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atmosphere with optical pyrolysis correction. The total
OC concentration along with the concentrations of
each OC fraction are then used to estimate the contri-
butions of various OC sources by positive matrix fac-
torization (PMF) (Murillo et al., 2013, 2012; Chiou et

al, 2010; Cao et al., 2006; Liu et al., 2006; Kim and

Hopke, 2004; Kim et al., 2004). Although source parti
cle profiles are not needed for PMF, to understand the
PMF output, it is desirable to clarify the characteristics
of the source carbon-fraction profiles.

The chemical mass balance (CMB) analysis deter-
mines quantitative relationships between source (emis-
sion source particles) and receptor (ambient particles),
but the output depends on whether the given source
profiles are appropriate for the measured receptor pro-
files. Basically, the model assumes that the chemical
species are unchanged between source and receptor;
thus, it targets primary particles rather than secondary
particles. However, by including secondary species in
source profiles, the contribution of secondary particles

can also be estimated (Chen et al., 2015; Lee et al.,

2008). The measured OC fractions of ambient parti-
cles represent a synthesis of the carbon-fraction pro-
files of organic materials in both primary and second-
ary particles. Therefore, if measured OC fractions of
ambient particles could be reversely converted to orga-
nic matter compositions including secondarily pro-
duced materials, important information on formation
processes and emission sources of OAs would be obt-
ained.

In this study, the carbon-fraction profiles of 43 organic
materials that are conceivable as primarily emitted or
secondarily produced were determined, and then the
profiles were categorized into five types by a cluster anal-
ysis. A CMB analysis was conducted using the five car-
bon-fraction profile types of organic materials as source
profiles and OC measurements for not only primarily
emitted but secondarily produced particles on various
kinds of emission sources as receptor profiles, and the
output was evaluated to determine its compatibility with
the known chemical properties of primary and second-
ary particles. In addition, the organic matter composi-
tion of ambient particulate OC collected at a suburban
Tokyo site was experimentally estimated by a CMB anal-
ysis using the five carbon-fraction profile types of the
organic materials, and the results of the estimation were
discussed.

2 www.asianjae.org

2. DETERMINATION OF THE CARBON-
FRACTION PROFILES OF ORGANIC
MATERIALS

2.1 Methods

Carbon-fraction profiles of 43 organic materials, inclu-
ding n-alkanes, polycyclic aromatic hydrocarbons
(PAHSs), carboxylic acids, fatty acids, fatty alcohols,
humic substances, sugars, sugar alcohols, and anhydro-
sugars (Table 1), were determined by thermal optical
analysis. N-alkanes, fatty acids, fatty alcohols, PAHSs,
and carboxylic acids are known as major components
of primary and/or secondary OA and measured widely
(Seinfeld and Pandis, 2006; Gelencsér, 2004). Humic
substances, sugars, sugar alcohols, and anhydro-sugars
are high-molecule materials and originated from natu-
ral matter, which are not so measured widely but were
prepared for the variety of materials. The availability
and solubility of the reagent were also considered. Sol-
utions of the organic materials were prepared as fol-
lows: n-alkanes, fatty acids, and fatty alcohols were dis-
solved in hexane (500 ppm), PAHSs were dissolved in
acetonitrile (100 ppm), and humic substances were dis-
solved in aqueous sodium hydroxide (313 ppm for
humic acid and 800 ppm for fulvic acid), whereas water
was used as the solvent for carboxylic acids (1000
ppm), sugars and sugar alcohols (2000 ppm), and
anhydro-sugars (800 ppm for levoglucosan and 2000
ppm for galactosan). All reagents used, except humic
substances, were special grade. Humic substances obta-
ined from ando and brown forest soils in Japan (Wata-
nabe et al., 1994) were supplied by the Japanese Humic
Substances Society. The sample solutions (10 to 20 L)
were then applied to preheated quartz fiber filters (Pall,
2500QAT-UP, 8 mmg) and analyzed by the IMPROVE
analysis protocol by using a DRI model 2001A carbon
analyzer (Chow et al., 1993). Seven fractions were
determined: OC1 (120°C), OC2 (250°C), OC3 (450
°C), and OC4 (550°C) in a He atmosphere, and EC1
(550°C), EC2 (700°C), and EC3 (800°C) in a 2% O,
and 98% He atmosphere; however, the organic materi-
als were not expected to include EC. The amount of
pyrolyzed organic carbon (OCP) in each filter sample
was also estimated by transmittance because of the
sample solutions. Transmittance can sense the pyroly-
sis of the sample solution permeated into the whole
cross section of the filter. Each sample was loaded into
the analyzer as soon as the solvent had evaporated (eva-
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Table 1. Organic materials used in this study and the type into which each was categorized on the basis of its carbon-fraction profile. Note
that two kinds of humic substances, fulvic and humic acid, from two different soils (ando and brown forest soils) were used.

n-alkanes Type
Octadecane Ci18 |
Eicosane C20 |
Tetracosane C24 |
Pentacosane C25 |
Hexacosane C26 |
Triacontane C30 1
Hentriacontane C31 1
Tetracontane C40 ]

Polycyclic aromatic hydrocarbons (PAHs)
Benzo[a]anthracene (BaA) |
Benzo[a]pyrene (BaP) Il
Benzo[b]fluoranthene (BbF) 1
Benzo[ghi]perylene (BghiP) 1
Benzo[K]fluoranthene (BkF) 1

Carboxylic acids
Acetic acid C2 11
Oxalic acid C2 v
Malonic acid C3 11
Succinic acid C4 11
Maleic acid C4:1 11
Glutaric acid C5 11
Adipic acid C6 11
Azelaic acid C9 11
Phthalic acid 11

Fatty acids Type
Palmitic acid C16: Il
Stearic acid C18: Il
Oleic acid C18: Il
Lignoceric acid C24: 1l
Melissic acid C30: 11

Fatty alcohols
1-Octadecanol C18 Il
1-Tetracosanol C24 1
1-Triacontanol C30 -

Humic substances
Fulvic acid Y
Humic acid 11

Sugars
Sucrose ]
Galactose Il
Glucose I
Fructose 1
Mannose 1

Sugar alcohols
Mannitol 1
Arabitol 1l

Anhydro-sugars
Levoglucosan Il
Galactosan |

O O OO

poration time was no more than 30 min), and the orga-
nic solvents (hexane and acetonitrile) did not affect the
analysis. The blank was as the same level as preheated
filter (below 0.03 pgC) and the adsorption from ambi-
ent air was negligible. The analyzed carbon mass was
1.2 t0 9.6 ygC except for sugars and sugar alcohols (9 to
20ugC).

2.2 Results and Discussion

The carbon-fraction profile of each of the 43 organic
materials was determined (Fig. 1). Note that the car-
bon-fraction profiles are analyzed by the IMPROVE
protocol. The analyzed carbon amount in each organic
material was generally consistent with the calculated
amount. The general characteristics of the carbon-frac-
tion profiles can be summarized as follows.
n-alkanes: OC1 was the dominant fraction in com-
pounds with relatively low carbon numbers such as eico-
sane (C20), and OC2 was the dominant fraction in
those with high carbon numbers such as triacontane
(C30), hentriacontane (C31), and tetracontane (C40).
These results are consistent with the known greater vola-

tility of n-alkanes with fewer carbons. The proportions
of OC3, OC4, and OCP in n-alkanes were extremely
low. One of the index which indicate the characteristics
of n-alkanes is the carbon preference index (CPI), and
the value of CP1 is large when biogenic aerosols derived
from higher plants are rich due to predominance of odd
carbon number n-alkanes, whereas the value of CP1 is
close to 1 when the contribution of aerosols from fossil
fuel burning become larger, which imply that n-alkanes
show neither odd nor even carbon number dominance
in aerosols from fossil fuel burning (Gelencser, 2004).
However, the carbon-fraction profiles of adjacent odd
and even carbon number rralkane pairs, such as pentaco-
sane (C25) and hexacosane (C26), and triacontane
(C30) and hentriacontane (C31), were similar.

PAHs: OC1 was the dominant fraction in benzo[a]
anthracene (BaA), which has four benzene rings, whe-
reas OC2 was the dominant fraction in the other PAHS,
which have five or more benzene rings. Thus, this result
is consistent with the known greater volatility of PAHs
with fewer benzene rings.

Carboxylic acids: OC4 was the largest fraction in oxalic
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Fig. 1. Carbon-fraction profiles of the organic materials.
respectively.

acid, which is generally the most abundant carboxylic
acid in ambient aerosols (Kumagai, et al., 2010; Kawa
mura and Yasui, 2005; Kawamura and Ikushima, 1993).
In the other carboxylic acids, OC3 was the dominant
fraction. Unlike the n-alkane and PAH profiles, the car-
bon-fraction profiles of the carboxylic acids did not show
any trend related to carbon number. OCP was also found
in the dicarboxylic acids, although in small proportions.
Fatty acids: OC1, OC2, and OC3 were the dominant
fractions in the fatty acids, but the proportions of each
differed. Palmitic acid (C16: 0) and stearic acid (C18:0)
are the main fatty acids found in ambient aerosols (Sein-
feld and Pandis, 2006; Gelencsér, 2004). In palmitic
acid, the proportions of OC1, OC2, and OC3 were simi-
lar, whereas in stearic acid, OC3 was dominant, and
OC1 was hardly present. In contrast, the dominant frac-
tion in oleic acid (C18: 1), an unsaturated fatty acid, was
ocC2.

Fatty alcohols: The dominant fraction in 1-octadeca-
nol (C18) and 1-tetracosanol (C24) was OC2, whereas
both OC3 and OC4 were major fractions in 1-triacon-
tanol (C30). Thus, unlike the fatty acids, fatty alcohols
with higher carbon numbers had higher proportions of
OC3and OCA4.

Humic substances: The carbon-fraction profiles of ful-
vic acid were dominated by OC3, OC4, and OCP, and
the proportion of OCP was notably higher than that in
the other organic materials. The carbon-fraction profiles
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Phthalic acid |l

Palmitic acid

Humic acid A

Fulvic acid B

Humic acid B
Sucrose

Galactose
Arabitol

Stearic acid |I
Oleic acid
Lignoceric acid
Melissic acid
1-Octadecanol
1-Tetracosanol
1-Triacontanol [IT
Fulvic acid A
Glucose
Fructose
Mannose
Mannitol
Levoglucosan
Galactosan

Fulvic and humic acids A and B originated from ando and brown forest soils,

of humic acid were similar to those of fulvic acid, except
that in humic acid the proportion of OCP was lower and
the proportion of OC3 was higher. In addition, the
humic acid profiles, unlike the fulvic acid profiles, includ-
ed OCL.

Sugars and sugar alcohols: The carbon-fraction pro-
files of sucrose, galactose, fructose, mannose, mannitol,
and arabitol were very similar, and the OC2 fraction was
dominant. OCP was also present in small proportions.
Anhydro-sugars: The levoglucosan profile was domi-
nated by OC2, OC3, and OC4, whereas in galactosan,
OC1 was the dominant fraction.

To examine the influence of carbon number, the car-
bon-fraction profiles of organic materials with the same
number of carbons (C18, C24, or C30) among n-alk-
anes, fatty acids, and fatty alcohols were compared.
Among C18 materials, OC1 was dominant in octadec-
ane (n-alkane), OC2 was dominant in oleic acid (fatty
acid) and 1-octadecanol (fatty alcohol), but OC3 was
dominant in stearic acid (fatty acid). Among C30 materi-
als, OC2 was dominant in the n-alkane (triacontane);
OC3 was the dominant fraction, and the proportion of
OC1 was relatively high in the fatty acid (melissic acid);
and in the fatty alcohol (1-triacontanol), OC3 and OC4
were the dominant fractions. Among C24 materials, sim-
ilar to C18 materials, OC1 was dominant in the n-alkane
(tetracosane), and OC2 was dominant in the fatty alco-
hol (1-tetracosanol). However, the carbon-fraction pro-



file of the fatty acid (lignoceric acid) was similar to that
of the C30 fatty acid (melissic acid), except with a larger
proportion of OC3. Relationships among the profiles of
nralkanes, fatty acids, and fatty alcohols were not neces-
sarily consistent, but the carbon-fraction profiles of fatty
acids and fatty alcohols tended to include higher temper-
ature fractions compared with those of the n-alkanes. In
materials with fewer carbons (C18), the dominant frac-
tion changed from OC1 in the n-alkane to OC2 and
OCa3 in the fatty acids and fatty alcohol, whereas in
materials with more carbons (C30), the dominant frac-
tion changed from OC2 in the n-alkane to OC3 and
OC4 in the fatty acid and fatty alcohol.

In this study, a quartz fiber filter that the sample solu-
tions were impregnated (followed by solvent evapora-
tion) was used to determine the carbon-fraction profiles.
The difference of the existing state of organic materials
such as surface-to-volume ratio between impregnated
solutions and airborne particles on a filter could affect
the thermal behavior during the thermal optical analysis.
A more realistic approach would be collecting particles
on a filter produced by atomizing organic compound
solutions. As for the sample analysis, the actual tempera-
ture at an analyzed filter sample is important to deter-
mine the carbon-fraction profiles. The difference bet-
ween the setting temperature of IMPROVE protocol
and the actual temperature at a filter sample is caused by
the temperature control and the distance between a ther-
mocouple and a filter sample. In the case of the DRI
model 2001A carbon analyzer used in this study, the
temperature control of OC1 (120°C) is not so fine com-
pared to other fractions, though the difference was
around 3 or 4°C in this study. With regards to the dis-
tance, the tip of the thermocouple is situated under the
quartz boat that the filter sample is placed in the ana-
lyzer and thus the thermocouple is very close to the fil-
ter sample (around 2 or 3 mm). The variation of OC1
temperature affect to the reproductivity of OCL1 fraction.
Oher than that, the broad peak tailing of detector signal
affect to the reproductivity of the OC fraction due to the
procedure of dividing carbon-fraction by IMPROVE
protocol. OC fractions are divided when the slope of the
detector signal is closer to flat no matter whether the
detector signal recover to the baseline or not, and thus
the variation of dividing involve the following carbon
fraction. Moreover, it is unavoidable that the relative
standard deviation (RSD) of the minor carbon fraction
(the fraction with low carbon mass) become larger

Experimental Characterization of PM, s Organic Carbon

(~150% in this study). However, the reproductivity of
the minor carbon fraction less affect the carbon-fraction
profile, because in this study the pattern similarity of the
carbon-fraction profile is important (Section 3) and the
major carbon fraction contributes to it much more than
the minor carbon fraction. Several patterns of the car-
bon-fraction profile such as single fraction dominant
(eicosane, tetracontane), double fraction dominant (hex-
acosane, oxalic acid, malonic acid, acetic acid, humic acid
and sucrose), and triple fraction dominant (fulvic acid
and levogulcosan) were examined, and the RSDs of the
these major carbon fraction by 4 or 5 repetitions were
relatively small such as OC1 of eicosane (1%), OC1 and
OC2 of hexacosane (8% and 23%), OC3 and OC4 of
oxalic acid (18% and 8%), OC3, OC4 and OCP of fulvic
acid (7%, 12% and 23%). Among those fractions OC2 of
hexacosane (23%) and OCP of fulvic acid (23%) were
affected by the previous broad peak tailing. Note that the
relatively worse RSD was found on levogulcosan (OC2
15%; OC3 23%; OC4, 25%).

3. CMB ANALYSIS OF THE CARBON-
FRACTION PROFILES OF ORGANIC
MATERIALS IN SOURCE
PARTICULATE OC

3.1 Methods

For the CMB analysis, the carbon-fraction profiles of
the 43 organic materials were first categorized into five
types based on the results of a cluster analysis (Table 1).
The cluster analysis was carried out by Ward’s method
using normalized data and squared distances. Type |
comprised OC1-dominant organic materials, namely,
C18-26 n-alkanes, the PAH with four benzene rings
(BaA), and galactosan. Type Il comprised the OC2-
dominant organic materials, C30-40 n-alkanes, PAHs
with five or more benzene rings, oleic acid (C18: 1 fatty
acid), C18 and C24 fatty alcohols, the sugars and sugar
alcohols, and levoglucosan. Thus, n-alkanes and PAHs
were categorized into Type | or 1l depending on the
number of carbons or number of benzene rings, respec-
tively. Type 111 comprised OC3-dominant organic mate-
rials, namely, the carboxylic acids (except for oxalic acid),
the fatty acids (except for C18: 1), and humic acid. Type
IV contained only oxalic acid (dominantly OC4), and
Type V contained only fulvic acid (which included OCP
as a major fraction). Although 1-triacontanol was also
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categorized individually, this was excluded from the
CMB analysis, because the number of types must be five
in order to solve the 5 by 5 matrix calculation in the CMB
analysis and because 1-triacontanol is less abundant than
either oxalic acid and fulvic acid in atmospheric aerosols.

Next, five carbon-fraction profile patterns were obta-
ined by averaging the profiles of the organic materials in
each type (Fig. 2); the standard deviations were used as
the pattern uncertainties in the CMB analysis. Then, a
CMB analysis using the five carbon-fraction profile pat-
terns of the organic materials and particulate OC data
from various kinds of emission sources was carried out.
For this analysis, CMB 8.0 of the U.S. Environmental
Protection Agency and an add-in software routine pro-
grammed in VBA for Microsoft Excel were used. Mathe-
matical principle of the CMB model is simultaneous
equations shown briefly as below.

C=xS j=Typel, Typell, Type lll,
Type IV, Type V (1)
Ci=XZA;S i=0C1,0C2,0C3,0C4,0CP (2

C represents measured concentration of OC, and C; rep-
resents measured concentration of the i-th OC fraction.
S; is the contribution of the j-th type of carbon-fraction
profile. Ay is the fractional abundance of the i-th OC
fraction in the j-th type of carbon-fraction profile. In this
section C; was normalized to unity because only the frac-
tion profile needs to be obtained. The calculations were
carried out by the effective variance least-squares meth-
od with elimination of negative contribution.

For the particulate OC data on emission sources, mea-
surements of particulate emissions in the Tokyo metro-
politan area (Tokyo Metropolitan Government, 2012a)
were used in the CMB analysis. The emission sources,
including fossil fuel combustion, biomass burning, cook-
ing, and soil and road dust, are summarized in Table 2.
Particles in the primary emissions were collected from
flues by an Andersen stack sampler with a PM, 5 cut-off.
In addition, condensable particles were secondarily pro-
duced from gaseous materials by the air dilution method
(dilution ratio 20) with a 16.7-L residence chamber (res-
idence time 10 s at ambient temperature), and were col-
lected on a quartz fiber filter. Sample air from flues was
first passed through a PM, 5 cyclone; thus, fine primary
particles took a role as the condensation cores. The exh-
aust gas temperature was above 100°C (107 to 313°C)
for natural gas, heavy oil, and incinerators, whereas
below 100°C (56 to 81°C) for biomass and furnaces of
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Fig. 2. The five patterns of carbon-fraction profiles determined
by averaging the profiles of the organic materials in each type.

steel and glass scraps (Tokyo Metropolitan Government,
2012b). The temperature at the gas meter of condens-
able particle sampling was around the ambient air tem-
perature (8 to 44°C, depending on the season and the
environment of the sampling place). Automobile exh-
aust emissions were sampled by using a chassis dyna-
mometer, which collects primary particles only without
size separation, and no condensable particle data were
available for kitchen emissions. Further, only primary
soil and road dust particles were collected by an air sam-
pler in a small chamber by the resuspension method.
The carbon-fraction profiles of emission source particles
were determined by the thermal optical method in the
same way as the organic materials (Section 2). The emis-
sion source particles were measured once for each emis-
sion source, and thus the measured data was given as it
is, and a very small value (10™%) was uniformly given as
the standard deviation due to avoiding impossibility of
calculation with no deviation. Note that it is very rare for
chemical data on size-separated primary particles and
secondarily produced condensable particles from vari-
ous kinds of emission sources to be measured by the
same method, even if the measurement for each emis-
sion source is only once.

3.2 Results and Discussion

The results of the CMB analysis for particulate OC
of the emission sources are shown in Fig. 3. The emis-
sion sources are roughly classified by fuel or burning
material as following subsections.
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Table 2. Emission sources used in this study (Tokyo Metropolitan Government, 2012a). An asterisk denotes particles not separated by

size.
Kinds of source Emission source Exhaust treatment

Boiler A Natural gas Exhaust gas recirculation (EGR)
Boiler B Natural gas None
Engine Natural gas Diluted combustion
Turbine Natural gas Denitration

FOSSL‘ f“t‘?l Boiler A Heavy oil None

combustion Boiler B Heavy oil Electrostatic precipitator and denitration
Ship Heavy oil None
Automobile A* Light oil EGR and oxidation catalyst
Automobile B* Light oil EGR and urea catalyst

Waste incineration

Incinerator A
Incinerator B

Municipal solid waste
Municipal solid waste

Bag filter, scrubber, and denitration
Bag filter, scrubber, and denitration

Incinerator A
Incinerator B

Sewage sludge
Sewage sludge

Ceramic filter and scrubber
Electrostatic precipitator and scrubber

Biomass burning Rice straw None
. . Biomass burning Grass and pruned branches None

Biomass burning

Boiler Wood chips Multicyclone

) Restaurant kitchen Food Grease filter

Cooking Domestic kitchen Food None

Furnace Steel scrap Bag filter

Furnace Glass scrap Desulfurization and cyclone
Other ] - -

Soil dust Soil dust particles None

Road dust Road dust particles None

3.2.1 Fossil Fuel Combustion

The results for primary and condensable particles in
emissions from the two boilers, engine, and turbine
fueled by natural gas were similar. Organic materials in
Types 11 and 111 were the major components of prima-
ry particles, but organic materials in Type Il were dom-
inant in condensable particles, except those emitted by
the turbine (dominantly Type I). The OC fraction pro-
files of the two boilers and the ship fueled by heavy oil
were different. Type Il was the major component of pri-
mary particles from boiler B and the ship, whereas Type
V was dominant in those from boiler A. The 2 (the
residual sum of squares) and r? (the coefficient of deter-
mination) in the CMB analysis results represent the fit of
the model; the smaller x? is, the better the result is, and
the closer r? is to 1, the better the result is. x> were ranged
from 0.10 to 4.3 along with r>=0.92 except for the pri-
mary particles of boiler A, which was quite large (51)

with r?=0.87, and the carbon-fraction profile included a
large EC1 fraction. By the pyrolysis correction, reflec-
tance is used to divide the EC1 fraction into OCP and
corrected EC1 amounts; thus, a large amount of EC1 in
boiler A emissions may have led to overestimation of
OCP through the influence of small reflectance varia-
tion. Type Il was the dominant component in condens-
able particles from boiler A and the ship, whereas Type |
was dominant in those from boiler B. This difference
between boiler A and boiler B emissions might have
been due to the exhaust treatment applied to boiler B
(see Table 2); however, it is well known that fossil fuel
combustion is the main emission source of alkanes and
PAH:s (categorized in Types | and I1). The larger contri-
bution of Type | to condensable rather than primary par-
ticles is reasonable, because alkanes with fewer carbons
and PAHSs with fewer carbon rings are more volatile.

The two automobiles (both with diesel-fueled engi-
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Fig. 3. Percentages of the five types of organic materials in particulate OC of the emission sources listed in Table 2 for (a) primary and (b)
condensable particles, estimated by the CMB analysis. An asterisk denotes particles not separated by size.

nes) in general use at the time when the measurements
were carried out (2008-2010) were in compliance with
different emission regulations (those applied to new
vehicles in 1997-1999 and 2005, respectively). Howev-
er, Type 11 was the dominant component of emitted par-
ticles from both automobiles, although Types Il and IV
were also major components of particles from automo-
bile B. x* were 0.10 and 1.5 with r>=0.99 and 0.98 for
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automobile A and B, respectively. PMF analyses have
assigned diesel engine emission sources to carbon-frac-
tion profiles dominated by OC2 or OC3 (Chiou et al.
2010; Cao et al., 2006; Liu et al., 2006; Kim and Hopke,
2004; Kim et al., 2004). These PMF results are consis
tent with the profiles obtained in this study because
Type Il is composed mainly of OC2, and Type Il con-
sists dominantly of OC3.



3.2.2 Waste Incineration

The fit of the model for waste incineration was calm
(x*=0.42 to 2.7, r*=0.95). The primary particle emis-
sions from municipal solid waste incinerator A consisted
mainly of Type Il organic materials, and those of inciner-
ator B were dominated by Types Il and I11. The con-
densable particle emissions of both incinerators were
composed dominantly of Type II, followed by Type I.
The difference in the primary particles might be due to
differences in the waste composition. The primary parti-
cle results for incinerator B and the condensable particle
results for both incinerators were similar to those for the
boilers and engine fueled by natural gas.

The results for sewage sludge incinerators A and B
were similar, although both Types Il and I11 were major
components of primary particles from sewage sludge
incinerator A, whereas Type 111 was dominant in those
from incinerator B. Condensable particles from both
incinerators were mainly composed of Type Il. The
results for the two sewage sludge incinerators were
roughly similar to those for municipal solid waste incin-
erator B.

3.2.3 Biomass Burning

The biomass burning results depended on whether
rice straw, grass, or branches were burned. Type V was a
major component of both primary and condensable par-
ticles, although Type 11 was a larger component than
Type V of emissions from biomass burning of grass and
branches. Type V was also a major component of prima-
ry particles emitted from the boiler fueled by wood
chips, although x* and r> were the worst (83 and 0.69,
respectively). The carbon-fraction profile of the boiler
fueled by wood chips included a large EC1 fraction, sim-
ilar to boiler A fueled by heavy oil. Note that in the case
of particles emitted from biomass burning of rice straw
x? and r? were slightly worse (4.1 and 0.89, respectively);
however, except for the two cases x? were ranged from
0.10 to 1.5 along with r>=0.95. Anhydro-sugars (e.g.,
levoglucosan) are used as tracers of biomass burning
(Simoneit et al., 1999), and total sugars are strongly cor
related with levoglucosan (Scaramboni et al.2015). In
addition, sugars such as mannose, glucose, and sucrose
tend to correlate with levoglucosan (Theodosi et al.,
2018). The large contributions of Type Il in the biomass
burning results is consistent with these findings. Humic-
like substances (HULIS) such as fulvic acid have been
reported in atmospheric aerosols (Zheng et al., 2013),
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and their emission sources include biomass burning
(Salma et al., 2010; Mayol-Bracero et al., 2002), soil
(Simoneit, 1980), plants (Salma et al., 2010; Mukai and
Ambe, 1986), and the ocean (Krivacsy et al., 2008;
Cavalli et al., 2004). Notably, HULIS concentrations are
higher in aerosols where biomass burning is being con-
ducted (Lin et al., 2010; Salma et al., 2010; Mayol-Brace-
ro et al., 2002). Therefore, the high percentages of Type
V in the biomass burning emissions in this study is con-
sistent with these previous results. PMF analysis results
have shown that OC3 is a major fraction in carbon-frac-
tion profiles of wood smoke (Murillo et al., 2013, 2012;
Kim and Hopke, 2004; Kim et al., 2004). This difference
might be due to differences in the kinds of biomass being
burned or the effects of meteorological parameters on
open burning, or it might reflect model limitations.

3.2.4 Cooking

Cooking emission results differed between the domes-
tic and restaurant kitchens. Type Il was a larger compo-
nent of the domestic kitchen emissions, whereas Type |
was the dominant component of the restaurant kitchen
emissions, followed by Type I11. Oil content was also
reported for lunch and dinner cooking in the domestic
kitchen; thus, the emitted particles were likely to be rich
fatty acids (Type I1). Stearic, palmitic, and oleic acid are
the main fatty acids in organic aerosols derived from
cooking emissions (Zhao et al., 2015). Although the rea
son for the different results between the domestic and
restaurant kitchens is not obvious, they might reflect dif-
ferences in the items cooked or in the exhaust treatment.
Note the ¥ were 2.4 and 0.14 with r>=0.94 and 0.99 for
the domestic and restaurant kitchens, respectively.

3.2.5 Other

The results for emissions from the furnaces that
burned steel and glass scrap were similar. Types Il and 111
were the major components of the primary particles.
Type Il was the major component of condensable parti-
cles from the furnace burning steel scrap, whereas Type |
was the major component of the furnace burning glass
scrap. Soil dust and road dust particles were mainly com-
posed of Type V. Chow et al(2003) have reported that
OC3 and OC4 are the dominant OC fractions in dust
from six different areas in California. Of course, because
soil types can show large spatial differences, the domi-
nant OC fractions of soils can differ between California
and Tokyo. The predominance of Type V in the dust
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particles in this study is not surprising because soils in
Japan typically contain abundant HULIS. Note that ¥
were ranged from 0.10 to 3.0 along with r?=0.91 for
those four sources.

4. APPLICATION OF THE CMB MODEL
TO AMBIENT PARTICULATE OC

4.1 Methods

Ambient PM, ;5 samples were collected with a low-vol-
ume air sampler (Thermo, FRM-2025) on preheated
quartz fiber filters (Pall, 2500QAT-UP, 47 mm¢) during
24-h sampling periods. The sampling was carried out at
Kazo, a suburban site 50 km from central Tokyo, from
October 2013 to August 2014, and around 20 samples
were collected during each season. A honeycomb acti-
vated carbon denuder (Thermo, 3500) was used to pre-
vent positive sampling artifacts.

OC and EC in the samples were analyzed by the ther-
mal optical method with a DRI model 2001A carbon
analyzer (Chow et al., 1993), and the IMPROVE analy
sis protocol was applied as described in section 2.1. The
following seven fractions were estimated: OC1 (120°C),
OC2 (250°C), OC3(450°C), and OC4 (550°C) in a He
atmosphere, EC1 (550°C), EC2 (700°C), and EC3
(800°C) in an atmosphere of 2% O, and 98% He. OCP
was estimated from the reflectance of each filter sample.

The CMB analysis was carried out as described in
section 3.1, using the averages and standard deviations
calculated from the measurements obtained for each
season.

4.2 Results and Discussion

The ¥* and r? in the CMB analysis results were satisfac-
tory (x*<0.1 and r2=0.99) for all seasons; thus, the fit
of the model to the measurement data was good. In all
seasons, Type V accounted for about 50% or more of all
OC, followed by Type 11 (30-40%). The organic materi-
al of Type V was fulvic acid alone in this study, but only
one study has reported fulvic acid concentrations in
aerosols in Japan (Yamanokoshi et al., 2014). According
to Yamanokoshi et al(2014), the average concentration
of fulvic acid in aerosol particles with diameters smaller
than 10 um measured in Tokyo ranged from 0.6 yg/m?
(summer) to 1.3 ug/m?® (autumn) (from 0.3 to 0.6 pg/m?
as OC). For comparison, the average OC concentration
in PM, 5 in Tokyo during the four seasons ranged from 2
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Fig. 4. Percentages of the five types of organic materials in ambient
particulate OC measured in Kazo, estimated by the CMB analysis.

to 3 pg/md. Although the measured particle size frac-
tion and the measurement period and site were not the
same for fulvic acid and OC, these results indicate that
fulvic acid accounts for roughly 20% of OC in aerosols
in Tokyo. Therefore, the estimated contributions of
Type V at Kazo in this study are different from the ful-
vic acid contributions reported by Yamanokoshi et al.
(2014) for aerosols measured in Tokyo. Yamanokoshi et
al.(2014) have suggested that HULIS in Tokyo are pro-
duced by secondary photochemical reactions in summer
and by biomass burning in autumn. In summer, concen-
trations of photochemical oxidants are higher at Kazo
than in Tokyo because Kazo is located downwind of
Tokyo, whereas in autumn, biomass burning is conduct-
ed much more frequently around Kazo than in Tokyo.
Therefore, the concentration of fulvic acid in aerosols
may be higher at Kazo than in Tokyo. Type V was a
major component of both primary and condensable par-
ticles from biomass burning (Section 3). However, the
carbon-fraction profile of Type V includes a high pro-
portion of OCP (Fig. 2), and other organic materials
with a high proportion of OCP may not have been con-
sidered as Type V in this study. Therefore, the carbon-
fraction profiles of more organic materials need to be
investigated.

Type Il is composed of organic materials that originat-
ed from fossil fuel combustion (n-alkanes and PAHS),
biomass burning (levoglucosan and sugars), and biogenic
emissions (sugars and sugar alcohols). Fossil fuel com-
bustion emissions likely contributed to the aerosols col-
lected during all four seasons, whereas biomass burning is
conducted in a wide area around Kazo mainly in autumn,
Biogenic emissions generally increase during the season



when vegetation is growing. Theodosi et al(2018) have
reported that mannitol concentrations, as well as glu-
cose, fructose, and sucrose concentrations, increased
throughout the growing season in aerosols sampled at a
remote site in Crete. The seasonal differences in the
Type Il contribution may reflect increased biogenic emis-
sions in summer (37%) and biomass burning emissions
in autumn (34%). The percentage contributions of Type
I, which were found only in autumn and winter, are rea-
sonable, because the relatively more volatile materials of
this type would form aerosol particles by condensation at
low temperatures. Type 111 was found only in winter, and
the highest Type IV contribution was also seen in winter.
Type 111 consists of a mixture of various materials, mainly
acids, and Type 1V consists only of oxalic acid.

To verify the estimated organic matter composition,
the comparison with the measured organic materials of
the ambient samples is needed. The estimated organic
matter composition is desired to be similar to seasonal
trend of the measured organic materials that represent
each type. However, considering that carboxylic acids are
mostly produced photochemically, it would be difficult to
explain the seasonal trends of Type 111 and IV. Also, the
carbon-fraction profiles of more organic materials are
needed to be analyzed in order to make better estimation
of organic matter composition, especially because the
only one compound was assigned to Type IV and V of
the carbon-fraction profiles. In addition, as a limitation of
this study, the carbon-fraction profiles are usable only for
EC/0C measurements performed by IMPROVE proto-
col, since the database of emission source particles were
compiled by IMPROVE protocol (Section 3), and ambi-
ent particles mostly analyzed by IMPROVE protocol in
Japan. Different temperature protocols like a NIOSH
(Peterson and Richards, 2002), EUSAAR2 (Cavalli et al.,
2010) or newly used IMPROVE_A (Chow et al., 2007)
have different temperature steps and so logically different
carbon-fraction profiles. Nonetheless, this study would
offer some clues of understanding the organic composi-
tion.

5. CONCLUSIONS

The carbon-fraction profiles of 43 organic materials
among the n-alkanes, PAHSs, carboxylic acids, fatty
acids, fatty alcohols, humic substances, sugars, sugar
alcohols, and anhydro-sugars were determined and cat-
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egorized into five types. The major components of the
carbon-fraction profiles of particulate OC from various
emission sources, including fossil fuel combustion,
waste incineration, biomass burning, and cooking, obt-
ained by a CMB analysis using the five carbon-fraction
profile types were generally reasonable considering the
known chemical properties of emission source parti-
cles, though the large EC1 fraction of the emission sou-
rce particles might make the fit of the CMB relatively
worse. The seasonal compositions of ambient particu-
late OC measured at a suburban Tokyo site estimated
by a CMB analysis using the five carbon-fraction pro-
file types were partially consistent with expected sea-
sonal differences. Although the type that OCP is the
major fraction was found to be dominant in all seasons,
the carbon-fraction profiles of more organic materials
need to be investigated. The method presented in this
study would offer some clues of understanding the
organic composition from carbon-fraction profiles mea-
sured under the same conditions.
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