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ABSTRACT

In this study, a correction was developed for the aethalom-
eter to measure real-time black carbon (BC) concentrations
in an environment dominated by fresh diesel soot. The
relationship between the actual mass-specific absorption co-
efficient for BC and the BC-dependent attenuation coeffi-
cients was determined from experiments conducted in a
diesel exposure chamber that provided constant concentra-
tions of fine particulate matter (PM; PM, 5; PM <2.5 pm in
aerodynamic diameter) from diesel exhaust. The aethalom-
eter reported BC concentrations decreasing with time from
48.1 to 31.5 pg m > when exposed to constant PM,, 5 con-
centrations of 55 * 1 pgm > and b,,, = 95 = 3 Mm ™ * from
diesel exhaust. This apparent decrease in reported light-
absorbing PM concentration was used to derive a correction
K(ATN) for loading of strong light-absorbing particles onto
or into the aethalometer filter tape, which was a function of
attenuation of light at 880 nm by the embedded particles.

INTRODUCTION

Carbonaceous aerosols are composed mainly of organic
carbon (OC) and elemental carbon (EC), the latter a mea-
sure of black carbon (BC) aerosol. Carbonaceous aerosols

IMPLICATIONS

The aethalometer is used to measure near real-time con-
centrations of light-absorbing aerosols, but may not cap-
ture the real temporal behavior of airborne diesel soot con-
centrations because of variability in measured optical
attenuation related to loading of the filter with strong light-
absorbing particles. To examine short-term average con-
centrations of diesel soot, the instrument requires a correc-
tion for mass buildup of high light-absorbing particles on
the filter. This is because the amount of the light absorbed
per unit of BC mass decreases, which results in lower
reported BC concentrations for loaded filters compared
with lightly loaded filters.
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may have a detrimental impact on human health from
both acute and chronic exposures because of their toxi-
cological effect and because they are able to penetrate into
the lower respiratory system.'2 Susceptible populations
include those suffering from chronic obstructive pulmo-
nary disease, cardiovascular patients, and children with
asthma.3-6 In addition, BC aerosol influences climate di-
rectly and indirectly through light extinction in the at-
mosphere’-? and can lead to low visibility.10.11

It is known that the absorption efficiency of BC aero-
sol varies depending on the source and chemical compo-
sition,'2-1¢ and the assumption that all light-absorbing
material is because of the presence of BC aerosol is not
always accurate.17-21 Light-absorption efficiencies of aero-
sols embedded in a reflective filter matrix are known to be
enhanced compared with the same aerosols in the atmo-
sphere.?2-25 For an early version of the aethalometer op-
erating with an incandescent lamp, a value of o,y = 19
m? g~ ! was used to translate changes in light attenuation
through a quartz filter into BC mass concentration.2¢ This
value was compared with the absorption efficiency of
similar aerosols in the air (o,,,~10 m? g—*; Horvath?®) to
account for absorption enhancements because of multi-
ple scattering within the filter matrix.23.24

In addition, an optical effect because of the accumula-
tion of particles in the filter has been reported for the aetha-
lometer2527-22 and similar applications of the light transmis-
sion method.330 As the filter becomes loaded with particles,
the enhancement of the light absorbed per unit mass of
added BC decreases, which results in lower reported BC
concentrations for loaded filters compared with lightly
loaded filters. This optical effect is referred to as a “shadow-
ing effect.” Weingartner et al.2® reported that this effect is
more pronounced for freshly emitted soot than for aged
atmospheric aerosol. The current aethalometer algorithm
used to translate filter light attenuation into BC mass con-
centration does not correct for this loading effect. In this
study, we examine this optical effect using a constant source
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of diesel soot, and a correction for the current aethalometer
algorithm was developed to measure real-time concentra-
tions of BC from fresh diesel exhaust.

EXPERIMENTAL WORK

Two portable versions of the dual-wavelength aethalom-
eters (AE41 and AE42, Magee Scientific Company) were
simultaneously exposed to controlled concentrations of
ultrafine diesel-generated particles (soot) in a specially
designed diesel chamber. We used two exposures at vari-
able concentrations of fine particulate matter (PM; PM,, ;)
and one at a constant (55 = 1 ug m™>) concentration of
PM, . from diesel soot, which was used to derive the
correction to the aethalometer algorithm. The conditions
of approximately 50 pg m 2 of PM,, 4 from diesel exhaust
generated for the experiments were comparable to similar
pollution observed near a high traffic road in Paris,
France,3! and lower than the BC concentrations observed
when chasing a transit bus in Los Angeles, CA.32

Diesel Chamber

The diesel chamber was located in Seattle and was oper-
ated by the Department of Environmental and Occupa-
tional Health Sciences at the University of Washington.
The chamber dimensions were 8.8 X 5.5 X 2.4 m with a
total volume of 116 m>. The volumetric flow rate through
the chamber was 28.3 m® min~"', and the incoming air
was filtered so that the PM concentration inside the
chamber was unaffected by background PM. Diesel soot
was generated from a turbocharged direct-injection 5.9-L
Cummins B-series diesel engine (6BT5.9G6, Cummins,
Inc), which was comparable to engines used in delivery
trucks and school buses. The engine drove a 100-kW gen-
erator connected to an electric load bank (Simplex), and
the load applied to the running engine was set to 75 kW.
The engine fuel was highway grade diesel No. 2 undyed,
which is commonly used in delivery vehicles.

The PM, 5 concentration inside the chamber was es-
tablished by a two-stage dilution process that mixed air
with diesel exhaust. The degree of dilution and resulting
concentration was adjusted with a variable speed fan that
was electronically controlled by a system that used two
light-scattering nephelometers (one sensing upstream of
the chamber and the other inside the chamber). This
provided feedback to the system to adjust the amount of
diverted diesel exhaust to achieve and maintain a target
PM, s concentration. Under these conditions of con-
trolled constant PM,, 5 concentration from diesel exhaust,
the chamber exhibited a linear relationship between EC
and PM,, 5 mass concentration (intercept = —6.1; slope =
0.85; R* = 0.97).

Measurements
To verify constant conditions and to compare chamber-
generated diesel soot to other experiments reported in the
literature, several supporting PM parameters were measured
in the chamber, including continuous PM, 5 concentration
from a tapered element oscillating microbalance (TEOM)
monitor with a PM, < inlet (1-min; Series 1400a, Thermo
Electron Co.) and light scattering coefficient, b,.,, from a
nephelometer (1 min; M903, Radiance Research). The neph-
elometer was calibrated using zero air and carbon dioxide
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for span setting. In addition, integrated PM, 5 samples were
taken from collocated single-stage 5 L min~* low-volume
samplers (Airmetrics Inc.). Two-stage filter cassettes (47-mm)
with Teflon filter (2-pm pores; part 7592-104, Whatman
Inc.) and quartz filter after Teflon, as well as single-stage
filter cassettes with quartz (part 1851047, Whatman Inc.),
were used with the samplers to estimate OC and EC frac-
tions of the PM, 5. In addition, two EcoChem samplers
(EcoChem Analytics) were deployed to measure particle ac-
tive surface area (PASA) and total particle-bound polycyclic
aromatic hydrocarbons (PPAHs). These instruments have
been used to characterize sources and type of aerosols based
on the relationship between PPAHs and particle active sur-
face area.33,34

Sample and Data Analysis

PM, 5 collected on the Teflon filters was analyzed gravi-
metrically using a microbalance (model UMT2, Mettler-
Toledo, Inc.) at a constant temperature (22.2 = 1.8 °C)
and relative humidity (34.8 = 2.5%), after the samples
were equilibrated for =24 hr before weighing. Sections of
the quartz filters (1.5 cm?) were analyzed for OC and EC
via thermal optical evolved gas analysis (thermal optical
transmittance [TOT], Sunset Laboratory Inc.) using a
modified version of the National Institute for Occupa-
tional Safety and Health 5040 method.33 The TOT carbon
analyzer was calibrated using a standard solution of su-
crose (20 pL of 4.5 g C L™! solution = 90 pg C). More
details about the temperature steps, carrier gases, and
standards used in this thermal optical analysis are re-
ported in Pang et al.3%

BC concentrations from the aethalometer were com-
pared with the EC concentrations measured by thermal
optical analysis of the quartz filters. In addition, aethal-
ometer measurements were compared with other PM
measurements, including PM, s concentration, by,
PASA, and PPAHs. This was done to evaluate the temporal
behavior of the aethalometer measurements during the
chamber experiment at constant PM concentrations. Fi-
nally, a correction was proposed for the aethalometer to
account for loading effect of the filter-particle matrix.

Model Framework

This study developed a correction for the aethalometer
algorithm that could account for the loading effect. This
work is specific for air with fresh diesel exhaust domi-
nated aerosols.

The optical attenuation (ATN) of light by particles
deposited in the quartz filter is given by the following
relationship:

ATN = —100 x In(I/I) = =100 X In(T) (1)

where I, is the light intensity through the unloaded
filter media, I is the light intensity remaining after
passing through the particles collected on the filter, and
T is transmission. Aethalometers measure light attenu-
ation through a quartz fiber matrix, which has high
light scattering capabilities, so the light scattered away
from the detector by the particles is assumed negligible
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Figure 1. Temporal distribution of PM, 5 concentration, PASA,
PPAHSs, absorption coefficient (b,,s), and scattering coefficient
(bscat) during exposure to diesel soot. Note constant levels of PM, 5
between 2:00 and 4:00 p.m.

compared with the scattering by the filter.26 The atten-
uation coefficient, by, has units of m~* and is given
as follows:

A AATN
bary = GT (2)

where A is the filter collection area (m,), or “spot”, Q is
the volumetric flow rate (m® min '), and AATN is the
change in light attenuation during the time interval, At
(min). The mass concentration of BC aerosol, MBC (g
m™?), is then calculated from the attenuation coefficient:

b
Mpe = A (3)

OATN

where o, is the attenuation efficiency of BC in the
filter substrate, with a manufacturer’s recommended
value of 6, = 16.6 m* g~ ' at A = 880 nm and 39.5 m?
g 'at N\ = 370 nm for the dual wavelength aethalom-
eter, based on the relationship between attenuation
and BC concentration determined by thermal optical
analysis.3¢

The light absorption by the particles can be related to
the total light attenuation (filter plus particles) by account-
ing for particle loading effect on the filter matrix with the
correction factor, K(ATN), which accounts for a nonlinear
absorption response to filter loading, as follows:

.
ATN
MBC = o

ATN

X 1/K(ATN) (4)

and

AATN(t)

K(ATN) = omnioy ATN(O) (5)

where relative increment in attenuation in a At interval,
AATN(t), is the difference between two consecutive
measurements [i.e. ATN(t +1) — ATN(t)], and AATN(0)
is the difference between the first and second reported
measurements for light attenuation at the beginning of
the measuring cycle of the instrument (new filter spot).
Ideally, if the concentration of BC remains constant,
the AATN(t) measured on the filter at any given time, t,
should remain constant and K(ATN) = 1. However,
AATN(t) progressively decreases with time during the
measuring cycle because of the loading effect identified
in this work.

In this study, we calculated [K(ATN)] for diesel soot
based on 1-min averaged aethalometer measurements col-
lected during a 2-hr period of constant concentrations of
diesel exhaust particle mass. The experimentally derived
K(ATN) was described as follows:

K(ATN) = a + b X exp(—ATN/100)=a+bXT (6)
where a and b are linear regression coefficients.

RESULTS AND DISCUSSION
Diesel Chamber Experiments

TEOM PM, s, nephelometer scattering coefficient
(bgear), PASA, and PPAH concentrations in the diesel
chamber experiment at constant PM, 5 concentrations
are shown in Figure 1. This figure shows the temporal
evolution of the PM,, 5 concentration starting from and
increasing in trend when diesel exhaust was mixed with
filtered air until reaching a target concentration and a
decaying trend at the end of the experiment when the
engine was turned off. The time period of constant
PM, 5 concentrations between 2:00 p.m. and 4:00 p.m.
(2 hr) was selected to test the aethalometer response to
constant BC mass concentration and to determine a
correction factor, K(ATN), to account for loading effect.
The PM parameters measured during the 2-hr run at
constant PM, s concentration were 95 + 3 Mm ™',
470 = 11 mm? m 3, and 856 = 23 ng m ? for by,
PASA, and PPAHSs, respectively. Note that all of the
parameters were stable (~3% variation) and highly cor-
related (r > 0.87) to each other (see Table 1). We found,
for this experiment, that the ratio of PPAHs/PASA was

Table 1. Summary of Spearman’s correlation coefficients (N = 200) among TEOM PM, 5, bg.., PASA, and PPAHs for the diesel chamber experiment.

Variable TEOM, Beoat PASA PPAHs bar/K 880 nm bar/K 370 nm
TEOM PM, 1 0.94 0.91

becat 0.94 1 0.97 0.97
PASA 0.98 0.96 1 0.96 0.94
PPAHS 0.98 0.97 0.99 1 0.97 0.95

byry 880 nm 0.87 0.93 0.90 0.91 -

bamy 370 nm 0.84 0.92 0.87 0.89 -

870 Journal of the Air & Waste Management Association
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Figure 2. Temporal distribution of BC and UVPM aethalometer
measurements during diesel soot exposure at constant levels of
PM, 5 from diesel exhaust.

1.8 = 0.1 ng mm 2, higher than similar ratios reported
by Velasco et al.33 from measurements in a road near a
working dump truck (~1.2 ng mm ?) and averaged
measurements (~1 ng mm~?) reported from chasing a
tractor-trailer truck on a California road.3# This suggests
that, for this experiment, the diesel soot had more
polycyclic aromatic hydrocarbons (semivolatile organic
compound) attached to the particle surface in propor-
tion to the available surface area than other reported
diesel exhaust PM.

The aethalometer measurements obtained during
the same diesel chamber experiment are shown in Fig-
ure 2. This figure includes uncorrected measurements
for both channels (BC at 880 nm and UVPM [UV light
absorbing PM] at 370 nm). Note the recurring decrease
in the aethalometer measurements of BC and UVPM
concentrations at constant PM, s concentrations from
diluted diesel exhaust. This periodic behavior was ob-
served in all of the measurement cycles (four spots) and
in both collocated aethalometers (sampling at 2.2 L
min~!). This is also evident in Figure 3, where the
reported (cumulative) ATN values increased continu-
ously, but not linearly, up to approximately 55 at 880
nm and 95 at 370 nm. The decreasing trend in the
temporal evolution of the aethalometer measurements
(from 48.1 to 31.5 pg m ?; see Figure 2) at constant
PM, s concentrations suggests that the instrument

120
x at 880 nm
100 { | o at370nm o ° ° °
—Reference line |@ I & 4
g 80/ 3 S s S
< o g [
2 3 o 3
§ o0 : )
2 o o
E ° [)
5 40 o °°
o o
20 | ¥ Y
0 : T T - T
1330 1400 1430 1500 1530 1600
time

Figure 3. Cumulative ATN reported by the aethalometer at 880 and
370 nm during the experiment at constant PM, g concentrations from
diesel exhaust.
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Figure 4. Linear regression applied to determine the regression
coefficients a and b at 880 nm used to correct for particle loading
effect in the aethalometer measurements.

underestimates BC concentrations when the filter is
loaded with diesel soot. In addition, note from Figure 2
an apparent UVPM < BC signal (ratio UVPM/BC:
~0.75) in the reported measurements. Ideally, the BC
concentration (determined from absorption at 880 nm)
should be about equal to the UVPM concentration (de-
termined at 370 nm) because of the inverse relationship
between light absorption and wavelength for a black-
body. However, the difference in the reported concen-
tration of light-absorbing PM from the two available
channels results from the instrument’s preset attenua-
tion efficiency.

Aethalometer Correction
Values for K(ATN) were determined using the relationship
presented in eq 5 for aethalometer measurements (N =
170) at constant concentrations of diesel-generated PM.
Linear regression of K(ATN) versus T or exp(—ATN/100)
produced the coefficients a = 0.13 and b = 0.88 (R* =
0.92) at 880 nm, in eq 6 (see Figure 4). Nearly identical
values of regression coefficients were reported by Kirch-
stetter et al.,2? who applied a similarly strong light-absorb-
ing BC (i.e., with a single scattering albedo of ~0.25) from
a diffusion flame to develop a correction for real-time
aethalometer data. The agreement between the two ap-
proaches suggests that the coefficients reported here can

80 2500
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Figure 5. Correction for particle loading effect K(ATN) applied to
the attenuation coefficient determined with the aethalometer. Note
that the b,y measured at both wavelengths matches the temporal
behavior of the PM, g concentration.
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be used when using the aethalometer to sample aerosol
characterized by low single-scattering albedo in addition
to diesel soot.

A similar approach was used for correcting the atten-
uation measurements at 370 nm (UVPM), which gave the
coefficients a = 0.38 and b = 0.67 (R> = 0.95). The
corrected b, using the K(ATN) correction for filter load-
ing are shown in Figure 5 [corrected value barn/
K(ATN)]. There is good agreement between the temporal
evolution of the PM, 5 concentration and the corrected
b, measured with the aethalometer. In addition, after
applying the above correction, the Spearman’s correlation
coefficient, r (Table 1), improved (>4% points) for all of
the measured PM parameters.

CONCLUSIONS

We have developed a correction for the aethalometer
measurement that enables reliable measurement of re-
al-time concentrations of BC in an environment dom-
inated by fresh diesel soot. This included a correction
for a nonlinear response of the instrument as the filter
becomes loaded with light-absorbing particles. This cor-
rection function was K(ATN) = 0.38 + 0.67 X
exp(—ATN/100) for attenuation of light measured at
880 nm and can be applied, in addition to diesel soot,
when measuring BC in environments dominated by
aerosols with low single-scattering albedo. We used a
specially designed chamber for developing this correc-
tion because of its capabilities to actively maintain con-
stant concentrations of PM, 5 from diesel exhaust emit-
ted from an engine operating under load conditions.
This was necessary to determine the optical artifact
occurring as the filter loads with particles. Additional
work should include determining the attenuation effi-
ciency of soot from fresh diesel exhaust. More work is
required for testing the proposed correction with mixed
aerosol, including nonabsorbing aerosols, as well as in
ambient air with biomass smoke, which has an impor-
tant component of semivolatile OC that may affect the
light absorption measurement from adsorption onto
the aethalometer’s quartz filter.
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