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ABSTRACT

A sampler using inertial fibrous filters (INF) has been recently developed for ultrafine particle collection by impaction
and filtration. This new sampler has a low pressure drop (20-30 kPa) and can separate particles smaller than 0.1 pm with a
high sampling flow rate (40 L/min). In this study, sampling performance of the INF sampler was evaluated in comparison
with a reference sampler in the field as well as in the laboratory and the possible sulfate ion loss when using aluminum
substrates for ion extraction in ultrasonic bath was discovered and investigated. When sampling ultrafine particles (Dp <
0.1 um) such as carbonaceous and ionic species both in the field and in the laboratory, the performance of the INF sampler
was similar to that of a reference sampler despite differences of sampling mechanism, cut-point diameter, and substrate
proving that the INF sampler can be an alternative for ultrafine particle collection. Underestimation of sulfate
concentration appeared to be unavoidable in ultrasonic extractions from aluminum substrates regardless of whether the
extraction time was 30 or 90 min. The average sulfate loss during aluminum filter extraction was 45% (+ 12%; min: 12%;
max: 94%). Therefore, ultrasonic extraction from aluminum filters should be avoided to obtain unbiased measurements of
sulfate concentration in ambient air or other ion extraction methods should be considered to minimize sulfate loss
(dissolution of aluminum ions) from aluminum filters with sufficient extraction efficiency of ionic species.

The results of this study indicate that the performance of the INF sampler is almost similar to that of the nano-MOUDI
sampler for ultrafine particle collection, while advantageous in terms of convenience, and analysis. Furthermore, the INF
sampler can collect amounts of ultrafine particles that are sufficient for chemical analysis in a relatively short time, and the
particles can be uniformly collected with a quartz fiber filter.

Keywords: Inertial classification; Ultrafine particles (PM, ;); nano-MOUDI; Sulfate loss; Aluminum substrate.

INTRODUCTION

Ultrafine and nanoparticles present in the air due to
natural sources and processes, as well as those resulting
from anthropogenic activities have attracted an increasing
level of interest in the last decade (Morawska et al., 2008).
Interest in ultrafine particles (UFPs) in aerosol science has
also increased due to the possible adverse health effects of
exposure to high number concentrations. For example, there
is a correlation between UFPs and alterations in morbidity
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and mortality indices because of respiratory and cardiac
effects and there is also a correlation with increased
proportion of asthma episodes and hospital admissions.
What is more impressive and scientifically challenging is
the latest evidence suggesting possible penetration of UFPs
to the brain and central nervous system (Oberdorster ef al.,
2004; Politis et al., 2008). In order to assess the adverse
health effect of UFPs, it is necessary to determine their
chemical composition. However, various chemical analyses
require the collection of a fairly large number of particles
in order to obtain milligram quantities and achieve sufficient
quantitative accuracy. As a result, collecting a sufficient
mass of atmospheric UFPs requires long sampling times
(Otani et al., 2007).

Low pressure impactors (LPIs) and micro-orifice uniform
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deposit impactors (MOUDIs) have been developed and
used to sample particles with diameters as small as 0.05
pm (Baron and Willeke, 2005). However, analyzing UFPs
is difficult due to the low particle mass at each stage as
well as the long sampling times. In addition, for particles
that are sensitive to evaporation at low pressure, their size
is reduced during the collection process (Biswas et al.,
1987), and several studies have demonstrated significant
evaporation loss of labile species (Biswas et al., 1987,
Zhang and McMurry, 1987; Zhang and McMurry, 1992;
Cheng and Tsai, 1997; Chang et al., 1999; Sekiguchi et al.,
2008). Analysis of aerosols containing carbonaceous
particulates requires optical corrections to minimize
charring; however, non-uniform deposition of impactor
samples causes the optical charring correction scheme to be
uncertain or ineffective (Chow ef al., 2004; Huang and Yu,
2008). Because the principal function of the optical (laser
reflectance and transmittance) component of the analyzer is
to correct for pyrolysis charring of organic carbon
compounds into elemental carbon by continuously
monitoring the filter reflectance and/or transmittance (via a
helium-neon laser and a photodetector) throughout an
analysis cycle (DRI standard operating procedure, 2005)
thus, if a non-uniform particle deposits on the filter is used
for the thermal/optical carbon analysis, there would be
potential sample biases making the irregular filter
reflectance and/or transmittance during the analysis cycle.

Therefore, inertial fibrous filter (INF) samplers for UFPs
collection by impaction and filtration have been recently
developed (Otani et al., 2007) that can efficiently collect
UFPs in sufficient quantities with uniform deposition with a
low pressure drop (20-30 kPa) while the pressure drop of the
existing samplers for UFPs collection is 70-80 kPa for LPI
(Furuuchi ef al., 2010a) and 88 kPa for nano-MOUDI at the
lowest stage (Geller et al., 2002). Unlike the sampling
technique used for LPI or nano-MOUDI which classifies and
collects particles by either increasing the value of the slip
correction, (i.e., by going to low pressures in the impactor),
or by decreasing the nozzle diameter at relatively low flow
rate with several stages in ultrafine particle sizes, the
relatively low pressure drop for UFPs collection in the INF
sampler could be achieved by utilizing the inertial filter with
an optimized filtration velocity and thin fibers achieving a
large inertial effect thus much lower probability of
evaporation loss of labile species due to the relatively low
pressure drop can be expected with the INF sampler.
Furthermore, a high sampling flow rate (40 L/min) can be
used to collect particles in sufficient quantities for chemical
analysis with uniform deposition on a quartz fiber filter.
Several studies have already evaluated the sampling
mechanism and characteristics of INF sampler (Otani ef al.,
2007; Eryu et al., 2009; Furuuchi ef al., 2010a) whereas the
sampler performance test for specific chemical species in
comparison with the existing sampler for UFPs collection
has not been evaluated yet.

There might be an error which has not been discovered
in chemical analysis for ambient particulate matters due to
lack of knowledge or understanding between the target
compounds and analytical procedures. Some of these errors

in analytical procedure can produce underestimation or
overestimation of the actual concentrations of target
chemical compounds. The possible sulfate ion loss when
using aluminum substrates for ion extraction in ultrasonic
bath was discovered from a laboratory comparison
experiment in this study. Thus, this sulfate loss as well as
eluted aluminum ions in ammonium sulfate standard
solution in presence of aluminum substrates as a function
of extraction time in ultrasonic bath was also studied in this
study.

The objective of this study was to evaluate the sampling
performance of INF sampler in comparison with a
reference sampler (nano-MOUDI) for ultrafine particle
collection under laboratory-controlled conditions and in
ambient air for atmospheric particle collection and to
assess sulfate ion loss when using aluminum substrates for
ion extraction in ultrasonic bath which discovered under
laboratory comparison study.

EXPERIMENTAL

Apparatus and Instrumentation

The INF sampler (Japanese Kanomax, Osaka, Japan)
consists of four impaction stages that remove particles with
diameters of 10, 2.5, 1.0, and 0.5 um, respectively onto
quartz filters equipped on each impaction stages. The
performance evaluation of these four impaction stages has
already been evaluated by Furuuchi ef al. (2010a). In their
study, the four impactor stages of PM;(/PM, s/PM; o/PM 5
have been successfully devised with a reasonable accuracy
in cutoff size and the slope of in the collection efficiency
curves. Furthermore, the comparison of particle
concentrations in the four impactor stages obtained by the
INF sampler and other conventional samplers such as high
volume sampler (HV), low volume sampler (LV), low
pressure impactor (LPI), and tapered element oscillating
microbalance (TEOM) for the ambient particles showed a
good agreement and the discrepancies between these
samplers are less than + 15%. The sampler also has one
inertial filtration stage composed of unwoven stainless
steel fibers to remove particles larger than 0.1 pm after the
four impaction stages then consequently particles smaller
than 0.1 pm can be uniformly collected on 47 mm quartz
filter. Fig. 1 shows a schematic diagram of the INF sampler.

The inside diameter of the filter cartridge is 4.75 mm,
and the thickness of the stainless steel fibers (Nippon Seisen
Co., Ltd., felt type, SUS-304) is 9.8 um. The cartridge
contains 14 mg of packing fiber. Since the mesh of SUS
fibers has a high mechanical strength against compression,
the filter structure can be maintained at high filtration
velocities (Furuuchi et al., 2010). More detailed information
on the development and design of INFs is available
elsewhere (Otani et al., 2007; Eryu et al., 2009; Furuuchi et
al., 2010a, b).

Measurement of Particle Collection using INF Sampler
The laboratory tests investigating the particle collection

of the INF sampler were carried out as a confirmation

experiment since development and design of INF sampler
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Fig. 1. Schematic of INF sampler and filter cartridge.

have been already evaluated (Furuuchi er al., 2010a).
Ammonium sulfate particles (0.02 < Dp < 0.3 um) were
introduced into the system using an atomizer (TSI 3076,
Constant Output Atomizer, MN, USA) with a 3.0 mmol/L
ammonium sulfate (99.5% purity, Wako, Japan) solution.
The particle collection of the INF sampler was estimated
using a differential mobility analyzer (DMA) to measure
the particle size distribution (TSI 3080, USA) and an
ultrafine condensation particle counter (UCPC) to measure
the particle number distribution (TSI 3025A, USA). Neither
relative humidity nor temperature was controlled, although
these parameters were monitored with a thermo-hygrometer
(SM-380 multi-hygrometer, Shibaura Electronics, Tokyo,
Japan). The temperature was 27.2°C (£ 0.3°C) and the
relative humidity was 27.1% (+ 0.4%).

Sampling for the Performance Test of INF Sampler in
the Laboratory and the Field

A nano-MOUDI (Nano-Micro orifice uniform deposit
impactor, Model 125B, MSP Corporation, MN, USA) was
used as the reference sampler in this experiment. The nano-
MOUDI operated at 10 L/min using the manufacturer’s
recommended pump (SV-16, Leybold Sogevac) and
classifies particles into the following size intervals: 10, 5.6,
3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, 0.056, 0.032, 0.018 and
0.010 um (MSP, 2004). The pressure drop of each stage
was monitored during particle collection in order to prevent
possible clogging. Ungreased aluminum (Substrate, foil
47mm, MSP) and quartz fiber (Pallflex 2500 QAT-UP,
Pallflex, CT, USA) filters were purchased for nano-
MOUDI. Pre-baked aluminum (600°C for 3h, (Sardar et al.,
2005)) and quartz fiber (900°C for 3h as a backup) filters
with a 47 mm size were used as sampling substrates in the
nano-MOUDI. In addition, pre-baked quartz fiber filters
(900°C for 3h) were used as sampling substrates in the INF
sampler. Carbonaceous and ionic UFP concentrations (Dp
< 0.1 pm for INF, Dp < 0.180 um for nano-MOUDI) were
evaluated in this study.

To measure stable and precise data at high particle
concentrations, laboratory tests were conducted with
ammonium sulfate particles (0.02 < Dp < 0.3 pm) generated
by an atomizer after stabilization of the generated particles
for more than 1 h by checking the number and size
distribution of introduced particles with DMA and UCPC.

The use of Teflon bag with generated particles in a
chamber for the performance test enables us to observe the
correlation between the two samplers for relatively high
concentrations with a controlled environment. A Teflon
bag with a volume of 2 m® was used to sufficiently dilute
particles in a temperature-controlled room. A detailed
experimental setup for the comparison test of samplers in a
chamber is shown in Fig. 2. The concentrations of
ammonium sulfate solution ranged from 1.5 to 10 mmol/L.

The observed temperature and relative humidity were
26.3°C (£ 1.0°C), 27.2% (= 0.9%) respectively. The
sampling duration was 3 h for each test, and thus the total
sampling volume was 7.18 m® for the INF sampler and 1.80
m’ for the nano-MOUDI sampler. Both the INF and nano-
MOUDI samplers were started and stopped at the same time.

Field sampling experiments were conducted on the 10"
floor of the Research and Project Building at Saitama
University from May to June, 2009. In order to collect
sufficient mass for nano-MOUDI sampler, the sampling
duration was 4 days, which corresponds to a total sampling
volume of 220.0 m® for the INF sampler and 55.2 m’ for
the nano-MOUDI sampler. The filter in the INF sampler
was exchanged every 23 h with a newly packed filter
cartridge. When the filter was being changed, the nano-
MOUDI was also stopped and started at the same time.

The ionic compounds were analyzed by ion
chromatography (DX-100 Ion Chromatograph, Dionex, CA,
USA). Collected particles were extracted from the filters
with 15 mL of deionized water in an ultrasonic bath for 90
min at less than 20°C based on the result of extraction
efficiency test. The ion chromatograph was calibrated prior
to analysis. Standard solutions were tested prior to running
experimental samples to monitor any shift in the calibration
response of the instrument. Organic and elemental carbon
were analyzed with a DRI thermal optical carbon analyzer
(DRI Model 2001, Atmoslytic, Inc., CA, USA) based on
IMPROVE protocols (Chow et al., 1993) without optical
corrections since optical correction cannot be used with
aluminum filters. The limit of detection (LOD) for the
methods was defined as the average concentration of the 7
field blanks plus three standard deviation (30) in each
analysis procedure.

Sulfate Loss Assessment

We carried out an experiment investigating extraction
from the quartz fiber and aluminum filters since possible
sulfate loss with an aluminum filter extraction in an
ultrasonic bath was observed. Filters having a 47 mm size
were cut and placed into 30-mL glass bottles, and 15 mL of
standard ammonium sulfate solution prepared in the
laboratory (sulfate concentrations: 0.80, 0.90, 2.40, 3.70
pg/mL, based on the result obtained in the laboratory
comparison experiment) was added to each bottle. The
bottles were capped tightly, sealed with parafilm, and then
extractions were performed for 30, 60, or 90 min in an
ultrasonic bath. The concentrations of the initial standard
solution and a solution subjected to the extraction conditions
for 90 min in the absence of a filter were also measured. Fig.
3 describes schematic experimental procedure.
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Fig. 2. Schematic of experimental setup for particle collection with INF and nano-MOUDI samplers.
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Fig. 3. Experimental procedure for the assessment of sulfate loss in presence of aluminum filters.

After the extraction, each sample was filtered by a PTFE
membrane filter (DISMIC®-13HP, Advantec, Tokyo).
Sulfate and ammonium concentration was analyzed by ion
chromatography (Dionex, DX-100) method and each
extracted solution described in Fig. 3 was adjusted to 0.1
mol/L nitric acid for the analysis of aluminum and ferrous
ions as a confirmation experiment for eluted aluminum
ions in the solution by inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7500cx series).

RESULTS AND DISCUSSION

Particle Collection Efficiency

Particle collection efficiency in the INF sampler was
determined by measuring particle number concentration at
upstream and downstream locations of the test system, and
comparing the number particles at upstream and
downstream of the test system with an inertial filter
cartridge loaded and backup filter unloaded. Particle
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penetration (%) was calculated using Eq. (1):

1 = (Now/Nin)100 6]
where the upstream concentrations is N;,, and the
downstream concentrations is Noy.

The measured particle collection values obtained from
INF sampler are shown in Fig. 4, although particles with
diameters in the range of 0.02-0.04 pm showed a loss of
5-10% within the sampling system. Experimental
difficulties may have caused this nanoparticle loss (0.02—
0.04 um) within the system because there is a stage (space)
between the position of backup filter and outlet of INF
sampler (Fig. 1). More detailed schematic diagram of INF
sampler can be also found elsewhere (Furuuchi et al.,
2010a). Nanoparticle (Dp < 40 nm) loss in this space may
cause 5 to 10% loss within the experimental system
because of Brownian diffusion. We believe that this loss
would be minimized when the filter is loaded. The 50% cut
point of INF sampler was approximately 0.07 pm which
well corresponds with the data obtained by Furuuchi et a/
(2010a) whereas that of the nano-MOUDI sampler is
between 0.10-0.18 um for the upper stage of UFPs.

Sampler Performance Test in the Laboratory

Comparison of the INF sampler with the reference
sampler showed high correlations for UFP concentrations
of ammonium (+* = 0.99) and sulfate (+* = 0.99). A large
difference in the ammonium concentration was not
observed for the two samplers (slope (m) = 1.28), while a
large difference in the sulfate concentration (slope (m) =
0.33) was observed (y-axis: nano-MOUDIygp; x-axis:
INFugp). A T-test also showed that there is a statistically
difference between sulfate concentrations for UFPs
collected by the INF and nano-MOUDI samplers whereas
there is no difference between ammonium concentrations
for UFPs collected by the two samplers. The observed
equivalent ratio between ammonium and sulfate ions can
explain the large difference in sulfate concentration for
UFPs collected by nano-MOUDIygp. The equivalent ratios
observed for INFypp showed similar concentrations of
sulfate while the ratios observed for nano-MOUDIrp were
almost the same at low concentrations (1-2 pg/m’®) but
were less than a half at the high concentrations (over 6 or 7
ng/m’), as shown in Table 1 (expressed as peq/m’).

Sulfate Loss

We hypothesized that the sulfate ions in the nano-
MOUDI samples might have interacted with aluminum
ions (AI’") since the relatively low sulfate concentrations
relative to the ammonium concentrations were observed
only when aluminum filters were used. It has been reported
that the tendency of an anion to alter the behavior of
hydrolyzed metal coagulants was related to its
electronegativity as well as its tendency to react with metal
ions or positively charged sites on metal hydroxide
precipitates (Ge and Zhu 2008).

Thus, if AI** dissolved into the extracted solution from
the aluminum filter, it is possible that it interacted with

SO4* to form aluminum sulfate or aluminum hydroxide
precipitates. This can explain the reduced sulfate
concentration that was observed only when aluminum
filters were used in the extraction. The observed low
sulfate concentrations are unlikely to be the result of
analytical error since the calibration curve was always
checked prior to each analysis and the results shown in
Table 1 were obtained on the same day.

Fig. 5 shows the observed sulfate (a), ammonium (b),
and sulfate loss as a function of extraction time (c) from the
two filters, and eluted aluminum concentrations from
aluminum filters as a function of extraction time (d).

These results clearly show that sulfate loss occurred only
during extraction from the aluminum filters. Only sulfate
concentrations decreased as shown in Fig. 5(a), whereas
the ammonium concentrations of the initial standard
solution and the extraction from the quartz fiber and
aluminum filter were almost constant, as shown in Fig.
5(b). Decreased sulfate concentrations were observed when
using an aluminum filter regardless of whether the
extraction time was 30 or 90 min. Although the rate of
sulfate loss was not linearly related to ultrasonic extraction
time, the sulfate concentration tended to decrease further
when the extraction time lasted 90 min (Fig. 5(c)), possibly
due to increased dissolution of A’ from the aluminum filter
resulting in the increased removal of sulfate from the
solution.

The average sulfate loss was 450.4, 613.9, and 900.5
pg/L for 30, 60, and 90 min extraction time, respectively
while the average eluted aluminum concentrations were
875.2,161.7, 119.1 pg/L for 30, 60, and 90 min extraction
time, respectively. Sulfate loss tends to increase while the
eluted aluminum concentrations inversely decrease with
filter extraction time as shown in Fig. 5(d). This can be
explained that both sulfate loss and eluted aluminum ions
actually increase in all cases, but the observed (decreased)
aluminum concentrations indicate that the formed
aluminum sulfate or aluminum hydroxide as solid phase
(precipitation) in the solution could had already been
eliminated by filtering performed right after extraction
causing high aluminum concentrations (unreacted
aluminum ions) for 30 min extraction and low aluminum
concentrations (reacted with sulfate hence eliminated
aluminum ions from the solution) for 60 and 90 min
extraction. The average sulfate loss from the solution was
45% (= 12%; min: 12%, max: 94%).

The equivalent ratios of sulfate and ammonium observed
in laboratory tests [Lab test] of the samplers and the filter
extraction experiment [Filter test] are compared in Fig. 6.

The linear plots of the data obtained from laboratory
tests of the samplers and the filter extraction from the
quartz filters had slopes (m) that ranged from 0.91 to 0.93,
while those from the aluminum filters had slopes (m) that
ranged from 1.96 to 2.96 (y-axis: ammonium; x-axis:
sulfate). Accordingly, the observed sulfate concentrations
shown in Table 1 were approximately corrected based on
equivalent values of ammonium concentration and a high
correlation (+* = 0.99, m = 0.98) between the two samplers
for sulfate concentration was also observed.
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Table 1. Equivalent ratios of observed sulfate and
ammonium concentrations in laboratory sampling.

INF yrp (ueq/m3) Nano-MOUDI ygp (ueq/m3)
SO,> NH," SO,//NH," SO,/ NH," SO,*/NH,
0.04 0.03 1.24 0.04 0.04 1.07
0.04 0.03 1.21 0.04 0.04 1.07
0.04 0.03 1.22 0.04 0.04 1.02
0.16 0.15 1.07 0.08 0.17 0.47
0.16 0.15 1.05 0.08 0.17 0.48
0.16 0.15 1.05 0.08 0.17 0.49
023 0.18 1.28 0.10 022 0.43
022 0.18 1.26 0.10 023 0.43
022 0.18 1.26 0.10 023 0.42

Sulfate loss during extraction of ions from the aluminum
filter could have affected the actual sulfate concentrations
measured in ambient air since some studies (Pryor et al.,
2001; Misra et al., 2002; Grose et al., 2006) using a MOUDI
have used aluminum filters in ultrasonic extraction for the
analysis of ionic compounds. Although using a Teflon filter
for ion analysis with MOUDI has been widely used, these
filters are sometimes not available for researchers when they
have only one MOUDI available for multi-purpose analysis.
However, the use of aluminum filters in ion analysis or
extraction in an ultrasonic bath must be reconsidered since
this can cause underestimation of the sulfate concentration or
ion balance in ambient air. The use of INF sampler for UFPs
collection has some advantages such as uniform collection,
multi-purpose analysis, and relatively less concerns about
the loss of ionic species.

Sampler Performance Test in the Field

The comparison of the INF sampler with the reference
sampler for measuring UFPs in ambient air showed good
agreement for OC (+* = 0.94) and EC (+* = 0.81), NH," (* =
0.71), and SO~ (* = 0.95) concentrations despite

differences of sampling mechanism, 50% cut-point diameter,
and substrates, as shown in Fig. 7(a). Relatively low
concentrations of EC and NH," in ambient UFPs may have
attributed to the relatively low correlation coefficient values
(low absolute concentrations of EC and NH,  in UFPs
collected by a nano-MOUDI). All of the analyzed
component concentrations (OC, EC, SO,*, NH,") for the
laboratory, field samples were plotted together to observe the
overall correlation between the two samplers (Fig. 7(b)). The
LODs of OC, EC, sulfate, and ammonium with the INF
sampling method were 0.10, 0.01, 0.01, and 0.01 ug/m3
respectively, while those with the nano-MOUDI sampling
method were 0.03, 0.01, 0.02, and 0.01 pug/m’ respectively.
The correlation coefficient was 0.99 (p < 0.001), and the
average INF/nano-MOUDI ratio was 0.93 (n = 44).

CONCLUSION

With this INF sampler, it is also possible to measure
atmospheric gaseous and particulate phase aerosols
simultaneously in combination with an annular denuder
technique (Sekiguchi ef al., 2009) for UFPs collection.

The sampling performance of an INF sampler was
compared with a reference sampler and the possible sulfate
loss when using aluminum substrates for ion extraction in
ultrasonic bath was investigated in this study. The
measured concentrations of the two samplers were in good
agreement for carbonaceous and ionic species despite the
differences of sampling mechanism, 50% cut-point
diameter, and substrate. This study demonstrated that the
performance of the INF sampler is almost similar to that of
the nano-MOUDI sampler for UFPs collection.

Underestimation of sulfate concentration when using
aluminum substrates for ion extraction in an ultrasonic bath
was discovered and investigated. Decreased sulfate
concentrations appear to be unavoidable when using
aluminum filters in ultrasonic extractions, regardless of
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whether the extraction time was 30 or 90 min. Therefore,
the use of aluminum filters with an ultrasonic extraction

method should be avoided in order to obtain unbiased
measurements of sulfate concentrations or other ion
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Fig. 6. Equivalent ratios between sulfate and ammonium observed in laboratory sampler comparison (Lab test) and filter

extraction (Filter test) data.
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Fig. 7. Correlation between INF and nano-MOUDI samplers for concentrations of collected carbonaceous and ionic UFPs
plotted for (a) each species [Field] and (b) all together [Field + Lab].

extraction methods such as vibration or shaking should be
considered as an alternative method to minimize sulfate
loss (dissolution of aluminum ions) from aluminum filters
with sufficient extraction efficiency of ionic species.

The INF sampler is advantageous in terms of
convenience and analysis. Furthermore, it can collect
sufficient amounts of UFPs for chemical analysis,
especially organic carbon, in a relatively short time. The
particles can be uniformly collected with a quartz fiber
filter, which simplifies the analysis of carbonaceous
particles that require optical corrections.
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