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ABSTRACT
In this work, a mini-CAST soot generator was used to produce soot with different optical and
physicochemical characteristics. Absorption A

�
ngstr€om exponents (AAE) expressing the absorption

wavelength dependence were assessed by multiwavelength in-situ and filter-based (aethalometer)
laser extinction. The two optical techniques showed good agreement. For the chosen mini-CAST
operating conditions, AAEs between 1 and 3.5 were found. Soot with high mass-fractions of organic
carbon (OC) and pyrolytic carbon (PC) determined with thermal optical analysis were associated with
AAEs significantly higher than 1. Heating to 250 and 500�C removed the majority of polycyclic
aromatic hydrocarbons. However, the thermal-optical analysis revealed that OC and PC were
abundant in the soot with AAE > 2 also after heating the aerosol. Analysis of mass absorption cross
section ratios for elemental carbon and OC indicated that elevated AAEs also after heating to 500�C
could be related to persistent OC and PC components and/or the refractory soot. By comparing the
mini-CAST soot optical properties with soot properties derived from in-situ extinction measurements
in a premixed flame, mini-CAST soot with a higher AAE could be identified as less mature soot.

EDITOR
Matti Maricq

1. Introduction

Soot particles are formed as a result of incomplete combus-
tion, for example in forest fires, internal combustion engines,
power plants, and indoor open fire cooking. Their physico-
chemical and optical properties depend on, and can vary sig-
nificantly, with the combustion process from which they
originate (Wang 2011; Bockhorn 2013). A rapid cooling to
ambient temperatures occurs after soot is emitted to the
atmosphere from a combustion process at high temperature.
During this cooling process, semivolatile and low-volatile
substances in the exhaust condense on soot surfaces. Soot is,
therefore, often described as consisting of a carbonaceous
core (which formed inside the flame) and an organic part
(which condenses on particles outside the flame) consisting
of semivolatile organic compounds, including polycyclic
aromatic hydrocarbons (PAHs) (Canagaratna et al. 2015)
which to various degrees are mutagenic and carcinogenic
(Bostr€om et al. 2002; Janssen et al. 2012; Kennedy 2007).

As soot particles are very efficient absorbers of solar
radiation (Bond and Bergstrom 2006), soot contributes

directly to the radiative forcing of the earth. Soot, or black
carbon (BC) as it is most often termed in climate-related
discussions, is one of the main contributors to radiative
forcing after carbon dioxide (Bond et al. 2013; IPCC
2013). Recently, attention has also been directed to the
importance of absorption by light-absorbing organic aero-
sols, brown carbon (BrC), in the atmosphere (Saleh et al.
2014; Liu et al. 2015; Cappa et al. 2012; Liu et al. 2017).
This class of organic carbon (OC), mainly associated with
biomass burning, absorbs strongly in the ultraviolet spec-
tral region. The great uncertainty concerning the impor-
tance of brown carbon in atmospheric radiative forcing
motivates extensive research on the matter.

Soot formation processes are intrinsically complex,
and occur in fuel-rich regions of flames at elevated
temperatures (see Wang 2011 and references therein).
Here fuel fragments build larger hydrocarbons, and
eventually PAHs are formed. Although the details of
soot formation are not fully understood, it is generally
considered that the first nascent particles (of sizes
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1–2 nm) are formed from the stacking of PAHs to three-
dimensional structures. These particles grow by surface
growth and coagulation, subsequently forming aggre-
gated structures of primary particles (Wang 2011). Over
the last decades, a much more detailed understanding of
the soot formation processes has been gained from
detailed studies in simplified geometries, such as labora-
tory flames, using combinations of various diagnostic
techniques (see, for example, Desgroux et al. 2013).
Recently, such studies have focused more intensely on
the change of optical properties from the nascent young
particles during early soot formation, to the more mature
particles later during the soot formation in flames. It has
been observed that the soot strongly increases its light
absorption during this maturation in flames, which can
be related to an increased graphitization of the soot
during ageing (Migliorini et al. 2011; Bladh et al. 2011;
Cl�eon et al. 2011; Bejaoui et al. 2015; L�opez-Yglesias
et al. 2014; Olofsson et al. 2015; Yon et al. 2011). Another
observation from laboratory flame studies is that the
wavelength-dependent absorption in the visible (VIS) to
near infrared (NIR) spectral regions vary much more
strongly for nascent soot than for mature soot, where for
mature soot the absorption coefficient Kabs approaches
the theoretical wavelength dependence and the particles
have a close to constant absorption function (E(m))
(Simonsson et al. 2015).

The measured absorption coefficient Kabs for soot
from various experimental works does not always obey a
1/λ-dependence, and more generally the wavelength
dependence can be expressed as Kabs » 1/lAAE, where
AAE is the Absorption A

�
ngstr€om exponent (Schuster

et al. 2016; A
�
ngstr€om 1929). By measuring the extinction

coefficient, Kext, and using the assumption that we study
particles much smaller than the laser wavelength used
for the experiments, the scattering contribution will be
much smaller than the absorption and hence can be
neglected. An alternative approach to express the wave-
length dependence of Kabs as Kabs » 1/lAAE is to instead
use Kabs » E(m,l)/l, where part of the wavelength-
dependent absorption instead is included in the absorp-
tion function E(m,l) (L�opez-Yglesias et al. 2014;
Migliorini et al. 2011). E(m,l) can be expressed as E
(m,l) D Im(m2¡1/m2¡2), where m(l) is the complex
refractive index m(l) D n – ik with n and k as the real
and imaginary parts, respectively. The approach of Kabs

» E(m,l)/l is often used in combustion-oriented litera-
ture, while the Kabs » 1/lAAE approach is commonly
used for classification of atmospheric aerosols, and the
latter approach is also utilized in the present article.

In the recent years, an increased number of investiga-
tions have been published dealing with soot produced

from soot generators. One soot generator is the so-called
miniature combustion aerosol standard (mini-CAST)
(Jing 2009), which can generate soot particles with a
wide range of physicochemical and optical properties
(Schnaiter et al. 2006; Maricq 2014; Moore et al. 2014;
Durdina et al. 2016; Kim et al. 2015). Several studies
have shown that for many operating conditions, the
mini-CAST produces soot that contains large fractions
of OC, as determined with thermal-optical analysis. This
organic fraction persists to some extent in the soot also
after heating (Mamakos et al. 2013; Maricq 2014). Some
investigations have focused on optical properties of the
mini-CAST soot (Kim et al. 2015; Bescond et al. 2016).
In the latter work, a mini-CAST, a PALAS soot genera-
tor, and an ethylene flame produced soot with different
properties. They observed that the absorption and scat-
tering functions can vary considerably with the soot
source, and that the change from an amorphous to a
more crystalline structure resulted in increased absorp-
tion and scattering capacity (Bescond et al. 2016). In
atmospheric sciences, enhanced absorption in the UV/
VIS region (AAE > 1) is commonly attributed to organic
aerosols (coating) only (Saleh et al. 2014; Bond et al.
2013). Flame studies make plausible that enhanced UV/
VIS absorption can also (partly) be caused by intrinsic
properties of the soot (e.g., the carbon nanostructure)
(L�opez-Yglesias et al. 2014; Bescond et al. 2016; Maricq
2014 and references therein). Thus, an aim of this article
is to clarify on the nature of BrC emissions, and to what
extent the enhanced absorption at short wavelengths
(i.e., BrC) evaluated through the AAE can be associated
with refractory soot components and/or the nonrefrac-
tory organic components of the soot.

The focus of this article was to study the optical and
physicochemical properties of freshly emitted soot pro-
duced at five different operating conditions using a mini-
CAST model 5201C. The soot particles generated by the
mini-CAST were studied at room temperature and after
heat-treatment to 250 and 500�C, in a thermodenuder and
tube furnace, respectively. A multiwavelength diode laser
in-situ extinction setup and an aethalometer were used to
study the AAE, while a scanning mobility particle sizer
(SMPS), thermal-optical carbon analysis, and a soot parti-
cle aerosol mass spectrometer (SP-AMS) were used to
study the physicochemical properties of the soot. Mini-
CAST operating points producing soot with high AAE
(above 2) were associated with high organic fractions, while
operating points producing soot with AAE only slightly
above 1 had low organic fractions. Heat treatment to
500�C and thereby removal of a large part of the organic
aerosol reduced AAE to around 2.5, indicating that the
refractory particle constituents may give rise to increased
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AAE. Finally, we compared the variation of AAE for the
soot from the mini-CAST operating points with the soot
maturation process in premixed laboratory flames.

2. Experimental

2.1. Aerosol generation and processing

An overview of the experimental setup used for our experi-
ments is shown in Figure 1. In order to generate soot par-
ticles with various optical and physicochemical properties, a
mini-CAST (Jing Ltd, Zollikofen, Switzerland, model
5201C) soot generator (Jing 2009) was used as soot source.
The mini-CAST contains a small propane diffusion flame
burning with coflow air. The flow of propane and air can be
varied (Qair¡ oxid D 0–2 L min¡1, Qpropane D 0.02–0.08 L
min¡1) and consequently the burning characteristics of the
flame, such as the flame height. In addition, the flame char-
acteristics were changed by introducing nitrogen (N2) to be
premixed with the propane prior to combustion (QN2 ¡mix

D 0–0.5 L min¡1) causing flame cooling and change of
flame height. A second flow of nitrogen quenched the flame
at a fixed height above the burner (QN2 ¡ quench D 7 L
min¡1), thereby preventing the soot formation process to
proceed, and ideally giving soot particles in the exhaust
stream representative for the soot at the quenched flame
position. During our experiments at room temperature and
ambient pressure, we used a selection of the operating
points (OP) suggested by the manufacturer (OP1, OP3,
OP5, OP6, and OP7), and these are specified in Table 1.
The flows presented are the used settings for the internal
mass flow controllers of the mini-CAST.

The freshly produced mini-CAST soot was first led
through the extinction cell and then diluted prior to
the aerosol instruments (SMPS, aethalometer, and SP-
AMS). The soot was either studied directly at 25�C
(bypass) or initially passing a thermodenuder (TD;
Aerodyne Inc. Billerica, MA, USA) at 250�C, or pass-
ing the TD at 250�C followed by a ceramic tube fur-
nace (oven) at 500�C (Figure 1). The residence times
increased with heat-treatment and are presented in

Table S1 in section S1 in the online supplementary
information (SI), and further discussed in connection
to Figure 2. After the extinction cell, two ejector
diluters (Dekati� diluter) were used in series to dilute
the aerosol approximately 1:250 to optimize the con-
ditions for sampling with the aerosol instruments.

2.2. Diagnostic methods

The extinction measurement system was an extended
version of a previous system developed for in-situ flame
measurements (Simonsson et al. 2015), as well as practi-
cal combustion and gasification devices (Simonsson et al.
2016). In the present setup a four-wavelength version
was used. The extinction setup, presented in the dashed
area of Figure 1, shows the four diode lasers (operating
at wavelengths 405, 650, 850, and 1,064 nm). The four
laser beams were overlapped into one beam and directed
through a measurement cell, in which the soot particles
suspended in the carrier gas were passing. The four lasers
were modulated sequentially at 100 Hz giving a total of
400 laser pulses per second. The laser light was detected
using two photodiodes, one placed after the extinction
cell to measure the decrease in light intensity, and one
acting as a reference detector monitoring the laser inten-
sity prior to the extinction cell to be able to compensate
for laser intensity variations. The photodiodes measured
at a sampling frequency of 300 kHz. The measurement
cell is a 20 cm long, 100 stainless steel pipe with wedged
windows to minimize stray light interferences from win-
dow reflections. To ensure minimal soot deposition on

Figure 1. Overview of the experimental setup including the soot
preparation system and the measurement devices. The multi-
wavelength extinction system and the soot extinction cell is
shown in the dashed area.

Table 1. The operating point settings used during the experi-
ments. The fuel (propane) and quench-gas (nitrogen gas) flows
were held constant throughout all experiments, while no internal
air-dilution was used to minimize the oxygen concentration in
the carrier gas and thereby oxidation effects on the soot.

Propane Air-oxid N2-mix N2-quench Air-dil
OP (L min¡1) (L min¡1) (L min¡1) (L min¡1) (L min¡1)

1 0.06 1.55 0 7 0
3 0.06 1.52 0.100 7 0
5 0.06 1.47 0.200 7 0
6 0.06 1.42 0.250 7 0
7 0.06 1.36 0.300 7 0

AEROSOL SCIENCE AND TECHNOLOGY 759



the windows, a small purge flow of nitrogen (QN2 ¡ purge

D 0.1 L min¡1) was directed onto the windows. The
wavelength dependence of the light extinction is
expressed in the form of the AAE, which was evaluated
by fitting an inverse power law 1 6 λAAE to the extinction
data at the four laser wavelengths for each OP case.

In addition to the multiwavelength extinction system,
an aethalometer (AE33, Magee Scientific) (Drinovec
et al. 2015) was used to measure the light absorption and
the AAE. The aethalometer operates by depositing soot
particles on a filter at two positions at different deposi-
tion rates, and measuring the change in attenuation of
light at seven wavelengths (370, 470, 520, 590, 660, 880,
and 950 nm) through the areas deposited with particles,
with time resolution of one second. The compensated
aethalometer specific mass absorption cross sections
(MACaethalometer) for BC at 880 and 950 nm, 7.77 and
7.19 m2g¡1, respectively, were used to obtain the mini-
CAST equivalent BC (eBC) concentrations from the
aethalometer light absorption data (Drinovec et al.
2015). This method for quantifying the eBC concentra-
tions was validated and showed good agreement with
thermal-optical analysis done on the mini-CAST soot
samples, as shown in Figure 3a in the results section.

An SP-AMS (Aerodyne Inc. Billerica, MA) (Onasch
et al. 2012) was used to probe the chemical composition
of the mini-CAST soot. The SP-AMS was switched
between standard AMS mode (DeCarlo et al. 2006), i.e.,
operating in single-vaporizer mode, and SP-AMS mode,
i.e., operating in the dual-vaporizer mode. The nonre-
fractory organic aerosol (including PAHs) was quantified
in the standard AMS mode, where particles are vapor-
ized upon impaction on a heated (600�C) tungsten sur-
face. The rBC aerosol was analyzed in the SP-AMS mode
(dual vaporizers), where refractory particles are vapor-
ized using an intracavity Nd:YAG laser (at 1,064 nm). In
both SP-AMS and AMS mode, vapors are ionized (70 eV
electron ionization) and detected in a high-resolution
time-of-flight (HR-ToF) mass spectrometer.

Only parent peak PAHs with mass-to-charge ratios
(m/z; Th) in the range of m/z 202–300 Th were
included in the PAH analysis. The m/z of the
included PAHs and the final quantification of particle
bound PAH mass is according to a modified version
of that described by Herring et al. (2015); Malmborg
et al. (2017) and is detailed in section S2 in the SI.
Refractory carbon cluster ion fragments originating
from the soot core were measured between m/z of 12
and 708 Th (C1¡C59). The carbon clusters were
divided in three classes: low-carbons (C1–C5), mid-
carbons (C6–C29), and fullerene-carbons (C30–C59).
Odd-numbered fullerene-carbons contributed with
negligible signal to the total fullerene signal.

An SMPS (Electrostatic Classifier model 3071, TSI Inc.,
and CPC model 3775, TSI Inc.) was used to monitor the
size distribution of the studied soot particles. The SMPS
was set up with a closed loop sheath flow rate of 3 L
min¡1 and an aerosol flow rate of 0.3 L min¡1, giving par-
ticle size distributions in the size range of 14 to 697 nm.

Undiluted mini-CAST emissions were collected on
quartz filters for thermal-optical (DRI carbon analyzer,
model 2001), OC, and elemental carbon (EC) analysis
according to the EUSAAR_2 protocol (Cavalli et al.
2010). The EUSAAR_2 protocol was optimized for Euro-
pean regional background sites and divides OC and EC
in four subgroups each and a separate group for pyrolytic
carbon (PC). OC is evaluated first in an inert He atmo-
sphere and the four subgroups are: OC1 (200�C for 120
s), OC2 (300�C for 150 s), OC3 (450�C for 180 s), OC4
(650�C for 180 s). EC evolves after OC, and is evaluated
in He mixed with 2% O2. The four EC subgroups are:
EC1 (500�C for 120 s), EC2 (550�C for 120 s), EC3
(700�C for 70 s), and EC4 (850�C for 80 s). PC, often
considered to be a subfraction of OC, corrects the EC
measurement for charring effects during the first (OC)
analysis. In the final reported EC concentrations, PC was
deducted from the measured EC concentrations. TC was
calculated as the sum of OC, PC, and EC. Due to failure
in the particle sampling on quartz fiber filter of heat-
treated (500�C) OP6 soot, carbon fractions at this point
were estimated as outlined in section 3 of the SI. An error
of 10% (1 std. dev) was estimated for each mass fraction.

3. Results

3.1. Absorption Ångstr€om exponents

In Figure 2a the AAE derived from multiwavelength diode
laser extinction is shown for OP1, OP3, OP5, OP6, and OP7
for untreated bypass (25�C) soot, thermodenuded soot at
250�C, and furnace-heated soot at 500�C after first being
denuded at 250�C. For OP1 and OP3, the AAE was evalu-
ated to 1.2, and no significant changes were observed
between the results from untreated and the heat-treated
soot. The AAE increased with OP for cases above OP3, and
reached a value AAE � 3.5 for the untreated soot at OP7.
Heating the soot from OP6 and OP7 to 250 and 500�C
reduced the AAE, in particular for OP7 where AAE
decreased from 3.5 at 25�C, to 2.8 at 250�C, and finally to
2.5 at 500�C. These AAE values are much higher than the
values derived for the soot fromOP1 andOP3.

The AAEs derived from the filter-based aethalometer
measurements are shown in Figure 2b. It should be noted
that the two different measurement techniques are in
very good agreement, which strengthens our results. The
good correlation between the data sets is shown in
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section S4 in the SI. However, insufficient correction for
the rapid loading of the aethalometer filter for the highly
sooting cases (mainly OP1 and OP3) resulted in system-
atic errors and hence also larger spread in calculated
AAEs which can be observed in Figure 2b.

Results from a second measurement series at 25�C
with a shorter residence time is also shown in Figure 2a.
We note that AAE for the unheated soot from the short
and long residence time remained almost unchanged
regardless of residence time and particle sizes for the dif-
ferent OPs (see Section S5 and Figure S3 in the SI for
particle size data). Thus, we conclude that the AAE only
weakly depends on the aggregate size for a given com-
bustion condition in this investigation.

OC, PC, and EC were analyzed by thermal-optical
analysis of particles collected on quartz filters. eBC and
PAH mass concentrations were derived from the aethal-
ometer (at 880 and 950 nm) and AMS, respectively. The
BC fraction measured as eBC to Elemental Carbon ratios
(eBC/EC) displayed in Figure 3a show only a weak
dependence on OP and are »1. This result indicates that
mass absorption cross sections related to EC (MACEC)
are relatively constant with mini-CAST operating point
and heat-treatment. This is consistent with the findings
by Durdina et al. (2016) using an array of set-points for
two different types of mini-CAST generators. eBC to
Total Carbon ratios (eBC/TC) given in Figure 3b were
close to 1 at OP1–OP5 but then steeply decreased to
around 0.25 at OP7. A similar trend was found when
using the mass derived from the SMPS measurements
(see Figure S4 in section S6 of the SI). This is consistent
with the results derived by Maricq (2014) with similar
CAST settings. This also implies that the MAC values
related to TC and total particle mass decreases with
increasing OP. Taken together, the results shown in
Figures 3a and b show that it is very critical which mass

fraction is used when calculating BC fractions or MAC
values. The EC methods have inherent uncertainties in
that the pyrolytic carbon correction depends on the pro-
tocol used in the thermal optical analysis.

3.2. Chemical composition of particles

In Figure 3c, the Organic Carbon to Total Carbon ratio
(OC/TC) from the thermal optical analysis is given for
untreated and heat-treated mini-CAST soot for all OP
cases. The OC/TC ratio was low for all OP1–OP5 set
points (<0.15) and we observed only minor changes in
this ratio when heat-treating the soot. For OP6 and OP7
soot, the OC/TC ratio for the untreated soot was much
higher, 0.32 and 0.53, respectively. When heat-treating
the soot a decrease in the OC/TC ratio at OP7 was
observed. However, OC was still present even at 500�C.
This observation of refractory OC is consistent with the
previous observations (Makamos et al. 2013; Moore et al.
2014). The OC fractions derived here may be slightly
overestimated due to uptake of some gas-phase OC on
the quartz fiber filters.

Figure 3d presents the PAH-to-TC ratio (PAH/TC)
for untreated and heat-treated mini-CAST soot for all
OP cases. The PAH/TC ratio for the soot was <0.015 for
OP1, OP3, and OP5. The PAH/TC ratio was higher for
untreated OP6 (»0.04) and OP7 (»0.06) soot. Heat-
treating to 250 and 500�C removed two-thirds of the
PAHs at OP6. At OP7, heat-treating to 250�C removed
approximately 50% of the PAHs, while at 500�C close to
90% of the PAHs were evaporated.

For the soot with high AAE, organic aerosol mass
(OA including PAHs) sampled with the AMS were col-
lectively significantly lower than derived OC masses
(both with respect to OC and

P
OCCPC) (see

Figure S5 in Section S7 of the SI). The reason for this

Figure 2. The absorption A
�
ngstr€om exponent (AAE) from the mini-CAST operating points with and without heat-treatment from (a) the

in-situ multiwavelength extinction measurements using four wavelengths and from (b) the aethalometer filter measurements, using
seven wavelengths.

AEROSOL SCIENCE AND TECHNOLOGY 761



disagreement is not clear; it is partly caused by gas
phase adsorption to the quartz fiber filters used for
OC/EC. AMS-derived OA masses were on the same
order and in fairly good agreement with the thermal-
optically derived OC1 and OC2 masses. Failure to
detect part of the material classified as OC3–4 and PC
with AMS flash vaporization (600�C Tungsten surface
in vacuum) may indicate that OC3–4 and PC from
mini-CAST soot cannot be easily separated from EC. It
could potentially also be explained by particle bounce
off the AMS-vaporizer, which can lead to underestima-
tions in the AMS mass quantification (Matthew et al.
2008). We hypothesize that the components classified
as OC and PC that cannot be detected with the AMS
may comprise the highly amorphous nanostructures
associated with immature soot, and are therefore partly
incorporated into the soot carbon-matrix.

Except for PAHs, which can have significant
absorption at shorter UV–VIS wavelengths, the

nonrefractory mass spectra from AMS were domi-
nated by aliphatic fragments that are commonly asso-
ciated with diesel vehicle emissions and low
absorptivity (Zhang et al. 2005). Additional “brown”
absorption was, therefore, likely confined to the
OC3–4, PC, and EC that did not evaporate after
heat-treating the soot to 500�C.

3.3. Comparison of mass spectra from refractory
soot properties (SP-AMS)

Refractory mass spectra originating from the soot were
obtained with dual vaporizers in the SP-AMS mode. The
refractory mass spectra of carbon clusters (rCx

C) were
dominated by low-carbons (C1

C–C5
C) for OP1 and OP3.

For OP5, OP6, and OP7, the signal from larger carbon
clusters, 12 Th-spaced mid-carbons (C6

C–C29
C) and 24

Th-spaced fullerene-carbons (C30
C–C58

C) increased dra-
matically. Figure 4 shows the refractory carbon cluster

Figure 4. rBC carbon ion cluster distribution in laser vaporizer SP-AMS mass spectra of: (a) OP1 soot and (b) OP7 soot.

Figure 3. (a) eBC-to-EC ratios showing values close to 1 for all operating points (OP) and temperatures. (b) eBC-to-TC ratios decreasing
with OP. (c) OC-to-TC and OCCPC-to-TC ratios increasing with OP and decreasing after heat-treating. (d) PAH-to-TC ratios. The error
bars show §1 STD.
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distribution of OP1 and OP7 (at 25�C). Mid- and fuller-
ene-carbons had marginal contributions to the total rBC
signal for OP1 soot, while at OP7 they contributed with
more than 50% of the total carbon signal. The carbon
cluster distributions have previously been hypothesized
to be related to the maturity or carbon nanostructure of
the soot (Malmborg et al. 2017; Maricq 2014; Onasch
et al. 2015). Low carbons commonly dominate mature
(graphitized) soot (e.g., diesel exhaust soot) (Onasch
et al. 2015), while larger carbon clusters have been
observed in premixed flames, fullerene-soot (Onasch
et al. 2015), and early in the diesel engine combustion
cycle (i.e., immature diesel soot) (Malmborg et al. 2017).
Variations in the refractory carbon cluster distribution,
and the occurrence of 24 Th-spaced carbon cations at
fullerene-sized clusters, have previously been reported
for mini-CAST soot (Maricq 2014).

Heat-treating the soot up to 500�C to remove the
volatile particle fraction had only marginal influence
on the SP-AMS refractory mass spectra for all OP
cases. This indicates that the refractory part of the
soot was not altered significantly by the heat-treat-
ment, i.e., the large differences in mass spectra for
OP1 and OP7 shown in Figure 4 remained after heat
treatment. Hence, observed changes in AAE with
heat-treatment can be assigned primarily to the vola-
tile OA evaporation.

3.4. Relating enhanced absorption at shorter
wavelengths to particle composition

The BC fractions (and thereby MAC values)
decreased strongly with OP with respect to the total
particle mass. So the simplest model looking only at
average particle composition and optical properties
shows that AAE increases and MACTC(950 nm)
decreases with increasing OP, both before and after
heat treatment. After heating soot from OP6 and
OP7, the AAE decreased significantly but remained at
values much higher than 1.0. Simultaneously with the
decrease in AAE, PAHs were almost completely evap-
orated from the soot at the highest temperature.
However, the thermal-optical analysis revealed that
large fractions quantified as organic and pyrolytic car-
bon could not be removed when heat-treating the
soot to 500�C. In this section, we investigate whether
or not these components can explain the additional
absorption at shorter wavelengths for the OP soot
with high AAE. The estimations made are based on
the measured absorption at 950 and 520 nm, OC, PC,
and EC masses, and finally the assumption that AAE
for EC (AAEEC) may deviate from 1.

The simulations are displayed in Figure 5. The figure
was derived from Equation (1) using the experimental
wavelength-dependent absorption coefficient for the
entire soot particles, KTOT

abs λð Þ, the mass concentrations
for EC (mEC), and

P
OCCPC (mOCCPC) for all OP cases

after heat-treatment to 500�C, and the assumption that
absorption from OCCPC is negligible at the highest
aethalometer wavelength (950 nm). Hence, the experi-
mental wavelength-dependent absorption coefficient
for the EC, KEC

abs 950 nmð ÞDKTOT
abs 950 nmð Þ. The latter

assumption is based on the good agreement between
eBC and EC shown in Figure 3a. This allows Kabs for EC
and

P
OCCPC to be calculated separately. From Equa-

tion (1), the MAC ratio between EC and
P

OCCPC frac-
tions as a function of AAEEC is obtained for a specific
wavelength (λ).

MACEC
λ

MACOCCPC
λ

D KEC
abs AAEEC; λð Þ 6 mEC

KTOT
abs λð Þ¡KEC

abs AAEEC; λð Þ� � 6 mOCC PC

[1]

According to e.g., Bond et al. (2013), MACBC should be
at least 7.5 times MACOA at 550 nm. However, we chose
to evaluate MAC at 520 nm as it is one of the aethalome-
ter wavelengths and of atmospheric relevance. We pro-
pose that MACEC to MACOCCPC ratios lower than 1 are
nonrealistic. This sets a lower limit to AAEEC (dashed
lower line in Figure 5).

The results of the simulation show that MACEC to
MACOCCPC ratios are above 1 for all OPs when
AAEEC >1.3. With the current method, it is not pos-
sible to determine the value of AAEEC. It is, therefore,

Figure 5. The ratio between MAC(520 nm) for EC and
P

OCCPC
as a function of the AAE for the EC is shown. As EC commonly is
assumed to have AAE » 1, this value is marked as a dashed verti-
cal line. Also the lower limit for a realistic MAC ratio between EC
and

P
OCCPC is marked with the horizontal dashed line. In the

bottom part of the figure, the measured AAE from both extinc-
tion and aethalometer measurements are presented for
comparison.
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still possible that AAEEC is closer to the AAE of the
aerosol (»2 for OP6 and »2.5 for OP7). If AAEEC
were indeed closer to 1, a significant part of the
absorption at short wavelengths would be assigned to
the OC and PC fractions which could not be removed
by heat-treating to 500�C. The difficulty to evaporate
these species and the difficulty to detect them with
the AMS (operated at 600�C vaporization) shows that
the soot with high AAE may not be described by a
traditional refractory, strongly absorbing soot-core
and nonrefractory, weakly absorbing soot-coating
model. Efficiently absorbing OC and PC may instead
be intrinsically mixed with EC and represent amor-
phous soot carbon-nanostructures found in high-reso-
lution transmission electron microscopy (HR-TEM)
analyses, and be related to the presence of large car-
bon clusters in the SP-AMS analysis.

3.5. Optical properties of mini-CAST soot in relation
to in-situ flame soot

High AAEs (>1.5) were in previous chapters associated
with high organic and pyrolytic carbon fractions of the
mini-CAST soot. These organics were not removed by
heating the aerosol to 500�C in a ceramic tube furnace
(and thermodenuder). These results make a comparison
to the change of optical properties during the soot for-
mation process in a flame interesting. In a previous
study, soot was studied through extinction measure-
ments at 12 wavelengths as a function of height above
burner (HAB) in premixed ethylene/air flames (Simons-
son et al. 2015). In these flames, the soot nucleation
starts at around 4 mm HAB, and then the soot particles

grow by surface growth and coagulation when trans-
ported upwards in the flame. Evaluations of AAE at dif-
ferent wavelengths are shown in Figure 6. It can be
observed that the evaluated AAE changes from high val-
ues (3 to 4) at low HAB and decreases towards higher
flame positions (final AAE in the range 1.3–1.4). The
hollow circles represent evaluations based on 12 wave-
lengths in the range from 405–1,064 nm. In the present
work on mini-CAST soot, only four wavelengths were
used in our experimental setup. These four wavelengths
were used in a reevaluation of the data, presented in
Figure 6, marked as crosses. The four-wavelength evalu-
ation gives results in good agreement with the 12-wave-
length evaluation, especially at the higher flame heights.
A third evaluation is also presented (as dots) in Figure 6,
in which only the wavelengths in the range 685–
1,064 nm were used. For this evaluation, AAE
approaches a value of 1 at higher flame heights which is
the theoretical value for absorption from small particles
using the Rayleigh criterion and a wavelength-indepen-
dent E(m). The similarities between the optical proper-
ties of mini-CAST soot and in-flame soot at various
HAB indicate that the variations in mini-CAST soot
properties can be closely related to different levels of
soot maturity, and physicochemical properties found in
emissions with elevated AAE of other combustion
sources.

4. Conclusions

The main conclusions from this study on optical and
physicochemical properties of mini-CAST soot are the
following:
� Good agreement was found in measured AAE
between in-situ multiwavelength extinction and fil-
ter-based aethalometer data for all types of mini-
CAST soot with and without heat treatment.

� The soot types from the various OP cases showed
increasing AAE with increasing OCCPC fraction.
For soot with an AAE close to 1 (»1.2), heating had
negligible impact on the measured AAE and the
already low OC fraction. For soot with a high AAE
(»3.5), heating resulted in a decreasing OC fraction
and decreasing AAE. However, even with heating to
500�C the AAE remained high (up to 2.5) and evi-
dence of persistent OC and PC was found.

� Estimations of the absorption (at 520 nm) from the
different soot constituents indicated that high AAEs
were at least partly caused by the persistent OC and
PC constituents.

� The differences in refractory soot mass spectra from
SP-AMS data indicate that the refractory soot

Figure 6. AAE for soot in an FD 2.3 premixed McKenna flame as
function of height above burner (5–17 mm). The hollow circles
show the AAE evaluated using the extinction at 12 wavelengths
between 405 and 1,064 nm, the black dots using the wave-
lengths above 685 nm and the crosses using the same wave-
lengths used as in our mini-CAST experiments.
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bonding structure is different for soot with high and
low OCCPC fractions.

� Comparison of the measured AAE of the studied
soot with soot during formation in 1D premixed
flames (Simonsson et al. 2015) suggests that the
soot with a large OCCPC fraction (high OP cases)
is of less mature character than soot with small
OCCPC fraction (low OP cases), as also discussed
by Maricq (2014).

From the results of this study, we hypothesized that
the selected mini-CAST soot types span from small par-
ticles of immature character, to larger soot particles of
mature character. Smaller, immature particles had high
AAEs and OC and PC fractions that remained high even
after heating the soot to 500�C. Larger, mature soot par-
ticles had AAEs close to 1, low OC fraction, and no PC.
The observations support that the high AAEs associated
with certain mini-CAST operating points were not only
caused by semivolatile organics (e.g., PAHs), but resulted
from absorption by the OC and PC components persis-
tent after heating to 500�C and/or enhanced absorption
by the EC at shorter wavelengths. In combination with
the latter findings, the wide distribution of refractory car-
bon clusters found in SP-AMS mass spectra of these par-
ticles can suggest that OC, PC, and EC fractions for the
immature particles are not well described by a soot core
and coating model.
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