based surface areas from measures of parti-

cle dimensions by scanning mobility particle sizers

(SMPS), geometric relations using electron micros-

copy, and gas adsorption. Depending upon the under-

lying measurement principle, measured values of

surface area will differ. DCs measure ‘‘active surface

area’’, which is defined as the area of the particle that

interacts with the surrounding gas or ions and is

accessible only from the outside (Keller et al. 2001).

SMPS measures charged particles in an air stream

based on their electrical mobility diameter. Assump-

tions governing SMPS measurements are for individ-

ual spherical particles with unit positive charge from a

bipolar equilibrium charging mechanism. SMPS num-

ber concentrations can be converted to mobility-based

surface area concentrations using an internal algo-

rithm that is based on the aforementioned assump-

tions. Calculations of ‘‘geometric surface area’’ from

geometric relationships using measured particle

dimensions from microscopy may be inaccurate

(Weibel et al. 2005) and are less preferred than direct

measurements. Gas adsorption, a direct measurement

technique, relies on exposing a sample to inert gas

under varying conditions of pressure to develop

monolayer gas coverage. The amount of gas molecules

needed to form the monolayer gas coverage and the

cross-sectional area of the adsorbate gas molecule are

related to the ‘‘total surface area’’ of the particle

including pores and crevices, the latter being what

differentiates it from the active surface area.

Contemporary health-based exposure assessment

for nanomaterials research is focused on particle

characteristics other than mass (e.g. surface area,

surface chemistry, morphology) in order to identify

risk factors for adverse health outcomes in exposed

populations (Maynard and Aitken 2007; Maynard and

Kuempel 2005). Inhalation toxicology studies gener-

ally use the gas adsorption method to measure surface

area whereas occupational exposures are more readily

measured by real-time DC. DCs have advantages of

portability and real-time capability and are reasonably

successful for nanoparticles smaller than 100 nm in

recent studies (Evans et al. 2010; Heitbrink et al.

2009). A limitation of DC is that they measure only

outer active surface area of particles, whereas the gas

adsorption method provides a measure of total surface

area of particles including pores, which has been

historically used for toxicology studies. As such,

development of an understanding of the relationship

between these two techniques is paramount to fully

understand and apply the toxicological health data to

real-world occupational exposure assessments. The

goal of the current project was to compare a filter-

based gas adsorption (BET) method for measuring

total surface area, real-time diffusion charging-based

measurements of active surface area, and mobility-

based surface area measurements from an SMPS. The

specific aims of the project were to (1) challenge the

instruments with a fine and ultrafine powder of TiO2 at

varying aerosol concentrations and (2) develop a

correlation between measurements of total, active, and

mobility-based surface area.

Methods

Experimental design

The experimental design consisted of collecting side-

by-side measurements of the particle surface area of

TiO2 challenge aerosols using two types of diffusion
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chargers (DC and NSAM), a filter-based collection/

gas adsorption analysis technique (BET), and an

SMPS.

For the BET method, particulate was collected on

Nucleopore� track-etched polycarbonate (TEPC) fil-

ters with 0.4 lm pore size (Sterlitech Corporation,

Kent, WA) using 37-mm closed-face cassette sam-

plers attached to GilAir-5 air sampling pumps (Sen-

sidyne, Clearwater, FL) operated at 3 LPM. These

filters were chosen due to their low background

weight, highly reproducible background surface area,

and high collection efficiency of nanoscale particles

(LeBouf et al. 2011). Blank and particle-laden filter

samples were degassed under light vacuum (1.9 Pa;

Flovac� Degasser, Product No. 05076, Quantachrome

Instruments, Boynton Beach, FL) at 120 �C for 24 h

prior to analysis. Blank and particle-laden filter

surface area was measured with a Quadrasorb-SI

(Quantachrome Instruments) surface area analyzer

and estimated from seven adsorption points collected

at relative pressures in the range p/p0 = 0.05–0.35; a

value of 20.5 Å2 was assumed for the cross-sectional

area of a krypton molecule. Each sample was

measured twice for quality control. Instrument settings

were: 1 min equilibration time and 0.05 torr pressure

tolerance. The TiO2 total surface area was calculated

by subtracting the blank filter surface area from the

TiO2-laden filter surface area. This filter-based col-

lection and analysis method will hereafter be referred

to as BET and is a measure of the total surface area.

TiO2 powder (SRM 2001, Quantachrome Instruments)

with assigned specific surface area (SSA) of

8.46 ± 0.9 m2/g was used as a reference standard

and analyzed in parallel with filter samples periodi-

cally throughout the study; the average measured SSA

for this control sample was 8.16 ± 0.46 m2/g.

The DC were a commercially available DC2000CE

(DC) (Ecochem, Murrieta, CA) and a nanoparticle

surface area monitor (NSAM) (Model 3550, TSI Inc.,

Shoreview, MN); the two instruments were operated at

inlet flow rates of 1.42 and 2.5 LPM, respectively. In

the DC, the sampled airborne particles are exposed to a

positive ion cloud before being collected onto a filter

and measuring the total charge, which is related to

active surface area; this instrument gives reliable

measures for particles smaller than 100 nm (Ku and

Maynard 2005). The NSAM combines measurement

of surface area by diffusion charging with calculations

via an internationally-accepted particle lung

deposition model to yield ‘lung-deposited’ active

surface area (Fissan et al. 2007); this instrument gives

reliable measures for particles smaller than 400 nm

(Asbach et al. 2009). The SMPS (Model 3936, TSI,

Inc.) measures mobility-derived particle size (up to

1,000 nm depending on operating conditions) and

number concentration from which mobility-based

surface area is calculated based on the assumption of

spherical particles. It should be noted that the BET,

DC and NSAM, and SMPS techniques determine

surface area based on different operating principles.

Commercially available uTiO2 powder (Product

Type P25, Degussa AG, Hanau, Germany) was chosen

for use as a model challenge material because it (1)

represents a widely studied powder often used in

toxicological investigations (Maier et al. 2006) and (2)

this powder type is being qualified by the US National

Institute of Standards and Technology as a certified

reference material. An additional study material, fine

titanium (IV) oxide powder, \5 lm,

99.9% ? (Sigma–Aldrich, St. Louis, MO), was

included in the study design to investigate the role of

particle size on instrument responses. Both powders

are aggregates of primary particles; the sizes of

primary particles were 20 and 440 nm for the uTiO2

and fine TiO2, respectively. The volume and size

distribution of mesopores (2–50 nm) in the materials

was determined using gas adsorption and the Barrett-

Joyner-Halenda (BJH) method. During the chamber

tests, particle size distributions were monitored with a

SMPS operated under the following conditions: sheath

air flow rate of 3 LPM and aerosol flow rate of

0.3 LPM for uTiO2 particles, and a lower sheath air

flow rate of 1.7 LPM for fine TiO2 particles was used

to extend the measurable particle size range up to

1,000 nm. Mobility-based surface area values from

the SMPS were compared against the diffusion

charging-based and BET measures.

To simulate an animal inhalation experiment, each

TiO2 powder was aerosolized in a well-characterized

laboratory system (Chen et al. 2006). The system was

comprised of a fluidized-bed powder generator,

cyclone, exposure cage, static discharge device and

several aerosol monitoring devices (Fig. 1). A 19-liter

metabolism plenum was modified for use as the

exposure cage. To reduce the potential formation of

agglomerates due to Van der Waals force, the uTiO2

powder was carefully prepared for generation by

passing through two sieves, 425 and 150 lm mesh size
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(to remove large agglomerates), drying (to minimize

agglomerate formation due to high humidity), and

storage in a sealed glass jar (to minimize agglomerate

attraction through contact charges). The fine TiO2

went through a similar process except only the 425 lm

mesh size sieve was used. The fluidized-bed aerosol

generator with a cyclone to remove large particles was

operated at a flow rate of 10–12 LPM to disperse

uTiO2 powder effectively. Under these conditions,

50% aerodynamic particle size cutoff of the cyclone

was approximately 3.0–3.5 lm. The cyclone was

removed from the setup for dispersion of the fine

TiO2 powder. During sampling, mass concentrations

were continuously monitored with a Data RAM (DR-

4000 Thermo Electron Co., Franklin, MA). Four

aerosol concentrations between 3 and 10 mg/m3 were

achieved by adjusting the powder feed rate in the

generator. A similar mass loading between the low and

high aerosol concentrations for a given powder type

was obtained by adjusting the sample time. Five

replicate experiments were performed at each con-

centration and for each powder for a total of 20 trials.

Temperature, relative humidity, and pressure in the

chamber were monitored throughout the sampling.

Data analyses

As noted above, the surface area measurement tech-

nique sampled at different flow rates depending upon

instrument design. As such, a challenge for instrument

comparison was to identify a standardized metric for

comparison such as cumulative mass or sample

volume. Because the concentration in the chamber

was constant for a given experiment and the sample

times were the same, cumulative mass collected

differed among techniques. Hence, cumulative surface

area was calculated using the flow rate of the

instrument to make instrument values comparable.

All statistical analyses were performed at a = 0.05. A

one-way ANOVA for comparison of particle modal

diameter between experimental conditions was per-

formed using Sigmaplot 9.0 (Systat Software, Inc.,

Chicago, IL). PROC ANOVA with Tukey’s test in

SAS 9.2 (SAS Institute, Cary, NC) was used to

examine the statistical differences among cumulative

surface area measurements. Box plots and orthogonal

regressions were prepared in JMP 8.0 (SAS Institute),

which is a graphic-user-interface based statistical

package. Orthogonal regressions with equal variance

were used to develop correlations among instruments

since error components in both instrument measures

(i.e. errors in both X and Y variables in the regression)

are considered.

Results

Temperature and humidity for all trials were

(mean ± SD): 19.5 ± 0.2 �C and 47.9 ± 0.4% RH.

Average number size distributions for fine TiO2 and

uTiO2 may be seen in Fig. 2a, b, respectively. The

count median diameters (CMDs) obtained from the

Fig. 1 Aerosol generation

system schematic. Flow

rates are as follows: system

flow 10–12 LPM, sample

filters 3 LPM, SMPS

0.3 LPM, DC 1.42 LPM,

and NSAM 2.5 LPM
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SMPS for uTiO2 at 2.8 and 10.1 mg/m3 were 176

(range:158–211 nm) and 205 (range:184–222 nm),

respectively. The CMDs for fine TiO2 at 3.8 and

5.0 mg/m3 were 204 (range:106–316 nm) and 200

(range:154–264 nm), respectively. For fine TiO2, a

bimodal distribution was observed (Fig. 2a) for a

number of the trials, which caused some of the modal

diameter readings to be lower than expected.

Increasing the aerosol concentration did not statis-

tically significantly change the CMDs for fine TiO2

(p = 1.00), but a significant change was noticed for

uTiO2 (p \ 0.001) assumedly due to agglomeration of

the more numerous particles in the uTiO2 aerosol. As

expected the particle size distribution of uTiO2 and fine

TiO2 were different based on the CMDs (p \ 0.001).

Comparing the number weighted size distribution for

each of the four conditions indicated a shift in the modal

diameter and a decrease in number concentration as

aerosol concentration increased; this analysis demon-

strated the effect of particle agglomeration.

A scanning electron microscope (SEM) image of

fine TiO2 and transmission electron microscope

(TEM) image of uTiO2 are displayed in Fig. 3a, b,

respectively. Fine TiO2 consisted of aggregates (fused

primary particles) that were several hundred nanome-

ters in diameter, some of which formed larger

agglomerates (loosely bound by Van der Waal forces)

of 1,000 nm and greater during the aerosolization

process. The uTiO2 was aggregates with diameters of

approximately 100 nm.

The values of the coefficients of variation, which is

the standard deviation divided by the mean times

100%, for measured surface area values by measure-

ment method and aerosol condition are displayed in

Table 1. Increasing aerosol concentration tended to

increase variability in surface area measures except for

uTiO2 measured by BET. No significant differences in

variability were observed among powder types for a

given method.

A box plot comparison of cumulative surface area

measurements for each instrument is displayed in

Fig. 4a, b for fine TiO2 and uTiO2, respectively.

Cumulative surface area was the sum of all measure-

ments for the sampling period adjusted by sampling

flow rate. Normalization was necessary due to the

varying flow rates from 3 LPM for BET to 0.3 LPM for

SMPS. Rank ordering the surface area instruments

allows the end-user to easily recognize the potential

relationship between various instruments. For fine

TiO2, the surface area rank order was NSAM [
DC & SMPS [ BET for 3.8 mg/m3 concentration

and NSAM [ DC & SMPS C BET for 5.0 mg/m3

concentration. For uTiO2, the rank order of measured

surface area values was BET & DC [ NSAM &
SMPS for 2.8 mg/m3 concentration and BET [ DC &
NSAM & SMPS for 10.1 mg/m3 concentration. For

the most part, lower aerosol concentrations displayed

higher cumulative surface area due to higher sample

volumes since sample time, and thus sample volume,

was adjusted between aerosol concentrations to obtain

similar mass loadings.

Instrument comparisons indicated by shared low-

ercase letters were based on a one-way ANOVA

(p \ 0.001). Instruments with the same lowercase

letter designate no statistical difference. In the bottom

of Fig. 4a, for example, the comparison of instruments

measuring fine TiO2 at a concentration of 5.0 mg/m3

illustrated that DC and SMPS (sharing letter ‘‘c’’) as

well as BET and DC (sharing letter ‘‘b’’) had no

statistical difference. NSAM and SMPS, NSAM and

BET, and NSAM and DC as well as BET and SMPS
Fig. 2 Average number distribution for a fine TiO2 and

b uTiO2
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Fig. 3 a SEM image of fine TiO2 and b TEM image of uTiO2. Note: scale bars are different between images

Table 1 Coefficients of

variation (%) for measured

TiO2 surface area values by

method and aerosol

condition

Method Fine Ultrafine

3.8 (mg/m3) 5.0 (mg/m3) 2.8 (mg/m3) 10.1 (mg/m3)

DC 8.9 15.7 7.5 15.2

NSAM 11.0 11.7 5.4 18.6

SMPS 10.0 12.8 10.0 12.8

BET 11.1 19.4 22.7 8.7

Fig. 4 Stacked box plots of a fine TiO2 and b uTiO2 cumulative

surface area values from filter-based gas adsorption (BET),

diffusion charger (DC), nanoparticle surface area monitor

(NSAM) and scanning mobility particle sizer (SMPS). The line
within a box is the median; the top and bottom of a box are the 75

and 25th quantiles, respectively; and the ends of the whiskers are

maximum and minimum values that fall within the interquartile

range. Pairs of lowercase letters indicate no statistical

difference between surface area measurements based on a

one-way ANOVA (p \ 0.001). The absence of paired lower-
case letters indicates a statistical difference for instrument types

at a given powder type and concentration
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were statistically different since they did not share a

letter. These comparisons were made to establish

whether or not there was a statistically significant

difference in surface area measured by the various

instruments. In the instance of statistical difference

between a given set of instruments, direct comparisons

between research studies or workplace exposure

assessments should not be made or they should be

made with an understanding of this observed differ-

ence in surface area measures. Also, it is important to

remember that these techniques measure surface area

based on different principles (BET-total surface area

including pores, DC-total active surface area, NSAM-

lung deposited surface area, and SMPS-mobility based

surface area). Since the NSAM is a lung-deposited

active surface area, it may be compared to the SMPS

surface area when corrected for lung-deposition in the

alveolar region. This analysis was performed (data not

shown) and the mean surface area from the NSAM

was compared to the mean SMPS-lung-deposited

surface area (NSAM/SMPS-lung-deposited *100%

for a given trial). For uTiO2 at 2.8 and 10.1 mg/m3,

the ratio was 64.7 ± 4.2 (mean ± standard deviation)

and 94.8 ± 8.6%, respectively. For fine TiO2 at 3.8

and 5.0 mg/m3, the ratio was 94.0 ± 4.9 and

97.4 ± 2.3%, respectively.

Figure 5 is a representative comparison of real-time

surface area concentration measurements for fine TiO2

and uTiO2. Since the instruments have different

measurement periods, data from the DC and NSAM

(acquired every 10 s) were averaged over a 3-minute

period to be comparable to the SMPS. For fine TiO2 at

5.0 mg/m3, the rank order for surface area concentra-

tion measurements was NSAM [ DC & SMPS. The

rank order for surface area concentration measure-

ments for uTiO2 at 10.1 mg/m3 was DC [ NSAM [
SMPS. A similar trend was observed for the lower

aerosol concentrations (data not shown). The rank

orders for fine TiO2 are in agreement with the box

plots in Fig. 3. This was not necessarily the case for

uTiO2. While visually they appeared to be different,

statistically there was no difference in surface area

measurements between these three instruments (see

Fig. 3, bottom-right panel). Active surface areas were

generally higher than or equivalent to mobility-based

surface areas derived from SMPS.

Table 2 summarizes orthogonal regression values

for the measurement methods and powder types. The

DC, NSAM and SMPS methods were well correlated

as would be expected since they operate under the

principle of ion attachment. DC versus SMPS for

uTiO2 and fine TiO2 were the only slopes that

approached unity meaning they are very good predic-

tors of each other. An effect of powder type was

evident in DC versus NSAM and NSAM versus SMPS

as indicated by the changes in slope and Y-intercept

values between uTiO2 and fine TiO2. The DC versus

SMPS regression model did not show this effect of

powder type. The regression models for BET versus

all other methods demonstrate a lack of correlation.

For BET method, effect of powder type was evident

from the positive correlations for fine TiO2, but

negative correlations for uTiO2. Increasing aerosol

concentration also appeared to play a role in increasing

correlations (data not shown). For uTiO2, DC overes-

timated NSAM values by a factor of 1.72, which is

intuitive since the NSAM is a lung-deposited active

surface area while the DC is not. Note that these

Fig. 5 Real-time surface area measurements of a fine TiO2 at

5.0 mg/m3 and b uTiO2 at 10.1 mg/m3 for diffusion charger

(DC), nanoparticle surface area monitor (NSAM), and scanning

mobility particle sizer (SMPS)

J Nanopart Res (2011) 13:7029–7039 7035

123



regressions should only be used for a rudimentary

understanding of instrument response to varying

aerosol conditions and not as a means of predicting

one variable from another since they are based on only

two nominal aerosol concentrations and two powder

types.

Table 3 summarizes the method comparisons by

ratios of cumulative surface area by powder type and

aerosol concentration. DC versus NSAM, for example,

is the cumulative surface area measured by the DC

divided by that measured by the NSAM. These ion-

attachment methods displayed very consistent ratios

that appeared to be affected by powder type but not by

aerosol concentration. DC versus NSAM ratios

changed from 0.7 to 1.6 when changing from fine

TiO2 to uTiO2. DC versus SMPS ratios exhibited a

small change from 1.04 to 0.95 with an increase in the

aerosol concentration. BET ratios with all other

instruments were affected by powder type and aerosol

concentration. The ratios for BET versus all other

instruments for uTiO2 at 10.1 mg/m3 displayed the

most dramatic differences (5.77–10.5) indicating an

underestimation of surface area measures by diffusion

chargers (DC and NSAM) and mobility-based surface

area (SMPS) compared to the BET method.

Discussion

The trend of lower surface area for higher concentra-

tions of uTiO2, illustrated in Fig. 3b, is less pro-

nounced for the alternative measurement techniques

compared to BET. Because BET uses inert gas

adsorption to measure the total surface area, the

values are higher than the active surface area measured

by DC and NSAM or the mobility-based surface area

derived from SMPS. This may be influenced by the

measurement range of the instruments (e.g. SMPS

only measured particles smaller than 1,000 nm). The

mean lung-deposited mobility-based surface area

calculated from the SMPS was roughly equivalent to

the mean NSAM surface area in three out of four

conditions. For uTiO2 at 2.8 mg/m3, the NSAM was

roughly 64% of the SMPS-lung-deposited surface area

which may be due to particle morphology and size

affecting the determination of electrical mobility

diameter by the SMPS (i.e. incorrectly classified size

of aggregate particles). Also, the assumption of

spherical particles made by the SMPS for calculating

surface area may cause an over prediction of surface

area of aggregates (Lall and Friedlander 2006; Lall

et al. 2006). The reason that the DC-measured surface

Table 2 Orthogonal regression values for instrument comparisons

Comparison Powder Slope Y-intercept Correlationa

DC vs. NSAM Fine 0.792 -2.85E ? 09 0.992

Ultrafine 1.72 -1.74E ? 09 0.984

Both 0.564 5.78E ? 09 0.811

DC vs. SMPS Fine 1.11 -1.82E ? 09 0.985

Ultrafine 0.929 -3.47E ? 09 0.946

Both 1.10 -4.18E ? 09 0.902

NSAM vs. SMPS Fine 1.40 1.26E ? 09 0.985

Ultrafine 0.530 -8.43E ? 08 0.950

Both 2.58 -2.90E ? 09 0.540

BET vs. DC Fine 0.077 7.56E ? 09 0.366

Ultrafine -1.82 5.74E ? 10 -0.858

Both -3.14 7.05E ? 10 -0.543

BET vs. NSAM Fine 0.062 7.32E ? 09 0.377

Ultrafine -3.17 6.09E ? 10 -0.887

Both -1.35 4.50E ? 10 -0.770

BET vs. SMPS Fine 0.083 7.45E ? 09 0.357

Ultrafine -1.66 6.32E ? 10 -0.883

Both -6.17 1.32E ? 11 -0.294

a Correlation is the Pearson product-moment correlation coefficient
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area is lower than BET surface area may be due to

several factors including particle size and porosity.

The actual median diameter of the uTiO2 is larger

than 100 nm although the primary particle size is

20 nm and the agglomerates have relatively compact

structure. Recent studies showed that the DC can

give particle surface area comparable to its geomet-

ric surface area as measured by TEM for silver

nanoparticles smaller than 100 nm, but in the size

range over 100 nm, it underestimates the geometric

surface area (Ku and Maynard 2005). The DC-based

surface area deviates significantly from the geomet-

ric surface area as the particle size increases up to

900 nm for spherical particles (Ku 2009, 2010). The

diffusion charging mechanism depends on a number

of parameters such as particle structure, ion con-

centrations, and ion properties. If particle pore size

is much smaller than the mean free path of ions

(*15 nm in 10% humid air (Pui 1976), the chance

of ions to get access to the pore may be less than

that for pores larger than the mean free path because

ions could hit other particle surface before they

enter the pore. The volume and size distribution of

pores in the uTiO2 material, determined from the

desorption branch of isotherms using the BJH

method, were 0.113 cm3/g and 3.2 nm, respectively.

Hence, charging mechanism explains a portion of

the difference between DC- and BET-measured

surface areas.

The variability of fine TiO2 measurements among

instruments may be due to the following factors: BET

surface area measures were low since particle loading

corresponded to surface area measures around the

LOD of 0.02 m2; and NSAM overestimated surface

area of fine TiO2 compared to the other surface area

measures presumably due to the deviation of required

response function from instrument response function

for particles with diameters [400 nm (Asbach et al.

2009). NSAM has been shown to give reliable

measures of active surface area for particles with

diameters \400 nm (Asbach et al. 2009). DC active

surface area values are comparable to surface area

values derived from number distributions using

SMPS, illustrated in Table 2. Since surface area

values from SMPS and NSAM surface area values

are dependent on calibration using individual (or

singlet) spherical or agglomerate particles, the instru-

ment response to irregularly shaped particles with

different primary particle sizes such as TiO2 agglom-

erates is unpredictable. Some researchers have

attempted to provide a theoretical conversion of

surface areas obtained by electrical mobility analyzers

for ultrafine aggregates (Lall and Friedlander 2006)

and also attempted to assess the effect of particle

morphology on DC for nanoparticle agglomerates

(Shin et al. 2010). Ku and Kulkarni (2010, 2011)

investigated the effect of particle structure on surface

area measurement from the DC and SMPS for

agglomerates in the sub micrometer size range. They

showed that the SMPS-estimated surface area is close

to geometric surface area measured based on mass and

primary particle size for open agglomerates and it

becomes lower than that for compact agglomerates

while the DC measurements underestimate geometric

surface area for all types of agglomerates. It is

suspected that the DC instrument is more sensitive to

particle size than particle structure based on previous

studies, presumably due to the fact that ion attachment

is mainly correlated with the outer surface area of the

particle.

Table 3 Average method ratios (±two standard deviations) of cumulative surface area by TiO2 powder type and aerosol

concentration

Method ratio Fine Ultrafine

3.8 (mg/m3) 5.0 (mg/m3) 2.8 (mg/m3) 10.1 (mg/m3)

DC vs. NSAM 0.72 ± 0.02 0.63 ± 0.05 1.58 ± 0.12 1.41 ± 0.11

DC vs. SMPS 1.04 ± 0.07 0.95 ± 0.06 1.40 ± 0.06 1.82 ± 0.05

NSAM vs. SMPS 1.45 ± 0.10 1.52 ± 0.03 0.89 ± 0.06 1.30 ± 0.12

BET vs. DC 0.39 ± 0.07 0.75 ± 0.21 1.27 ± 0.28 5.77 ± 0.58

BET vs. NSAM 0.28 ± 0.05 0.46 ± 0.10 2.03 ± 0.58 8.16 ± 1.27

BET vs. SMPS 0.41 ± 0.09 0.70 ± 0.16 1.8 ± 0.49 10.52 ± 0.93
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Conclusions

Based on the orthogonal correlation coefficients, DC

and SMPS are good predictors of each other for both

fine TiO2 and uTiO2 as are NSAM and SMPS for

uTiO2. BET and ion-attachment methods were

affected by powder type and concentration. The BET

surface area was not correlated with near real-time

surface area measurements from a DC, NSAM, or

SMPS (see Table 2). Hence, no concrete predictive

relationship could be derived among these measures of

total, active, and geometric surface area. Future

research will attempt to elucidate this relationship

with regard to effects of particle agglomeration,

temperature and relative humidity. BET total surface

area, however, was observed to overestimate active

(DC and NSAM) and mobility-based (SMPS) surface

areas for uTiO2 (see Table 3). NSAM underestimated

DC surface area for uTiO2, but overestimated for fine

TiO2 (see Table 3). The absence of a meaningful

relationship among measures of total surface area

(BET) used in toxicological studies and active surface

area (DC or NSAM) used in occupational exposure

assessments remains a significant barrier to translating

animal toxicology data to meaningful worker protec-

tion practices. As an example, if a worker was sampled

with a DC in the field to measure active surface area

exposure to nanoparticles, an underestimation of the

BET total surface area measure would be observed.

Since BET is currently used for toxicology studies,

health-based outcomes are generated with a higher

measure of surface area (i.e. BET overestimates

surface area measure compared with DC) than would

be seen in the field, leading to an underestimation of

risk to the employee.

Currently, BET values of surface area for bulk

powder (‘‘as produced’’) are provided for inhalation

toxicology studies, but the measured surface area may

change due to aerosolization (or agglomeration due to

aerosolization). The ‘‘as administered’’ surface area

should be considered when correlating exposure with

health outcomes (Oberdorster et al. 2005). For uTiO2,

DC-type instruments will underestimate the total

surface area measured by BET, but they provide

useful real-time industrial hygiene information for the

evaluation and control of aerosol-producing pro-

cesses. In a homogenous exposure environment,

filter-based BET method may provide the best infor-

mation for a time-weighted average exposure over an

employee’s work shift or an animal exposure study.

Hence, the use of a particular surface area measuring

instrument should be based on the scenario (expected

particle size, morphology, concentration, etc.) and

goals of the sampling.
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