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ABSTRACT
The miniCAST 5201 black carbon (BC) generator is a novel soot generator able to produce soot
particles with a wide range of properties in a stable and reproducible manner. In this study,
particles generated with diffusion and premixed flames were comprehensively analyzed, with
a special focus on particle morphology, nanostructure, and optical properties. It was found
that aggregate BC particles with a mean electrical mobility diameter of about 160nm gener-
ated with an overall near-stoichiometric diffusion flame consist of primary particles with tur-
bostratic layers and onion-like structures. Moreover, they possessed an absorption Ångstr€om
exponent (AAE) close to 1, low single scattering albedo (SSA), and a mass absorption cross-sec-
tion MAC870nm,total (calculated from photoacoustic absorption coefficient and total particle
mass) of 4.3m2/g. With premixed flames under fuel-lean conditions, particles with mean
mobility diameters of 50nm, 75 nm, and 100nm could be generated with high elemental car-
bon to total carbon mass fractions (>85%). These particles had a high structural order, exhib-
ited an AAE of 1.1–1.2, low SSA and MAC870nm,total of 3.0–3.3 m2/g. The similarities of the
properties of the miniCAST generated soot particles to real-world engine-emitted soot par-
ticles indicate that the miniCAST 5201 BC generator is a very promising source of reference
aerosols for the calibration of BC diagnostic instruments and engine-exhaust particle counters.
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1. Introduction

Soot particles are formed as byproducts of incomplete
combustion of carbon-containing fuels or biomass,
along with other combustion products (Kagawa 2002;
Niessner 2014). They have recently received increased
attention from the scientific community, society, and
policy makers due to their role in global climate
change, in compromising air quality, and in threaten-
ing public health (Cassee et al. 2013). Soot particles
have the ability to perturb the Earth’s energy balance
directly by absorbing the incoming solar radiation
(Ramanathan and Carmichael 2008; Bond et al. 2013),
as well as semi-directly affecting cloud properties and
atmospheric circulations (Koch and Del Genio 2010).

The term “soot” is often ambiguously defined in the
literature. In this article, the term will be used in the

source-mechanistic sense following Baumgardner et al.
(2012): carbonaceous material produced by combustion.
This carbonaceous material is often classified into a
light-absorbing fraction referred to as black carbon
(BC), and/or a thermally refractory fraction called elem-
ental carbon (EC), as well as a second fraction with a
wide range of thermal and light-absorbing properties
summarized as organic carbon (OC). The sum of EC and
OC make up the total carbon (TC). Moreover, the spe-
cific nomenclature based on the applied measuring tech-
nique as proposed by Petzold et al. (2013) will be
followed, specifically, BC measured with the laser-
induced incandescence (LII) technique will be referred
to as refractory BC (rBC). Depending on the generation
conditions, soot particles can differ remarkably in com-
position, morphology, size, and optical properties. Fresh
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soot particles emitted by diesel engines with geometric
mean diameter (GMD) between 30 and 150 nm (Caroca
et al. 2011; Ess, Bladt, et al. 2016) consist of fractal-like
agglomerated carbonaceous primary particles (15–
30 nm) with a highly ordered nanostructure (with traces
of ash) and organic compounds condensed on their sur-
face (Maricq 2007) depending on the combustion condi-
tions. Instead, fresh soot particles (with GMD between
70 and 160 nm; Chen et al. 2019; Reid et al. 2004) formed
during biomass burning show a much broader range of
properties as the combustion conditions and fuel can be
quite different: they are often brownish because they
consist of a lower BC mass fraction (5–9%) and higher
mass fractions of organic (80%) and inorganic matter
(12–15% by mass; Reid et al. 2004). On one hand, the
aforementioned differences are useful while investigat-
ing the sources of the particles via source apportionment
(Hays and Vander Wal 2007; Zotter et al. 2017; Braun
et al. 2008), but on the other hand, they pose a great chal-
lenge for measurement instruments in dealing with such
a variety of physicochemical properties.

In most parts of Europe and North America, the
dominant sources of soot particles have shifted over
the years from domestic and industrial coal burning
to emissions from transportation sources (Bond et al.
2013; Klimont et al. 2017). A number of instruments
based on different measurement principles, such as
absorption photometers, condensation particle coun-
ters (CPC), and diffusion chargers (DC) have been
developed for emission control and air quality moni-
toring. Even though most of these instruments are
portable and quite robust, the lack of soot reference
materials prevents reliable instrument calibration and
inter-comparison (Baumgardner et al. 2012).

To reduce real-world particulate emissions from
engine exhaust, legislation was recently introduced in
the EU for on-road type approval (TA) real driving
emission (RDE) tests using portable emissions meas-
urement systems (PEMS; European Commission 2017;
Giechaskiel 2018). Moreover, a new scheme for the
periodic technical inspection (PTI) of vehicles based
on particle number (PN) concentration has been
introduced in Switzerland (Eidgen€ossisches Justiz- und
Polizeidepartement EJPD 2018), Belgium, and the
Netherlands (Burtscher, Lutz, and Mayer 2019), while
other countries, such as Germany, are expected to fol-
low in due course. However, most PN-PEMS and PN-
PTI instruments are CPC or DC-based instruments
designed to measure PN concentration directly at the
exhaust or tailpipe (Bischof 2015). The TA and verifi-
cation procedures for these devices require laboratory-
generated soot particles with realistic properties, i.e.,

small particle sizes (<100 nm) with high BC content
(>80%, Maricq 2014) or EC to TC mass fraction (EC/
TC > 80% for aircraft emission measurements;
Durdina et al. 2016) in order to mimic the properties
of soot generated by motor vehicles (Maricq 2014;
Mamakos et al. 2013).

For air quality monitoring as well as fundamental
studies on the microphysical properties of soot par-
ticles, the use of filter-based absorption photometers
and aethalometers for the measurement of absorption
coefficients (babs) and equivalent black carbon (eBC)
mass concentrations is widespread (note that in this
context eBC concentrations are obtained from babs by
dividing by an assumed BC mass absorption coefficient
or MACBC). These instruments are compact and suit-
able for unattended operation in the field; however,
traceability is hampered by the fact that particulate mat-
ter is collected on a filter for measurement (McMurry
2000). Even though a range of correction algorithms
have been proposed for minimizing measurement
biases, deriving accurate eBC mass concentrations is
still challenging (Collaud Coen et al. 2010; Weingartner
et al. 2003; Virkkula 2010; Drinovec et al. 2015).
Alternatively, filter-based thermal-optical instruments
quantitatively retrieve the aerosol EC and OC fraction
by heating the filter with specific temperature ramps in
controlled atmospheres, following established protocols
(Cavalli et al. 2010; Birch and Cary 1996). The filter col-
lection-related challenges and artifacts are overcome by
online instruments, such as photoacoustic or LII instru-
ments, measuring bulk or single-particle soot proper-
ties. A common source of uncertainty in all of these
different approaches for measuring BC mass concentra-
tions is the lack of reference soot aerosols with well-
known and stable properties that are similar to those of
atmospheric soot aerosols.

Several methods have been proposed for the gener-
ation of carbonaceous aerosols in the laboratory.
These can be roughly categorized into two groups: (i)
methods relying on a burner, e.g., a miniCAST
(Moore et al. 2014; Mamakos et al. 2013; Ess and
Vasilatou 2019; Maricq 2014), a McKenna burner
(Kastelis and Zervas 2008; Ghazi et al. 2013) or an
inverted burner (Moallemi et al. 2019; Kazemimanesh
et al. 2019; Stipe et al. 2005), for the generation of
combustion-based soot and (ii) methods for generat-
ing non-combustion-based soot surrogate particles,
such as colloidal graphite (AquaDAG) or fullerene
soot (FS; Aiken et al. 2016; Gysel et al. 2011; Moteki
and Kondo 2010), or fractal-like carbonaceous aero-
sols generated by spark-discharge (Bescond et al.
2016; Helsper et al. 1993). For a more detailed
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discussion on these methods, the readers are referred
to Moallemi et al. (2019) and references therein.

Combustion-based carbonaceous aerosols generated
under fuel-lean conditions mimic the morphology and
nanostructure of atmospheric soot better than soot
surrogate aerosols (Saffaripour et al. 2017; Moallemi
et al. 2019). Yet, it has proven challenging to generate
combustion-based soot particles with mobility diame-
ters below 60 nm that exhibit high EC/TC mass frac-
tion and atmospherically relevant MAC values in the
laboratory (Maricq 2014). The mini-inverted burner
enables the generation of soot with EC/TC mass frac-
tions greater than 90% and MAC values ranging from
3 to 5m2/g at a wavelength of 870 nm; however, it is
not capable of repeatedly producing soot with mobil-
ity diameters below 140 nm (Moallemi et al. 2019).
Recently, the performance of a prototype miniCAST
generator (miniCAST 5201 Type BC, Jing AG,
Switzerland) with a partially premixed flame operation
mode was characterized and the generation of soot
particles with a mobility diameter of �30 nm and EC/
TC mass fraction of at least 65% without any condi-
tioning/treatment of the soot was demonstrated (Ess
and Vasilatou 2019). This prototype generator, which
forms the basis of the new miniCAST 5301 commer-
cial series, could be a promising soot source for the
calibration of engine-exhaust CPCs, PN-PEMS, PN-
PTI devices, and filter-based absorption photometers.

However, hardly any information is currently avail-
able on the optical properties and morphology of the
soot produced with the novel partially premixed flame
(Ess and Vasilatou 2019). Former studies have only
examined CAST/miniCAST particles produced by dif-
fusion flames (Schnaiter et al. 2006; T€or€ok et al. 2018;
Linke et al. 2016; Kim et al. 2015). To our knowledge,
the only comprehensive study reporting MAC values
of soot at various operation points is a 15-year-old
study by Schnaiter et al. (2006) based on a CAST gen-
erator (undefined model). However, the burner of the
new generation of miniCAST models working with
premixed flames (miniCAST prototype 5201 Type BC
and its commercial follow-up model 5301) has been
carefully redesigned, and both the dimensions and
overall construction of the burner have been consider-
ably improved (Dr. Lianpeng Jing, manufacturer, con-
versation, February 22, 2021).1 Similarly, previous
studies performing transmission electron microscopy

(TEM) have only examined soot particles produced by
miniCAST diffusion flames (Ess, Ferry, et al. 2016;
Mamakos et al. 2013; Saffaripour et al. 2017). Since
the temperature reached in the novel partially pre-
mixed flames is much higher than that in diffusion
flames, the combustion/carbonization processes are
enhanced and therefore the nanostructure and optical
properties of the generated soot might differ.

To address this gap in knowledge, this investigation
builds upon the Ess et al.’s study (Ess and Vasilatou
2019) by providing a more comprehensive character-
ization of the optical properties, morphology, and
nanostructure of soot produced with the miniCAST
5201 BC generator. Polydisperse soot particles with
GMDs of 50 nm, 75 nm, and 100 nm (160 nm) were
successfully generated with the miniCAST with the
novel partially premixed flame (the conventional dif-
fusion flame). Special focus was placed on the size dis-
tribution, morphology and nanostructure (TEM and
Raman microspectroscopy), effective density (mass-
mobility measurements), composition (i.e. EC/TC
mass fractions), and optical properties (absorption
Ångstr€om exponent [AAE], single scattering albedo
[SSA], MAC). In particular, the determination of the
MAC values, primary particle size, and nanostructure
of soot particles �100 nm generated with the novel
premixed flame mode provides new insight into the
properties of the soot particles and their potential as
surrogate for diesel engine particulate emissions.
Comparison with the properties of real-world engine-
emitted soot particles provides strong evidence that
the generated soot has realistic properties and can
thus serve as aerosol source for the calibration of soot
measuring instruments as well as for basic aero-
sol research.

2. Experimental methods

2.1. Aerosol generation

In this study, the miniCAST 5201 Type BC (Jing Ltd.,
Zollikofen, Switzerland), hereafter referred to as
miniCAST BC, was used as aerosol generator. The
generator was operated in both possible burning
regimes, i.e., with a diffusion and partially premixed
flame (Ess and Vasilatou 2019). When operated with
a diffusion flame, the fuel (propane, >99.95%,
Carbagas, R€umlang, Switzerland) is mixed with the
surrounding oxidation air (dried pressurized air,
<400 ppm water) by diffusion. Nitrogen (pure from
liquid N2 tank) is used to quench the flame and sweep
the soot particles out of the burner. Dilution air
(dried pressurized air, <400 ppm water) is added to

1Due to the high temperatures reached in premixed flames, the miniCAST
5201 Type BC is equipped with a fan to cool down the housing of the
burner. Operating conventional miniCAST burners in air-premix mode
simply by replacing the "mixing nitrogen for propane" with "mixing air
for propane" is not advisable.
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stabilize the aerosol by reducing the particle concen-
tration, thereby limiting agglomeration. In the pre-
mixed flame mode, air (“premixed air”, dried
pressurized air, <400 ppm water) is directly added to
the propane flow to achieve premixed flame condi-
tions. Since the flame is still surrounded by oxidation
air, which is needed for stabilizing the flame, the latter
is not a purely premixed but rather a combination of
a premixed and a diffusion flame. For simplicity, how-
ever, this operation mode of the miniCAST BC will
be termed here as “premixed flame”.

Different “standard” operation points (otherwise
known as set points) were selected based on the previ-
ous study by Ess and Vasilatou (2019) in order to
generate aerosol particles with markedly different
physicochemical properties, spanning a wide range of
particle sizes and EC to TC mass fractions. The largest
particles were generated with the diffusion flame
under overall near-stoichiometric conditions, whereas
smaller particles were generated either with the pre-
mixed flame at fuel-lean-near-stoichiometric condi-
tions or with fuel-rich diffusion flames. The gas flows
of the investigated operation points as well as the
overall molar carbon to oxygen ratio (C/O ratio;
Schnaiter et al. 2006) are summarized in Table 1.

Additionally, several monodisperse particle distri-
butions were selected with an aerodynamic aerosol
classifier (AAC) from four miniCAST premixed set
points (with EC/TC mass fractions higher than 90%
and GMDmob from 112 nm to 160 nm) as discussed
briefly in Subsection 3.4 and described in more detail
in Section S8 in the Supporting information.

2.2. Instrumentation

The PN size distribution was determined with a scan-
ning mobility particle sizer (SMPSþC with L-DMA
(Am-241 neutralizer) and CPC model 5403, Grimm
Aerosol Technik GmbH & Co. KG, Ainring,
Germany) in stepping mode. The DMA column was
suitable for particles with mobility-equivalent diame-
ters between 11 nm and 1050 nm. The ratio of the
DMA sheath air to the aerosol flow was 10:1, with
aerosol and sheath air flow set to 0.3 L/min and 3 L/

min, respectively. The resolution was set to 45 chan-
nels. Every measurement was repeated at least three
times. The measurements were averaged (the standard
error of the mean was calculated for every size bin),
and the sizes were corrected according to the current
calibration function of the SMPS. Finally, the number-
weighted average geometric mean mobility diameter
GMDmob, geometric standard deviation GSDmob and
total PN concentration and their uncertainties
(through linear uncertainty propagation)
were determined.

The total aerosol mass concentration was measured
with a Tapered Element Oscillating Microbalance
(Patashnick and Rupprecht 1991; Gilliam and Hall
2016; TEOM 1405, Ambient Particulate Monitor,
Thermo Fisher Scientific Inc., Franklin, MA, USA),
which was operated with a main flow rate of 1 L/min
at 30 �C. The frequency of the tapered element was
recorded every 6 s and used to calculate the total mass
on the filter. Based on this and the known aerosol
flow rate, the mass concentration was determined as
an average from the last 30min of measurements.

Aerosol absorption coefficient measurements were
performed with an aethalometer, a photoacoustic
extinctiometer (PAX), and a multi-angle absorption
photometer (MAAP). The aethalometer (Aethalometer
AE33, Magee Scientific, Berkeley, CA, USA) was used
to determine the AAE as a measure for the wave-
length dependence of the absorption. The AE33 meas-
ures the change of light attenuation through a filter at
seven wavelengths (370, 470, 520, 590, 660, 880, and
950 nm) and corrects for filter loading effects by two
spot sampling (Drinovec et al. 2015). The scattering
correction factor (C ¼ 1:39) determined by the manu-
facturer for the build-in filter tape was used to derive
the absorption coefficient, babs kð Þ: Here, the true value
of the C-factor is not relevant; if the C-factor exhibits
only weak wavelength dependence or is sufficiently
small, it cancels out when calculating the AAE. No
other scattering corrections were applied. The AAE
was calculated using the babs kð Þ at all wavelengths.
Since sufficiently small BC particles absorb strongly
over the entire visible wavelength range and exhibit
only a weak spectral dependence, the AAE is close to

Table 1. Operation points of the miniCAST BC used in this study.
Operation point Propane (mL/min) Oxidation air (L/min) Premixed air (mL/min) Quench gas N2 (L/min) Dilution air (L/min) Overall C/O ratio (–)

160 nm diffusion 61 1.5 – 7 10 0.290
100 nm premixed 60 1.3 225 7 10 0.281
75 nm premixed 60 1.1 370 7 10 0.292
50 nm premixed 60 1.1 390 7 10 0.288
100 nm fuel-rich 60 1.15 – 7 10 0.373
75 nm fuel-rich 60 1.0 – 7 10 0.429
50 nm fuel-rich 60 0.9 – 7 10 0.476
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1 (Bond et al. 2013; Schnaiter et al. 2003; Corbin et al.
2019; Liu et al. 2018). If the soot particles do not only
contain BC, but also a substantial fraction of light-
absorbing organic substances which enhance the light
absorption at lower wavelengths (near UV and blue),
the AAE is significantly higher than 1 (Corbin et al.
2019; Kirchstetter, Novakov, and Hobbs 2004). The
AE33 was operated with a total aerosol flow of 2 L/
min and an integration time of 60 s for several
minutes. The arithmetic mean value for the parameter
of interest (e.g. AAE or babs) and the resulting stand-
ard deviation was then calculated. The PAX (PAX
870 nm, Droplet Measurement Technologies Inc.,
Boulder, CO, USA) combines a wide-angle integrat-
ing reciprocal nephelometer to measure scattering
and a photoacoustic cell to measure absorption in
parallel. In these experiments, a PAX with a wave-
length of 870 nm was used to determine the absorp-
tion coefficient babs 870nmð Þ and the SSA (SSA870 nm)
of the generated soot particles. The scattering channel
(reciprocal nephelometer) of the instrument was cali-
brated against extinction measurements based on
Lambert-Beer’s law using high concentrations of pol-
ydisperse ammonium sulfate aerosol. The photoa-
coustic channel (absorption cell) was cross calibrated
with EC-rich soot particles from the miniCAST BC
(Nakayama et al. 2015). The sample flow was 1 L/min
and the data averaging time was chosen to be 60 s,
with background (zero) measurements being per-
formed every 5min. Mean values and standard devia-
tions were calculated from at least 10min of
measurement. The MAAP (Model 5012, Thermo
Fisher Scientific Inc., Franklin, MA, USA) was used
to determine the absorption coefficient babs 637nmð Þ
of the generated aerosol at the wavelength of 637 nm
using a correction of 5% to account for the fact that
the true wavelength is 637, not 670 nm (Zanatta et al.
2016; M€uller et al. 2011). Here, the radiative transfer
and the diffuse backscattering of the aerosol depos-
ited on the filter tape are used to correct for scatter-
ing artifacts. The sample flow was set to 16 L/min
and one data point was recorded every minute.
Arithmetic mean values and standard deviations of
the data were calculated from several minutes of
measurement.

An aerosol particle mass analyzer (APM-II, Model
3601, Kanomax USA, Inc., Andover, NJ, USA) was
used to select particles by their mass-to-charge ratio.
Combined with an SMPS (Electrostatic Classifier
Series 3080, 3 L/min sheath air and CPC 3776 low
flow, TSI Inc., Shoreview, MN, USA), the effective
density of the particles could be determined. Briefly, a

particle mass was selected with the APM and the
resulting particles were scanned with an SMPS in
order to determine the mobility diameter correspond-
ing to the selected mass. At least three SMPS measure-
ments were averaged (the standard error of the mean
was calculated for every size bin), then the size bin limits
were corrected according to the most recent calibration
function of the SMPS. Finally, the average geometric
mean diameter GMDmob and its uncertainty were deter-
mined via a linear uncertainty propagation. The effective
density, qeff, was calculated from particle mass and geo-
metric mean mobility diameter according to Equation
(1) (Kulkarni et al. 2011; Gysel et al. 2011):

qeff ¼
6 m

pGMD3
mob (1)

An AAC (Cambustion Ltd., Cambridge, UK; Tavakoli
and Olfert 2014; Johnson et al. 2018) was used to size
select particles according to their aerodynamic diam-
eter. The AAC was operated at a maximum sample
flow rate of 1 L/min and the sheath air flow was kept
as close as possible to 10 L/min. Particle sizing was
achieved by letting the software adjust the rotational
speed of the classifier.

The single-particle soot photometer (SP2, Droplet
Measurement Technologies, Longmont, CO, USA) is
an online single-particle instrument able to quantita-
tively retrieve the mass of the refractory black carbon
particles (rBC; following the nomenclature suggested
by Petzold et al. (2013). The SP2 is a well-character-
ized instrument relying on the LII technique. A com-
plete description of the working principles and
measuring performances of the SP2 can be found in
(Moteki and Kondo 2007; Stephens, Turner, and
Sandberg 2003; Schwarz et al. 2006; Laborde, Mertes,
et al. 2012). Briefly, the instrument functions by draw-
ing particles into the center of a Gaussian-profiled,
continuous-wave Nd:YAG laser operating at a wave-
length of 1064 nm. The rBC particles efficiently absorb
the radiation at this wavelength and, as a conse-
quence, are heated up to their sublimation tempera-
ture (approximately 4000K), where they emit an
incandescence signal before vaporizing. The incandes-
cence signals from each particle are recorded by two
detectors (photomultiplier tubes) equipped with band
pass filters in the ranges 350–800 nm and
630–800 nm. The peak height intensity of an incan-
descence signal is proportional to the volume (and
therefore the mass) of the incandescing rBC particle.
In order to retrieve the particle mass from the
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incandescence signal intensity, the detectors have to be
empirically calibrated using mass-selected particles.
However, the SP2 incandescence signal to particle mass
calibration relationship depends on the BC type.
Generally, the most common calibration materials for
atmospheric measurements are FS and AquaDAG
(Aqueous Deflocculated Acheson Graphite from
Acheson Inc., USA) particles: the former is specifically
recommended since the SP2 showed a similar sensitiv-
ity between FS and diesel soot emissions (Baumgardner
et al. 2012). Since miniCAST generated BC particles
with different physical properties were measured in this
study, the SP2 was calibrated via APM mass-selected
particles of the specific miniCAST set point under
investigation. The reproducibility of the SP2 was tested
during an intense chamber inter-comparison for 6 SP2
units, resulting to be of 10% for the retrieval of BC
mass size distributions (Laborde, Schnaiter, et al. 2012).

The SP2 detection efficiency abruptly decreases for
particles smaller than approximately 80–100 nm of BC
mass equivalent diameter (between 0.2 and 0.5 fg;
Laborde, Schnaiter, et al. 2012). Therefore, accurate
BC mass concentration retrievals are only possible for
particle size distributions where the peak in mass is
well reconstructed, i.e., for particles above the detec-
tion limit cutoff. Under this circumstance, it is sug-
gested to correct the missing mass simply by
calculating it using the fitting the mass size distribu-
tion (Pileci et al. 2021). A complete description of the
applied correction to the BC mass is reported in
Supplementary Figure S9.

Filter samples were collected for EC/OC analysis,
Raman microspectroscopy, and high-resolution trans-
mission electron microscopy (HRTEM). For the EC/
OC analysis and the Raman measurements, the aero-
sol was sampled on quartz fiber filters (Advantec,
Tokyo, Japan, QR-100, 47mm, prebaked at 500 �C for
1.5 h) at a flow rate of 1.2 L/min. To collect the par-
ticles on TEM grids (S147-4, Holey Carbon Film, 400
Mesh Cu, Agar Scientific Ltd, Stansted Essex, UK), a
tandem DMA setup (2x Electrostatic Classifier Series
3080, both DMAs equipped with bipolar chargers for
reduction of multiple charges, 3 L/min sheath air, TSI
Inc., Shoreview, MN, USA) was used to produce truly
monodisperse size distributions (i.e. without multiply
charged particles). The TEM grids were placed in a
mini particle sampler (MPS, Ecomeasure, Saclay,
France; R’mili et al. 2013) attached to a pump and the
sampling flow rate was set to 0.3 L/min.

Thermal-optical analysis was performed with an
OC/EC-Analyzer (Lab OC-EC Aerosol Analyzer,
Sunset Laboratory Inc., Hillsborough, NC, USA). The
EUSAAR2-protocol (Cavalli et al. 2010) was modified
by extending the last temperature step (850 �C) from
80 s in the original protocol to 120 s in order to
ensure complete evolution of carbon. OC, EC, and TC
masses were calculated based on instrument calibra-
tion with sucrose solutions. The OC and TC masses
were then corrected by subtracting the OC mass from
the gas-phase adsorbed on the backup filter (Moallemi
et al. 2019; Mader et al. 2003). The uncertainty of the
corrected OC and EC masses is calculated by

Figure 1. Schematic illustration of the setups for the characterization of the selected operation points. The setup using path (a)
was used to determine particle size distributions, mass concentrations, and optical properties. Path (b) was used to sample soot on
filters for subsequent offline analysis with TEM, Raman microspectroscopy, or EC/OC analysis. Path (c) was used to determine the
effective density of the particles and path (d) with an additional dilution unit was used for measurements involving MAAP
and SP2.
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propagating uncertainties given by the instrument’s
software, calculated as the detection limit of 0.2 mgC/
cm2 plus 5% of the carbon mass determined in the
analysis for each carbon fraction. Uncertainties related
to the determination of the split point could not be
quantified and were therefore not taken into account.

Raman microspectroscopy was performed with an
upright Raman microscope (ND-MDT NTEGRA
Raman microscope, NT-MDT Spectrum Instruments,
Moscow, Russia) equipped with a laser of 532 nm
wavelength and a 50� objective lens with a numerical
aperture of 0.75. The acquisition time was 30 s and
the laser power was reduced to prevent sample deg-
radation. Spectra were recorded at three random posi-
tions on the soot-loaded quartz fiber filters. After
background correction of the spectra (linear between
�800 cm�1 to �1875 cm�1) with the Peak Analyzer
Tool of OriginPro 2019 (Version 9.6.0, OriginLab
Corporation, Northampton, MA, USA), the spectra
were normalized to the graphitic G-Peak at about
1600 cm�1 and averaged to yield one mean spectrum
for every operation condition. The peak ratio of the
two Raman soot peaks I(D)/I(G) was determined
from the spectra. Additionally, a five-band fit was per-
formed according to Sadezky et al. (2005).

The TEM/HRTEM images were recorded with a
Tecnai F20 transmission electron microscope (Tecnai
F20 Twin, 200 kV field emission electron gun FEG,
FEI, subsidiary of Thermo Fisher Scientific, Hillsboro,
OR, USA). The Camera FEI Ceta 16M (CCD,
4096� 4096 pixels), FEI subsidiary of Thermo Fisher
Scientific, Hillsboro, OR, USA) was used.

2.3. Experimental setup

The aerosol sampled at the outlet of the miniCAST’s
exhaust pipe was guided through a diffusion dryer
filled with silica gel (Silica gel orange, Carl Roth AG,
Arlesheim, Switzerland) and diluted by a rotation disk
diluter (MD19, Matter Engineering AG, Wohlen,
Switzerland). The particles were subsequently analyzed
with four different setups (a–d) depending on the aim
of each experiment as shown in Figure 1.

Additionally, measurements of size-selected particles
within certain size distributions were performed as
reported in Section S8 in the Supporting information.

To determine optical properties (SSA, AAE, and
MAC), and the particle mass concentration and size
distribution of polydisperse soot aerosols the aerosol
was split by a flow splitter and delivered to the SMPS
(Grimm GmbH, Germany), TEOM, PAX, and
Aethalometer (path a in Figure 1). Soot particles were
sampled on quartz fiber filters to later perform filter-
based EC/OC analyses and Raman microspectroscopy
(path b in Figure 1). For the sampling on TEM grids,
two DMAs (DMA 3081, TSI Inc., Shoreview, MN,
USA) were placed in front of the MPS. For the deter-
mination of the effective density, the APM was dir-
ectly coupled to an SMPS (TSI; path c in Figure 1).
Alternatively, the aerosol was diluted further by a 1:10
dilution unit (VKL 10 dilution unit, 1.5 bar, Palas
GmbH, Karlsruhe, Germany) and subsequently split
with a flow splitter and distributed to the aethalome-
ter (same instrument as in former path a), the PAX
(same instrument as in former path a) the MAAP and
SP2 for comparison of the instruments and determin-
ation of the MAC (path d in Figure 1).

3. Results and discussion

3.1. Size distributions and composition

The seven “standard” operation points were selected
to cover the broad range of particle sizes and proper-
ties attainable with the miniCAST BC while, at the
same time, maintaining high stability and day-to-day
reproducibility (Ess and Vasilatou 2019). The relative
deviation in PN concentration was <8% for different
days while the relative deviation in GMDmob was even
smaller (<2%, see Supporting information Section
S1). Thus, for the defined operation points, the
miniCAST BC appeared to perform better than for-
mer models, such as model 4202 used by Moore
et al., which showed fluctuations within <10% for
mode diameter and a factor of two in concentration
for different days (Moore et al. 2014).

Table 2. Characteristics of the number size distribution, mass concentration, and composition of the aerosol generated using the
miniCAST 5201 BC generator. The size distributions can be found in the Supporting information Section S3.

Operation point
GMDmob number size
distribution (nm)

Concentration
undiluted (cm�3)

GSDmob number size
distribution (�)

Mass concentration
(undiluted) (mg/m3) EC/TC mass fraction (%)

160 nm diffusion 164.0 ± 2.0 7.27�107 1.55 ± 0.02 193.5 ± 7.7 93.2 ± 10.4
100 nm premixed 98.8 ± 4.4 4.14�107 1.64 ± 0.08 20.4 ± 0.8 100.1 ± 10.7
75 nm premixed 72.0 ± 6.2 3.83�107 1.68 ± 0.15 8.0 ± 0.3 91.1 ± 7.9
50 nm premixed 54.4 ± 8.4 2.86�107 1.76 ± 0.26 2.8 ± 0.1 84.9 ± 10.3
100 nm fuel-rich 101.5 ± 4.6 9.26�107 1.68 ± 0.07 130.1 ± 4.9 46.7 ± 8.4
75 nm fuel-rich 71.2 ± 4.3 1.03�108 1.55 ± 0.08 66.2 ± 3.3 20.1 ± 5.9
50 nm fuel-rich 52.2 ± 5.4 8.66�107 1.52 ± 0.13 23.2 ± 0.8 6.0 ± 2.4
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The largest particle size that can be generated with
the miniCAST BC (without using any additional
agglomeration volume) is achieved with a diffusion
flame under near-stoichiometric but slightly fuel-lean
conditions (Ess and Vasilatou 2019). The GMDmob of
these particles is near 160 nm and the mass concentra-
tion of the undiluted soot amounts to approximately
190mg/m3. As shown in Table 2, these particles
exhibit a high EC/TC content in agreement with
observations made with other miniCAST soot genera-
tors (Moore et al. 2014; Schnaiter et al. 2006; Ess and
Vasilatou 2019; Maricq 2014). On the other hand,
smaller particles were generated by premixing air with
the propane fuel prior to entering the flame. In for-
mer studies with other burners, the particle size has
often been tuned by mixing nitrogen into propane;
however, this resulted in particles with lower EC mass
fraction (Moore et al. 2014; Maricq 2014). With the
miniCAST BC, on the contrary, mixing air into pro-
pane effectively decouples the particle composition
from the size, and the particle size can be tuned down
with only a slight decrease in the EC/TC mass frac-
tion. Thus, without any thermal treatment, the oper-
ation points “100 nm premixed”, “75 nm premixed”
and “50 nm premixed” generated particles with
100 ± 11%, 91 ± 8%, and 85 ± 10% EC/TC mass frac-
tion, respectively, simulating well the properties of
soot particles from diesel vehicle exhaust which pos-
sess a GMDmob in the range of 30–150 nm (Puzun
et al. 2011; Caroca et al. 2011; Ess, Bladt, et al. 2016)
and EC/TC mass fractions of �60% (Lu et al. 2012;
Hebisch et al. 2003; Cauda et al. 2012; Wierzbicka
et al. 2014). In contrast, soot generated with the fuel-
rich diffusion flame possesses EC/TC mass fractions

which decrease strongly with decreasing particle size
because of the more fuel-rich combustion (Schnaiter
et al. 2006; Moore et al. 2014). Therefore, the selected
operation points listed in Table 2 cover a wide range
of particle sizes and compositions.

3.2. Morphology

A commonly used tool to determine the structural
order of carbonaceous particles is Raman spectros-
copy. The spectrum of soot consists of two overlap-
ping peaks with a Raman shift of about 1350 cm�1

and 1600 cm�1. The peak assignment can be derived
from the spectra of true graphitic materials even
though the soot nanostructure is more disordered and
additional features occur in the spectra of soot com-
pared to those of graphite. For graphite, the peak at
1600 cm�1 is commonly called the G-peak from
“graphite”, as this is the only peak appearing in a sin-
gle graphite crystal and is assigned to the vibrational
mode of E2g symmetry of the ideal sp2-hybridized
structure (Tuinstra and Koenig 1970; Saito et al.
2011). The other peak at 1350 cm�1, called the D-peak
from “disordered” graphitic lattice, is attributed to the
totally symmetric vibrational mode (A1g symmetry)
and is associated with the presence of graphene layer
edges in graphite materials which do not consist of
only a single crystal (Wang, Alsmeyer, and McCreery
1990; Tuinstra and Koenig 1970). Going to more dis-
ordered structures like soot, however, additional spec-
tral features originating from other structural defects
(Jawhari, Roid, and Casado 1995; Liu et al. 2010;
Parent et al. 2016; Sadezky et al. 2005; Wang,
Alsmeyer, and McCreery 1990) appear in the Raman
spectra, which cannot be spectroscopically resolved.
As a result, a typical Raman spectrum of disordered
graphitic material, as the one displayed in Figure 2, is
a convolution of several overlapping vibrational bands
(with the two main peaks still called D-peak and G-
peak as in graphitic materials).

In this study, a semi-qualitative analysis/compari-
son of the Raman spectra of the soot generated with
the various operation points is given based on Ferrari
and Robertson as well as Zickler et al. (Commodo
et al. 2015; Ferrari and Robertson 2000; Zickler et al.
2006). These authors suggested that below a crystallite
length of 2 nm a higher I(D)/I(G) ratio indicates a
larger crystallite size, in contrast to graphitic materials
where the I(D)/I(G) ratio is inversely proportional to
the structural order. Figure 2 shows the mean Raman
spectra of the various soot samples generated by the
miniCAST BC. To facilitate comparison of the spectra,

Figure 2. Raman spectra of the generated soot recorded with
532 nm laser and normalized to the graphitic G-peak
at �1600 cm�1.

AEROSOL SCIENCE AND TECHNOLOGY 835



these have been normalized to the graphitic G-peak
located at about 1600 cm�1. The Raman spectra of
soot generated at slightly fuel-lean conditions (pre-
mixed and diffusion flame) show similar intensities of
about 0.86–0.88 for the D-peak while the spectra of
soot generated under fuel-rich conditions reveal a
lower D-peak intensity of 0.54–0.62 (see Table 3).
Assuming an overall mean crystallite size smaller than
2 nm, in accordance with previous findings for
miniCAST, aircraft, and truck soot (Malmborg et al.
2019; Vander Wal, Bryg, and Hays 2010; Hays and
Vander Wal 2007), the spectra indicate a higher struc-
tural order (larger crystallites and higher D-peak
intensity) for the soot generated under fuel-lean con-
ditions due to the more complete combustion and
higher flame temperature reached closer to stoichio-
metric conditions (Moore et al. 2014). A similar
behavior has been observed in previous studies with
different soot generators, where fuel-lean and fuel-rich
conditions were compared. For instance, soot gener-
ated with a miniCAST 5201 under fuel-rich conditions
showed low I(D)/I(G) ratios, indicating a smaller crys-
tallite size (Ess, Ferry, et al. 2016). On the contrary,
soot generated with a miniCAST under fuel-lean con-
ditions revealed higher I(D)/I(G) ratios, similar to
those of aircraft engine soot (Saffaripour et al. 2017)
or diesel soot (Patel et al. 2012; Schmid et al. 2011).

Another difference in the Raman spectra is visible
in the region between the two peaks at about
1500 cm�1. Vibrations in this spectral region are nor-
mally associated with amorphous carbon compounds
consisting of mixtures of sp2- and sp3-hybridized car-
bon (Jawhari, Roid, and Casado 1995). Strong inten-
sities indicate higher disorder of the nanostructure
and curvature of the crystallites. Quantifying the con-
tribution of the vibrational band at about 1500 cm�1

to the total area of the spectrum (by using the 5-
band-fitting method by Sadezky et al. 2005), the low-
est relative contribution (i.e. higher structural order)
was found in the spectra of the soot “50 nm

premixed” and “75 nm premixed” followed by the soot
“100 nm premixed”. The fraction was remarkably
higher in the “160 nm diffusion” soot, and it increased
even further for the soot generated at fuel-rich condi-
tions (see Supporting information Section S4). This
implies that the soot generated with the premixed
flame not only has a higher structural order (indicated
by the high I(D)/I(G) ratio) but also a lower content
of amorphous structures compared to the soot gener-
ated at fuel-rich conditions and with the diffu-
sion flame.

A third feature in the Raman spectra worth atten-
tion is the contribution of organic compounds. It has
been found before that organic compounds with sp3

hybridization, intermediate sp2–sp3 hybridization,
and/or polyene-like structures give rise to a shoulder
on the soot Raman spectrum at about 1200 cm�1

(Dippel, Jander, and Heintzenberg 1999). In the
Raman spectra of the examined soot samples, only a
short tail but no shoulder is visible. In contrast, a
shoulder is clearly discernible in the Raman spectra of
the fuel-rich soot samples at higher wavenumbers
around 1750 cm�1. This band has been reported for
soot aged with ozone and assigned to the stretch
vibration of the carbonyl group in ketones, lactones,
and anhydrides (Liu et al. 2010). This implies that, in
the case of the soot produced in this study, the higher
deviation from stoichiometric conditions toward fuel-
rich conditions increases the content of functional
groups and compounds on the soot surface. In Figure
2, the intensity of the shoulder increases with decreas-
ing particle size and thus with increasing OC/TC
mass fraction, a piece of evidence that further corrob-
orates the assignment of this spectral feature to
organic compounds and indicates that the soot gener-
ated at fuel-rich conditions may contain a consider-
able amount of carbonyl groups.

A more straightforward method than Raman spec-
troscopy to obtain information on the soot morph-
ology is TEM. TEM analyses were performed on

Table 3. Morphology of the soot particles including parameters extracted from TEM and HRTEM images as well as from the
Raman spectra.
Operation point Aggregate structure Primary particle size (nm)a Nanostructure Raman I(D)/I(G) (�)

160 nm diffusion Distinct primary particles
with almost no overlap

26.1 ± 6.3 (300) Onion-like 0.88 ± 0.05

100 nm premixed Distinct primary particles 15.8 ± 3.5 (190) Turbostratic layer regions,
partially onion-like

0.87 ± 0.05

75 nm premixed Distinct primary particles 12.3 ± 3.7 (90) Turbostratic layer regions,
partially onion-like

0.86 ± 0.05

50 nm premixed No aggregation 21.4 ± 5.6 (30) Turbostratic 0.86 ± 0.03
100 nm fuel-rich Highly overlapping, merged

primary particles
Hardly distinguishable 	45–70 Turbostratic layers and

amorphous parts
0.62 ± 0.03

75 nm fuel-rich – – – 0.58 ± 0.01
50 nm fuel-rich No aggregation 33.1 ± 3.7 (20) Amorphous 0.54 ± 0.05
aNumbers in parentheses indicate the number of analyzed primary particles.

836 M. N. ESS ET AL.



mobility size-selected particles generated at different
operation points to extract information on the pri-
mary particle size. Furthermore, HRTEM images pro-
vide insight into the nanostructure of the particles. As
an example, TEM images of the soot “100 nm pre-
mixed” and “100 nm fuel-rich” are shown in Figure 3
while images of soot from other operation points can
be found in the Supporting information
(Supplementary Figure S5). Comparing the images of
“100 nm premixed” and “100 nm fuel-rich” soot of the
same mobility diameter, it can be seen that the par-
ticles formed in the premixed flame consist of a loose
agglomerate structure where the primary particles are

clearly distinguishable, while for the soot generated in
the fuel-rich flame the primary particles are overlap-
ping and merged. In this case, there is no “neck”
between the particles and the primary particles are
hardly distinguishable. The “160 nm diffusion” and
“75 nm premixed” soot aggregates appear to be quite
similar to the “100 nm premixed” aggregates. On the
contrary, the particles of 50 nm mobility diameter,
whether produced in a diffusion or a premixed flame,
are no longer aggregate structures but single spheres.

Moreover, soot particles generated at fuel-lean,
near-stoichiometric conditions consist of smaller pri-
mary particles than their mobility size equivalents

Figure 3. (a) TEM and (b) HRTEM images of soot particles generated with the set point “100 nm premixed”. (c) TEM and (d)
HRTEM of soot particles generated with the set point “100 nm fuel-rich”. The TEM images were recorded with 100,000� magnifica-
tion (left panels) and the HRTEM images with 700,000� magnification (right panels).
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generated at fuel-rich conditions. This observation is
consistent with previous literature findings.
Saffaripour et al. (2017) found the primary particle
size to be 70% larger for miniCAST soot particles gen-
erated at fuel-rich conditions compared to miniCAST
soot generated at fuel-lean conditions. In our study,
the primary particle sizes of (12.3 ± 3.7) nm and
(15.8 ± 3.5) nm observed for soot particles from the
premixed flame and the primary particle size of
(26.1 ± 6.3) nm from the near-stoichiometric diffusion
flame (see Table 3) are in the same range as particles
found in engine exhaust, e.g., 17.2–21.5 nm diameter
for aircraft soot (Saffaripour et al. 2017), 17–28 nm
for diesel engines depending on fuel-to-air ratio and
engine speed (Lapuerta, Martos, and Herreros 2007)
and the mean primary particle size of 13 nm for a
EURO IV engine (Su et al. 2004).

Lapuerta, Martos, and Herreros (2007) divide the
nanostructure of primary particles in four categories:
(i) onion-like structures, (ii) turbostratic graphite
stacks of undefined orientation, (iii) purely turbos-
tratic layers, and (iv) structures formed by multiple
spherical nuclei surrounded by several graphene
layers. Thereby the first category is encountered more
frequently in diesel emissions. The nanostructure of
the generated soot in the present study cannot be eas-
ily assigned to one of these categories but seems to be
a mixture of these structures. Starting with the “75 nm
premixed” and “100 nm premixed” particles, regions

with onion-like structures are clearly discernible, but
there are also regions in the particles where the gra-
phene layers are rather turbostratic and not concen-
tric. The “100 nm fuel-rich” particles consist mainly of
turbostratic structures but extended amorphous struc-
tures without identifiable graphene layers are also pre-
sent. The “160 nm diffusion” soot clearly consists of
an onion-like structure. The “50 nm premixed” soot,
in contrast, consists mainly of turbostratic structures.

Comparing the results obtained by Raman spectros-
copy and HRTEM, it can be concluded that the results
are consistent with each other. Both methods reveal
higher structural order for the particles generated at
near-stoichiometric fuel-lean conditions than for the
particles generated at fuel-rich conditions.

3.3. Effective density

The soot effective density of three of the polydisperse
miniCAST operational set points was determined by
mass selecting the particles with an APM and then
measuring the mobility diameter with an SMPS.
Figure 4 displays the calculated effective densities
(Equation (1)) as a function of the mobility diameter
of the operation points “160 nm diffusion”, “100 nm
premixed” and “100 nm fuel-rich” (gray squares, trian-
gles, and rhomboids, respectively). The effective dens-
ity decreases with particle size from roughly 1.0 g/cm3

for “100 nm fuel-rich” particles to 0.15 g/cm3 for
370 nm premixed or 570 nm diffusion flame particles.
This decrease reflects the fact that all of the particle
types possess agglomerate structures, and is in agree-
ment with the behavior of diesel soot in the size range
50 to 300 nm (Park et al. 2003; Rissler et al. 2013).
Due to the more compact structure of the smaller par-
ticles, their effective density is higher (Park et al.
2003). The absolute values of the effective density at a
similar mobility diameter are highest for the fuel-rich
soot with lower EC/TC mass fraction, and lowest for
the premixed soot. This is attributed to the organic
material in the fuel-rich soot that fills the agglomerate
voids (thus increasing the particle density), and to the
larger primary particle size (Mamakos et al. 2013;
Rissler et al. 2013) of the fuel-rich diffusion flame
soot compared to the premixed soot as determined by
TEM analysis and summarized in Table 3. The abso-
lute values of the effective density displayed in Figure
4 are in good agreement with the values reported by
Mamakos et al. (2013) for propane soot from
miniCAST model 5200 in combination with a catalytic
stripper (0.8–0.3 g/cm3 for 100 nm particles to
0.3–0.1 g/cm3 for 300 nm particles depending on the

Figure 4. Effective density data as a function of the electric
mobility diameter Dmob of miniCAST BC polydisperse soot par-
ticles generated at the operation points “160 nm diffusion”,
“100 nm premixed” and “100 nm fuel-rich”. For comparison, lit-
erature data from Rissler et al. (2013), Park et al. (2003), and
Abegglen et al. (2015) are also provided. DE and AE stand for
diesel and aircraft engine, respectively.
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operation point). The results in this study for soot
with high EC/TC mass fraction (see Figure 4) are in a
good agreement with those reported by Rissler et al.
(2013) who used a candle and a custom-made pro-
pane diffusion flame generator to generate particle
distributions centered at 50 and 100 nm (green lines).
Rissler et al. studied the flame generator soot in the
mobility size range 100 nm to 300 nm, where the par-
ticles exhibited low fraction of volatile organics and
effective densities of 0.2 g/cm3 for 300 nm particles to
0.4 g/cm3 for the 100 nm particles. For diesel engines
(John Deere engine) operated at different loads (red
lines in Figure 4), Park et al. (2003) determined effect-
ive densities of 1–1.2 g/cm3 for 50 nm particles,
0.64–0.73 g/cm3 for 120 nm particles and 0.39–0.55 g/
cm3 for 220 nm particles. Particles emitted by a high-
duty diesel engine possessed similar effective densities
ranging from 0.61 to 0.81 g/cm3 for 100 nm particles

and 0.30 to 0.51 g/cm3 for 300 nm particles (Rissler
et al. 2013). Aircraft exhaust particles under high
thrust engine conditions (Abegglen et al. 2015) exhib-
ited effective densities of �1.35 g/cm3 for �40 nm par-
ticles down to �0.8 g/cm3 for �125 nm particles. For
lower engine thrust, values of �1.15 g/cm3 for
�40 nm particles to �0.7 g/cm3 for �75 nm particles
were reported. As can be seen from Figure 4, the soot
produced at the set points “160 nm diffusion” and
“100 nm fuel-rich” of the miniCAST BC generator
simulates well the properties of soot particles emitted
by diesel and aircraft engines in terms of effective
density and mobility diameter.

The mass-mobility exponent was determined as the
slope from the log-log relationship of the particle
mass and the mobility diameter (Park et al. 2003; see
Supplementary Figure S9 in Section S6 of the
Supporting information). The absolute values for the
three samples increase from 1.97 ± 0.08 for the oper-
ation point “160 nm diffusion” to 2.22 ± 0.05 for the
operation point “100 nm premixed” to 2.26 ± 0.05 for
the fuel-rich operation point. These values agree well
with those reported in the literature for diesel exhaust
particles (2.33–2.41; Park et al. 2003 and 2.37–2.56;
Rissler et al. 2013), aircraft exhaust particles at low
and high thrust (1.85–2.32 and 2.57–2.79, respectively
(Abegglen et al. 2015) and propane soot (average
value of 2.3; Rissler et al. 2013) and indicate diffu-
sion-limited cluster aggregates (Mamakos et al. 2013;
Park et al. 2003; Rissler et al. 2013). Considering that
lower mass-mobility exponents indicate that the par-
ticles are less compact (Park et al. 2003), the results
agree well with the TEM results which also reveal that
the 160 nm particles possess the most fractal structure.

3.4. Optical properties

The optical properties of the soot particles are
reported in Figure 5, and the corresponding values in
Supplementary Table S4. The SSA (at 870 nm) was
inferred for the polydisperse soot aerosols generated
at fuel-rich (“100 nm-”, “75 nm-” and “50 nm fuel-
rich”) and near-stoichiometric fuel-lean (“160 nm dif-
fusion”, “100 nm-”, “75 nm-” and “50 nm premixed”)
conditions (Figure 5a). The SSA is the ratio of scatter-
ing coefficient to extinction coefficient, where the
extinction coefficient is the sum of scattering and
absorption coefficients. The SSA was inferred from
the scattering and extinction coefficients determined
with a PAX (wavelength 870 nm). Light scattering and
absorption depend on particle size, morphology, com-
position (i.e. refractive index), and wavelength of the

Figure 5. Optical properties (a) SSA870nm, (b) AAE, and (c)
MAC of polydisperse soot particles generated with the
miniCAST. In c) the MAC points were evaluated either using
the total mass determined by the TEOM (MACtot,870nm) or the
rBC mass from the SP2 (MACrBC,870nm, determined only for set
point “160 nm diffusion”, empty red square).
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light source (Schnaiter et al. 2003). As long as the BC
particles are small enough, then absorption and scat-
tering can be explained within the Rayleigh regime.
By assuming a spherical geometry, the scattering coef-
ficient is proportional to the squared particle volume
and thus to the particle radius to the sixth, while the
absorption coefficient is proportional to the particle
volume and thus to the particle radius to the third
(Moosm€uller and Arnott 2009). Therefore, the scatter-
ing coefficient increases faster with increasing particle
size than the absorption coefficient, resulting in a con-
sequent size dependence of the SSA at a fixed refract-
ive index (Moosm€uller and Sorensen 2018). A more
accurate description of scattering and absorption from
soot fractal aggregates requires the Rayleigh-Gans-
Debye approximation since the coherence assumption
of the Rayleigh regime is not valid anymore. In fact,
the scattering from a primary particle influences the
scattering from the other particles forming the soot
aggregate. For a detailed literature review on the
involved physical processes and on the available
optical descriptions, the reader is referred to Sorensen
et al. (Sorensen 2001; Sorensen et al. 2018). The
results herein show that small particles with high EC/
TC mass fraction generated at premixed conditions
possess an SSA close to zero and that the SSA
increases with particle size (see Figure 5 and
Supplementary Table S5 in the Supporting informa-
tion). The particles with GMD of 160 nm, for
instance, have a higher SSA of 0.11, despite the high
EC/TC mass fraction, because of the larger size and
thus larger scattering coefficient (the effect of the pri-
mary particle size could not be evaluated). While the
SSA remains generally low for particles with high BC
content, it increases fast with increasing OC content
(Schnaiter et al. 2006). With increased OC/TC mass
fraction, the particles generated at fuel-rich conditions
possess an SSA 6 to 18 times higher than the particles
with similar sizes but generated at premixed fuel-lean
conditions. The SSA of the soot particles generated at
premixed conditions (SSA � 0.03) agrees quite well
with the SSA values of about 0.05 (at 630 nm) com-
monly reported for aircraft emitted soot (Yu et al.
2011), while soot particles generated with diffusion
flames possess SSA values closer to what has been
observed for diesel soot (SSA ¼ 0.17 at 700 nm;
Schnaiter et al. 2003).

The 160 nm particles possess the lowest AAE
(1.05 ± 0.02), very close to 1 (Figure 5b). For the three
premixed operation points, the AAE is 1.15–1.2 with
a slightly higher value for the smallest particles. The
absorption manifests a low wavelength dependence,

indicating a BC-like composition of soot. In contrast,
the AAE of the soot generated at fuel-rich conditions
increases with decreasing particle size from 1.73 ± 0.02
(for the “100 nm fuel-rich” particles) to 3.44 ± 0.20
(for the “50 nm fuel-rich” particles) due to the higher
fraction of organic material. Since the different par-
ticle sizes are generated by increasing the fuel-to-air
ratio in the flame, the content of unburned fuel and
incompletely carbonized polyaromatic hydrocarbons
(PAHs) increases. The higher AAE is thus directly
linked to the higher OC/TC mass fraction increasing
from 53.3% (for the “100 nm fuel-rich” particles) to
93% (for the “50 nm fuel-rich” particles). This is also
visible to the eye as the color of the soot deposited on
the filter changes from black to yellow-brownish (the
images of the loaded filters are reported as shown in
the Supporting information). These results agree well
with previous literature findings, where e.g., Schnaiter
et al. (2006) found that the AAE of larger soot par-
ticles than those investigated here increased from 1 at
a C/O ratio of 0.29 in the flame (similar condition as
the “160 nm diffusion” operation point of the current
study) to 3.5 for a C/O ratio of 0.50 in the flame
(close to the “50 nm fuel-rich” operation point).
Moreover, the AAE values of the 160 nm particles and
the three premixed operation points are in agreement
with those reported for diesel engine soot (AAE ¼
1.1; Schnaiter et al. 2003) and soot emitted by aircraft
engines (AAE ¼ 0.95–1.13; Yu et al. 2011).

The total mass concentration of soot was measured
with the TEOM and the EC fraction of the total mass
was determined with EC/OC analysis. When using the
total aerosol mass determined by TEOM, the
MAC870nm, total is highest for the “160 nm near-stoi-
chiometric diffusion flame” particles with a value of
4.3 ± 0.1 m2/g (Supplementary Table S5 and Figure
5c). The MAC870nm, total for the particles generated at
premixed conditions decreases slightly with particle
size from 3.3 ± 0.1 m2/g for the “100 nm premixed”
particles to 3.0 ± 0.2 m2/g for the “50 nm premixed”
particles. For the particles generated at fuel-rich con-
ditions, the MAC870nm, total is lower overall and, again,
decreases with decreasing particle size from 2.0 ± 0.1
m2/g (“100 nm fuel-rich”) to 0.3 ± 0.2 m2/g (“50 nm
fuel-rich”). This can be attributed to the increasing
OC/TC mass fraction and thus the smaller portion of
absorbing material in the total particle mass concen-
tration. This trend is in agreement with the findings
of Schnaiter et al. (2006) who observed decreasing
MAC550nm values from 5.5 to 1.4m2/g at 550 nm with
increasing C/O ratios in the flame (from near-stoi-
chiometric toward fuel-rich conditions; Schnaiter et al.
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2006). The commonly accepted MAC value for BC
suggested by Bond and Bergstrom is 7.5 ± 1.2 m2/g at
550 nm (Bond and Bergstrom 2006). The value con-
verted to 870 nm, assuming an AAE equal to 1, is
4.74 ± 0.75 m2/g, in a good agreement with the
MAC870nm, total of the “160 nm diffusion” particles.

In a second step, the results from the EC/OC ana-
lysis were used to calculate the EC mass concentration
from the total TEOM mass concentration and, hence,
a MAC870nm, EC based on the EC mass. Since thermal-
optical analysis provides only OC mass, this must first
be converted to the total mass of organic material. A
multiplication factor of 1.6 was assumed in this study
as suggested by Aggarwal and Kawamura (2009), since
an experimental determination of the OC to OM con-
version factor was not possible. Thus, the following
relationship was used to obtain EC concentrations
from total TEOM concentrations: Total mass (TEOM)
¼ 1.6�OCþEC. The MAC870nm, EC based on the EC
fraction of the particles (Supplementary Table S5) is
slightly higher than the MAC870nm, total based on the
total (TEOM) mass for the particles generated at fuel-
lean near-stoichiometric conditions (i.e. “160 nm dif-
fusion” and “100 nm-”, “75 nm-” and “50 nm pre-
mixed”) and thus closer to the value suggested by
Bond and Bergstrom (2006). The MAC870nm, EC seems
to decrease with decreasing particle size but the trend
is obscured by the relatively high measurement uncer-
tainties arising from the EC/OC analysis.

Due to detection efficiency limitations, only the
rBC mass concentration of the polydisperse soot par-
ticles generated with the 160 nm diffusion MiniCAST
set point was evaluated with the SP2 (Figure 5c and
Supplementary Table S5). The MACrBC,870nm value is
approximately 20% higher than the corresponding
value calculated using the total mass from the TEOM,
MACTEOM,870nm. As reported in Table 2, approxi-
mately 10% of the mass of the particles at this set
point is OC which is measured by the TEOM but not
from the SP2. Considering the EC/TC mass fraction,
the TEOM and the SP2 derived MAC870nm agree
within the experimental uncertainties.

In order to test the homogeneity of the soot par-
ticles in a given polydisperse distribution generated
with the miniCAST, several monodisperse particle dis-
tributions were selected with an AAC from four
miniCAST premixed set points (with EC/TC mass
fractions higher than 90% and GMDmob from 112 nm
to 160 nm) as shown in Section S8 in the Supporting
information. These set points were selected to provide
particles with sufficiently large size/mass to be
detected with LII method. In order to cope with the

SP2 detection range, also most of the monodisperse
particle distributions were selected in such a way that
the mode was larger than in the original polydisperse
distribution. For each of these set points, the effective
density showed a decreasing trend with increasing
mode of the monodisperse distribution; moreover, for
a given mobility diameter we found that the smaller
the mode of the polydisperse miniCAST source distri-
bution the lower the absolute effective density, due to
a more fractal structure. The AAE of the size-selected
particles shows a minor size dependence, character-
ized by a decreasing trend from 1.2 to 1 with increas-
ing mobility diameter. The AAC size-selected particles
possess low SSA values, never exceeding 0.16, and
show an increasing trend with increasing mobility
diameter. Our results reveal that, for a given mobility
diameter, the SSA is inversely proportional to the
degree of fractalness, consistent with theoretical
expectations. The MACrBC,870nm was evaluated using
results from an SP2 and a PAX, showing a virtually
constant value of approximately 5.5m2/g in the size
range between 150 and 350 nm of Dmob.

4. Summary and conclusions

The goal of this study was to characterize for the first
time the optical properties and morphology of soot
particles generated by a prototype miniCAST 5201 BC
burner which can be operated both with partially pre-
mixed and diffusion flames. This prototype generator
forms the basis of the new miniCAST series 5301
which was recently commercialized by Jing Ltd (Dr.
Lianpeng Jing, manufacturer, conversation, February
22, 2021). Since the dimensions and overall design of
the burner have considerably changed compared to
older models, the soot properties had to be deter-
mined and mapped against the new operation points.
Polydisperse particles with geometric mean mobility
diameters of 50 nm, 75 nm, and 100 nm (with a geo-
metric standard deviation between 1.5 and 1.76) were
produced with both fuel-rich diffusion flames and
fuel-lean near-stoichiometric partially premixed
flames. Particles generated with the near-stoichiomet-
ric diffusion flame and premixed flame possessed high
EC/TC mass fractions of 85–100%, while their size
equivalents generated in fuel-rich flames had lower
EC/TC mass fractions of 6–50%. The EC/TC mass
fraction increased in both cases with increasing par-
ticle size. Thanks to the novel premixed flame mode,
a high EC/TC mass fraction of 85% at a mobility
diameter of 50 nm could be achieved even without
thermal treatment, which would not be possible with
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conventional miniCAST models based on diffusion
flames and dilution of propane with nitrogen. High
EC/TC (or similarly BC) mass fractions are essential
for calibration of engine-exhaust measuring instru-
ments (Durdina et al. 2016; Maricq 2014; Mamakos
et al. 2013).

In agreement with current literature, Raman spec-
troscopy indicated a higher structural order for par-
ticles produced at fuel-lean near-stoichiometric
conditions than for particles with low EC/TC mass
fractions. This finding was confirmed by HRTEM
images, which revealed an onion-like or turbostratic
layer nanostructure for the particles generated at fuel-
lean near-stoichiometric conditions, while the particles
with low EC/TC mass fractions possessed a rather
amorphous structure. Furthermore, with TEM the pri-
mary particle size of the soot aggregates was deter-
mined to be 13–20 nm for the particles with high EC/
TC mass fractions generated with (fuel-lean) premixed
flames. The primary particle size is thus similar to
that generated by overall fuel-lean diffusion flames
(9–34 nm; Mamakos et al. 2013; Saffaripour et al.
2017; Ess, Ferry, et al. 2016) and within the range
observed for soot emitted by real-world engines (Park
et al. 2003; Su et al. 2004; Saffaripour et al. 2017). On
the contrary, the primary particles of the aggregates
with low EC/TC mass fraction were merged, with
diameters ranging from 30 nm to 70 nm as expected
for soot generated by fuel-rich diffusion (typically
>30 nm; Mamakos et al. 2013; Saffaripour et al. 2017;
Ess, Ferry, et al. 2016).

The effective density of the soot generated by the
miniCAST BC is highest for the particles generated
with the fuel-rich diffusion flame and lowest for the
particles generated with the premixed flame, if the
same particle size is compared. In general, the effect-
ive density decreases with particle size within one size
distribution from roughly 1.0 g/cm3 (100 nm) to
0.45 g/cm3 (320 nm) for “100 nm fuel-rich” particles
and from 0.6 g/cm3 (0.3 g/cm3) at 150 nm to 0.15 g/
cm3 at 570 nm (0.15 g/cm3 at 370 nm) for diffusion
(premixed) flame particles. This decrease reflects the
fact that all of the particles possess agglomerate struc-
tures, and is in agreement with the behavior of diesel
soot in the size range 50 to 300 nm (Park et al. 2003;
Rissler et al. 2013). Our study shows that the soot
produced at the set points “160 nm diffusion” and
“100 nm fuel-rich” of the miniCAST BC generator
simulates well the effective density of soot particles
emitted by heavy/light-duty diesel and aircraft
engines, respectively (Rissler et al. 2013; Park et al.
2003; Abegglen et al. 2015). Optical properties were

characterized in terms of the AAE, SSA, and MAC.
The particles generated in the near-stoichiometric dif-
fusion flame had low AAE (1.05) and SSA (0.1) and
exhibited the highest MAC870, total of 4.3m2/g at a
wavelength of 870 nm (calculated from photoacoustic
absorption coefficient and total particle mass). The
particles formed in the fuel-lean premixed flames had
slightly higher AAE (0.15–0.2), much lower SSA
(0.01–0.03), and MAC870, total values of 3.0–3.3 m2/g,
which are within the average range of MAC(870 nm)
reported in the literature for BC particles (Bond and
Bergstrom 2006) and similar to those observed for
diesel and aircraft engine soot (Schnaiter et al. 2003;
Elser et al. 2019). Under fuel-lean conditions, the
increased OC/TC mass fractions led to higher AAE
(1.7–3.4), higher SSA (�0.2), and lower MAC870, total

values (0.3–2m2/g; this lower MAC is related to
higher relative contribution of non-graphite-like car-
bonaceous matter to total particle mass).

To summarize, the results obtained from this study
indicate that the miniCAST BC is a versatile soot
source, able to produce particles of various sizes and
compositions in a stable and reproducible manner.
Particles from 50 nm to 160 nm generated at fuel-lean
or near-stoichiometric conditions are highly absorb-
ing, with a high EC fraction and primary particle size
close to that of diesel car exhaust particles. These
operation set points are therefore well suited for the
calibration of BC diagnostic instruments and engine
exhaust particle counters. Particles generated at fuel-
rich conditions, although not necessarily representa-
tive of atmospheric soot particles, could still be used
to test instrument responses to particles of the same
size but different optical properties.
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