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Soot Nanoparticles

Soot nanoparticles produced by engines constitute a threat to
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human health. For the analytical chemist, soot is a hard nut to

crack as the released particles undergo rapid changes in their size,
shape, and number concentration. The complete characterization
of soot will be essential to meet future low-emission standards.
Besides measuring the light extinction, modern analytical

chemistry can determine a variety of less-known effects, such as

condensation properties, immune response in vertebrates, and
impact on the cardiovascular function of a beating heart. Photon
emission and in particular Raman spectroscopy provides infor-

mation on the nanocrystallinity, while thermoelectron emission

allows the number of electrical particles to be counted. Even the
“simple” combustion of soot nanoparticles offers potential for

the characterization of the particles.

1. Introduction

Soot nanoparticles (NPs) produced by engines have
a considerable impact on our daily life. This is connected
with the increasing number of cars with combustion engines
that enable mobility, flexibility, and fast logistics. Modern
society expects unlimited mobility, but this is obtained with
increased risks for human health.!"? Furthermore, air traffic
and shipping is steadily increasing.

Transport powered by combustion engines cannot be
replaced completely within the next few decades. Combustion
engines form the basis of a functioning fast, unrestricted, and
flexible transport system. For more than 100 years, we have
seen a continuous development in combustion engines, fueled
by either gasoline or diesel. Despite the enormous effort
made in developing electromobility, the predominance of
combustion engines will remain for the next 50 years. Attend-
ing conferences on automotive engineering nowadays is a real
eye-opener: the very limited electric storage capacity (allow-
ing a driving range <250 km) and the decreasing storage
capacity with falling temperatures, because of, amongst other
things, the use of cabin heating during winter time, highlights
the current limitation. Modern diesel-fueled engines have
a better fuel efficiency than any other engines, except gas-
driven engines.

Common to these engines is the unavoidable production
of ultrafine particles, mainly as a result of incomplete
combustion. Diesel fuel is introduced as fine droplets into
the combustion chamber and incomplete combustion occurs
particularly in the oxygen-deficient regions inside the droplet
and in the immediate surroundings of the droplet, which
mainly consists of diesel fuel vapor. Soot particles then form
from the generated precursor molecules such as acetylene,
nucleation, particle growth by reaction with gaseous compo-
nents, coagulation, carbonization, and (partial) oxidation.!
Despite continuous optimization, any combustion engine
concept has to live with inhomogeneous combustion condi-
tions in the internal combustion chamber. High-pressure
injection and similar means provide ultrafine fuel droplets,
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but the combustion becomes quenched near the cylinder wall,
thereby resulting in the release of either soot particles and/or
noncombustible contaminants (e.g. metal oxides). Thus,
depending on the combustion conditions, fuel, and lubricant
composition, the emitted exhaust contains particles of com-
plex composition: soot particles can be internally or exter-
nally mixed with minerals and coated with adsorbed semi-
volatile compounds or sulfuric acid.*” A typical example of
NPs released from a diesel engine is shown in Figure 1.

A few decades ago, typical diesel exhaust could be both
smelt and seen. This is no longer the case today. Studies have
shown its impact, and exhaust standards (e.g. as a result of EU
regulation) now warrant a comparatively clean exhaust gas.
Thus, the most modern passenger cars and the latest truck
engine technologies only cause acceptable levels of pollution
to the ambient air. But why is engine-released soot still
a topic?

[*] Prof. Dr. R. Niessner
Institute of Hydrochemistry, Chair of Analytical Chemistry
Technische Universitit Miinchen (Germany)
E-mail: reinhard.niessner@ch.tum.de
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Figure 1. An artist’s view of diesel particulate matter. From Ref. [8].
Copyright 2007 Elsevier.

The vision of the engineers over the next few years is zero-
emission engines (disregarding CO, emission).” This seems
viable, if not only could the combustion be further optimized,
but the so-called after-treatment (means to remove residual
exhaust particles and harmful gaseous components) also
actually removed the remaining aerosol particles.""'? Such
after-treatment usually contains a diesel oxidation catalyst
that oxidizes gaseous exhaust components (e.g. hydrocarbons
(HCs), CO, and NO,) to CO, and NO, and partially oxidizes
soot. Secondly, most of the soot mass is trapped in a diesel
particulate filter (DPF), which needs to be regenerated by
actively (periodically) or passively (continuously) oxidizing
the trapped soot by means of O, and NO,. There are several
strategies to enhance the reactivity of the soot oxidation (e.g.
fuel-borne catalysts or catalyst coating on a filter substrate) so
as to enhance the efficiency of DPF performance. Finally,
NO, emissions are reduced by a NO, storage catalyst or by
selective catalytic reduction (SCR). New legislation
(Euro 5b/V and Euro 6/VI) limits the release of NPs to less
than 6 x 10" particles per kilometer.>'! In terms of mass
concentration, the limits are 5 mgkm™ for passenger cars,

Reinhard Niessner studied chemistry at the
University of Freiburg 1976, and obtained
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1981, where he habilitated in 1985. From
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Figure 2. “Soot” characterization: In what connection? An Overview.

and 10 mgkWh' for trucks. The gas phase of engine exhaust
is already successfully treated by different catalyst technol-
ogies.

Air traffic is also improving in terms of NP reduction,
since the direct injection of particles into the stratosphere
gives rise to concerns with respect to climate change.'¥!
Marine traffic is also under discussion. Huge engines, fired
with heavy fuel oil, generate extremely complex soot NPs that
are full of heavy metals and other residues from the
distillation processes.['>:"

In the following, the focus is set on carbonaceous particles
formed under a combustion scenario that is typical for
passenger vehicles, trucks, as well as ships. Also included
are those NPs produced under similar conditions (e.g. flame-
derived or produced by plasma ignition and sparking).
Beginning with the current understanding of the impact of
such soot particles on human health, we will discuss the
current difficulties in characterizing soot.

Soot consists of a conglomerate of carbon-containing
compounds in the form of agglomerated nanoparticles. Many
attempts have been reported over the last century to under-
stand its main properties. For analysts, it is still a hard nut to
crack.

To approach such a comprehensive description it is
necessary to consider the extraordinary interaction of soot
nanoparticles with living organisms, surrounding media (gases
and liquids), and electromagnetic radiation as well as
morphological visual inspection (Figure 2 and Table 1).

2. Morphological Characterization of Soot NPs by
HRTEM (Size and Shape)

Numerous publications report on the morphological
properties of soot aerosols produced by engines.*' ! Since,
the collected soot particles may undergo a physicochemical
transition during sample preparation, depending on the
engine operation, a certain, but unknown, change in the
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Table 1: Comprehensive characterization of soot.
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Information Method Characteristics

morphology (size, shape) and HRTEM offline; morphology and nanostructure determine the oxidation
nanostructure reactivity of soot®’!

biological reactivity Langendorff heart injected NPs lead to increased heart rate and arrythmia through

hydrophobic nature of carbon NPs supersaturation in multistep condensa-
tion-nuclei counter

electrical conductivity sensor chip with interdigital electrode

structure
light absorption
light extinction, soot volume intracavity laser light absorption
fraction

particle number concentration,
photon absorption (without
scattering)

radical centers of soot particles

photoacoustic spectroscopy

electron paramagnetic resonance (EPR)

photophoresis
photophoretic velocity photophoresis

soot oxidation reactivity

photon emission
particle mass concentration laser-induced incandescence
soot particle mass concentration single-particle soot photometer (SP2)

defects in soot microstructure Raman spectroscopy

electron emission or charged carbon fragmentation

elemental species composition  photoelectron spectroscopy (PES)

particle number concentration
photoelectrons

particle number concentration
sion due to multiphoton absorption of
visible light

composition of soot particles aerosol mass spectrometry or ICP-MS

temperature-programmed oxidation (TPO)

charging of NPs by excitation of thermo- or

charging of NPs by thermoelectron emis-

release of stress hormones!"!

surface-sensitive tool for characterization of gas-suspended NPs;
nucleation properties observable when NPs are introduced into the
condensing system*?

electrical conductivity differs by four orders of magnitude depending
on soot production conditions; under development for on-board
diagnosis of exhaust after-treatment functionality?®s =

in situ measurement of light extinction; dependent on particle size,
shape, and refractive index!**#

fast in situ detection, data useful for engine development and climate
research!®’l

offline; enables investigation of direct oxidative interaction of soot
NPs with other (bi)radical molecules (e.g. NO, or O,) present in
combustion engine exhausts*¥

in situ description of light-absorbing properties depending on
particle size, shape, refraction index, and extinction coefficient!®"¢”
TPO mimics exhaust after-treatment, soot reactivity essential for
regeneration of diesel particulate filters, dependent on soot micro-
structure and mixed-mineral ash; offlinel®-°

high time resolution”™7*l

for characterization of combustion emissions and for climate
research”

soot microstructure can be correlated with soot oxidation reactivity,
dispersive character of characteristic soot D-band in Raman spec-
trum usefull®® 7679

surface-sensitive analysis of bulk material® 38"

online, PAH molecules on particle surface enhance sensitivity®**

potential for online counting of soot particles in exhaust®”

online single-particle analysis feasible

particle size and shape can be assumed. It is well known from
chemical analysis that, depending on the fuel and lubricant
composition, up to 1/3 of the aerosol mass is volatilized during
the pumping-down cycle in a TEM system.” Nevertheless,
HRTEM gives reliable information on the size and shape of
soot particles. As can be seen from Figure 1, soot consists of
many agglomerated nanoparticles, whose primary particle
diameters are in the range of 5 to 30 nm. Single agglomerates
may reach an average length in the micrometer range.

HRTEM also provides an insight into the nanostructure of
soot particles. Figure 3 shows how the structure of a typical
diesel engine soot lies between the two cornerstones of the
nanocrystalline order of carbon particles: graphitic order and
completely distorted graphene layers of spark-discharge
carbon NPs.®] The latter is of specific interest: the disordered
crystallinity is responsible for its enormous reactivity towards
oxidation.

Engine soot has a nanocrystalline structure which can
cover the full range between graphite and distorted carbon
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lattices. The pronounced differences between soot species has
enormous consequences for their chemical reactivity, and this
is what the after-treatment technology is dependent upon at
the moment.”*? Only those soot species which can be
combusted at low temperatures are wanted. A high reactivity
of the produced soot is of utmost importance for optimizing
the fuel consumption of combustion engines. Structural and
chemical information on the soot NPs produced is required so
that optimal burn-off conditions can be applied in the after-
treatment.

3. Biological Reactivity of Soot NPs

As early as 1775, Percival Pott identifed the detrimental
effect of soot, namely for inducing scrotal cancer.””! Aside
from the usual impact of soot NPs on human health through
the interaction of attached mutagenic and carcinogenic
compounds,®” soot and even pure carbon NPs show some
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Figure 3. HRTEM micrographs of Euro IV soot from a low-emission engine (a), spark-discharge
soot (b), and hexabenzocoronene as a graphite model compound (c). From Ref. [25]. Copyright

2004 Elsevier.

Figure 4. Langendorff heart apparatus as a test model for bioresponse
to “soot”. From Ref. [1]. Copyright 2011 American Chemical Society.

R. Niessner

peculiar health effects. Since the end of
the last century we also know more
about the ability of soot to be an immune
system responder. It was shown in an
immunization experiment that rabbits
respond to soot nanoparticles in a similar
way as to protein-bound polycyclic aro-
matic hydrocarbons (PAHs).*Y Usually
a PAH molecule (as a small antigen)
itself is not able to produce highly affine
IgG class antibodies. Since the soot NPs
used in these experiments were created
by the degradation of acetylene by
a laser plasma, only the graphitic parts
of the individual NPs could serve as
a trigger of the PAH-structure-recogniz-
ing IgG populations present in the
vertebrates. It would be interesting to
see whether immunization with other
carbon NPs would yield differently
selective antibodies.

An even more interesting approach
to assess the health effect of soot NPs is not to use individual
tests with different endpoints, but to use an intact heart.

Stampfl etal. published experiments with an excised
guinea pig heart!"! (the so-called Langendorff heart; Figure 4).
They added NP dispersions into the blood stream of a still
beating heart and observed its response by electrocardio-
graphy. Besides SiO, and TiO, NPs, engineered carbon NPs
were also applied. Carbon NPs of various origin were found to
increase the heart beat rate (Figure5) and also evoked
arrhythmia.

The reason for this was the release of catecholamines,
which were also found in the circulating blood serum by
a separately conducted LC/MS analysis. The additional supply
of a B-blocker immediately suppressed this effect. Unpub-
lished work with this Langendorff heart arrangement
revealed considerable differences in response, for example,
when testing single-wall and multiwall carbon nanotubes.

From what is known so far,
carbon NPs trigger the immune
system and affect the cardiovas-
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Figure 5. Cardiovascular effects after the injection of soot, TiO,, or Printex 90, as measured by ECG.

From Ref. [1]. Copyright 2011 American Chemical Society.
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cular performance directly
through interaction with internal
cell surfaces. This may be strongly
influenced by the hydrophobic
nature and shape of the individual
particles. Unfortunately, a system-
atic study with well-defined
carbon-particle systems has not
yet been performed.

Further studies on the cyto-
toxicity and inflammatory poten-
tial of soot particles interestingly
reveal that, at the same mass
concentration, soot particles gen-
erated under low-emission condi-
tions in accordance with the reg-
ulations of EuroIV possess

Printex 90 TiO2
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a much higher toxic and inflammatory potential than soot
particles generated with an old diesel engine working under
black-smoke conditions.’”! The authors of the study assign
this effect to the enhancement of defects in the structure of
the Euro IV soot compared to soot released by the old engine.

4. Probing the Hydrophobic Nature of Carbon NPs

From the above discussion, the characterization of the
hydrophobicity/hydrophilicity of soot or carbon NPs seems to
be of crucial importance. However, such measurement is not
trivial, since it has to be performed insitu. Unbiased
observation of the behavior of an individual particle is only
possible within an aerosol where it is in a dispersed state.
Fortunately, aerosol science offers some tools for this kind of
analysis that are applicable to soot aerosols. Water conden-
sation on a particle is determined by the particle size, surface
composition, and local water supersaturation. Therefore, we
have to initiate water condensation on a monodisperse soot
aerosol as condensation nuclei. As long as the particles are of
the same size, only the formation of drops from condensing
water molecules (when hitting a particle surface under
supersaturation conditions) can prove the wettability. Under
such conditions, the water supersaturation required for
droplet formation reflects the hydrophobic character of
a carbon particle surface. Figure 6 shows the experimental
setup used for such experiments.*>°

The monodisperse soot sample, classified by means of
a continuous differential mobility analyzer, is introduced into
the chamber of a condensation-nuclei counter. Its wall is
permanently wetted by water and kept at a constant temper-
ature, thereby establishing 100% relative humidity. After
a short equilibration time of a few seconds, particle-free gas is
injected into the aerosol sample within the condensation
chamber. The pressure is then increased up to a predeter-
mined overpressure by a computer-driven programme. A
residence time of a few seconds again allows for equilibration
of the humidity. In a next step, the two solenoid valves at the
ends of the chamber are opened within 15 ms, thereby
creating an adiabatic water supersaturation of up to several
hundred percent. Depending on the size and wettability
(expressed by the contact angle for the formation of a water
droplet on the surface of the soot particle), supersaturation
occurs, where transmitted light becomes attenuated by the
extinction of the formed droplets.

programmable
control circuit

aerosol inlet
v

detector] [

humidifier expansion chamber

Figure 6. Condensation-nuclei counter with variable water supersatura-
tion. From Ref. [35]. Copyright 2010 Springer.
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Figure 7. Critical supersaturations for spark-discharge soot aerosols
and for real aerosols measured by other authors as a function of
particle diameter. From Ref. [34]. Copyright 1999 Pergamon.

Figure 7 shows the condensation properties of different
soot NP systems. As can be seen, soot consisting of BaP-
tagged spark-discharge carbon is extremely hydrophobic,
especially compared to NaCl- and H,SO,-contaminated
aerosols. In the case of combustion aerosols, sulfur-containing
fuel leads to H,SO, patches on the carbon surfaces, which has
the consequence that lower water supersaturation is needed
to trigger condensation. Gas/particle reactions, for example,
between ozone and particles, can result in a drastic change in
the surface properties. The formation of hydroxy groups on
the NP surface (verified by NIR reflectance spectroscopy)
results in a high hydrophilicity. This was proved by the
following multistep condensation: the reaction of soot NPs
with 1 ppmv ozone in air leads to a shift of more than 20 % in
the water supersaturation to smaller values within a reaction
time of 120 s.

It can be concluded that heterogeneous water nucleation
can be used as a surface-sensitive tool for characterizing gas-
suspended nanoparticles. It delivers no direct chemical
information, but reflects the mechanism whereby NPs
become incorporated into a condensing system (e.g. during
cloud or fog formation).

5. Soot Characterization by Conductivity Measure-
ments

Soot particles, which consist mainly of carbon, can show
a considerable electrical conductivity. This is well known in
the case of graphite particles. A different situation exists for
typical exhaust agglomerates. Soot produced by diesel
engines contains up to 20wt % of inorganic compounds,
depending on the fuel quality, additives, and lubricant
composition. Conductance measurements on such aerosols
can be performed by directly depositing them on a typical
interdigital resistivity sensor chip.*! A highly efficient way of
obtaining a representative sample size that is independently
and homogeneously distributed across the sensor structure is
through the use of a thermophoretic NP sampler. Figure 8
shows such a sampling system. It consists of two parallel plates
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Figure 8. Thermophoretic precipitator with a cooled and heated plate (a) and a slot for
a conductometric soot sensor with interdigital electrodes (b). From Ref. [36]. Copyright 2012

American Chemical Society.

with a 450-um spacing between, one heated and the other
cooled. The temperature gradient of up to 140 K leads to gas
collisions that results in a net force which directs the
nanoparticles in a size-independent manner™ to the cold
wall, where the conductometric sensor element is embedded.

The DC resistivity of soot powder (Figure 9) has been
measured by a Van der Pauw arrangement.’® We found
differences of four orders of magnitude in the conductivity of
differently produced soot in this experiment under identical
conditions (p, T). The nanocrystallinity of the soot NPs again
determines this behavior: Only in the case of well-ordered
and symmetrical unit cells (as with graphitic particles) is
a high conductivity obtained. In the case of a distorted
structure, as is found for the spark-discharge carbon NPs, the
particles are nonconductive. As the content of the non-
conductive inorganic material incorporated into a soot
agglomerate is increased, the conductivity diminishes.

This behavior has practical consequences: so-called on-
board diagnosis of small and larger engine-driven vehicles is
currently being carried out. In the future, the regulation asks
for a permanent monitoring of the function of the after-
treatment system. The first prototypes, based on such
resistivity sensors, are under study.® ! The exhaust aerosol
becomes deposited onto an interdigital electrode sensor
positioned behind the diesel particulate filter of the after-
treatment system and the conductance is continuously
measured on board. The more soot per unit of time that
becomes deposited, the less the after-treatment is working.
Detailed studies have shown that chemical transition of
deposited soot, for example, by reaction with NO, at temper-

® GfG soot
® FW200
® Spezialschwarz 4
) Spezialschwarz 6
® Printex U
® Printex 30
® Flammruss 101
o ® Printex XE2
:3 ® Graphite
%, 02 r T T T
£ ol ® <* o _ 4 |
]
erd
= -02 L L 1 L
o - e
s 10 10' 10° 10° 10* 10°
8

Conductivity [Q m™]

Figure 9. DC conductivity of “soot” powder measured by a Van der
Pauw arrangement. Conditions described in Ref. [36].
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atures around 700K, occurs and also
changes the specific conductivity.

It seems that conductivity measure-
ments on NP deposits may be a convenient
substitute for expensive quantitative analy-
sis tools.

rode Structure

6. Soot Characterization by Inter-
action with Electromagnetic
Radiation: Photon Absorption

Soot NPs consist mainly of carbon in
different forms (such as graphite, fullerene etc.), but an
admixture with other contaminants is also frequently
observed.*>*! For example, metal oxides are often mixed
into soot particles. In aerosol science this is termed an
internally mixed soot particle. The electromagnetic behavior
of such soot NPs is greatly affected by the distribution of
inorganic matter inside or at the particle surface. A black
carbon particle can be twinned with a transparent inorganic
particle or the carbon covers an iron oxide core. Soot can have
a black or brownish appearance, or something in between,
because of the presence of other carbon forms (e.g. full-
erene)./

Fresh combustion aerosols undergo fast agglomeration
through Brownian motion. The application of in situ tech-
niques is a must for the analysis of such an unstable NP system
with particle sizes of a few nanometers.

Since soot is an efficient absorber of light, one would think
first of using light attenuation for insitu characterization.
Light absorption, mainly as an extinction-based technique, is
frequently used for the detection of soot aerosols.*! Intra-
cavity absorption of laser light by aerosol particles leads to
a dramatic reduction of the emitted laser light, and could be
used in principle for the in situ extinction measurement. !
Only one application on re-dispersed graphene oxide aerosol
has been reported to date. However, all extinction-based
techniques (e.g. light transmission) also depend on the size,
shape, and refractive index of the particle.”-*! Techniques
that yield information on true absorption properties are today
preferred.

The classical method to observe these absorption proper-
ties is photoacoustic spectroscopy, where optical energy
absorbed by a particulate analyte is converted into heat. As
a consequence of the local warming of a light-absorbing
particle system, the surrounding gas phase is heated and
expands. There are several ways to measure this expansion,
and in most applications open acoustic resonators that are
continuously filled with the NP aerosol are illuminated by
a modulated laser beam.[** Depending on the geometry of
the acoustic resonator, when at its resonance frequency the
absorbed energy leads to various pressure modes within the
tube which are detected by small electret microphones placed
near the local pressure maximum. Hence, not only does the
power of the irradiating light source determine (together with
the light-absorption properties of the dispersed NPs) the
detection limit, but the geometry of the acoustic resonator has
an enormous effect on the amplitude of a generated pressure

Angew. Chem. Int. Ed. 2014, 53, 12366 —12379
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Figure 10. Layout of the pulsed photoacoustic aerosol absorption
spectrometer. The spectrometer features a spectral range of 410 to
2500 nm and a sensitivity of 2.5x1077 m™" at 550 nm. From Ref. [55].
Copyright 2012 American Chemical Society.

wave. Since the laser power and the resonator geometry are
constant, the measured pressure signal is directly proportional
to the mass of the irradiated carbon particle.

Figure 10 shows the latest set up of a laser-based aerosol
absorption spectrometer.”” An OPO laser system is used,
which covers a wavelength range of 410 to 2500 nm. The
pulsed laser beam passes various serially arranged photo-
acoustic cells. Filtered and unfiltered aerosol samples are
analyzed separately so that the light absorbed by the carrier
gas can be subtracted. Figure 11 depicts the absorption
properties of differently aged soot aerosols.

As can be seen, an increase in light absorption is only
observed at the energy-rich part of the spectrum because of

PA signal normalized
s to particle number

- + Fresh GFG soot (<0.55)

—— Angstrom fit fresh soot 1
* Aged GFG soot (ca. 5 min)

—— Angstrom fit aged soot

a=2551004
R?=0.988
& n=192

PA-measured absorption / m'

@=202£003 s
R?=0.988
=192

ca. 5 min
| 5 |

55( 600 650 700 750
Wavelength / nm

400 450 500

Figure 11. Absorption spectra of fresh and aged spark-discharge soot
measured with the photoacoustic absorption spectrometer. The corre-
sponding absorption curves between 410 and 710 nm are shown. The
Angstrom coefficients given in the following are calculated by fitting
the equation to the measured data, based on the wavelength range
from 410 to 700 nm and a wavelength step of 2 nm. From Ref. [55].
Copyright 2012 American Chemical Society.
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agglomeration. No distinct spectral features can be detected.
The true absorption coefficient can be measured by photo-
acoustic spectroscopy. These data are needed not only by the
engineers developing the engines as a tool for inspecting
a running engine under fast changing operations, but these
data are also needed in climate research to calculate the
radiation budget for sunlight radiation illuminating the global
atmosphere. The Angstrom coefficient expresses the spectral
dependence of the optical thickness of the soot aerosol.

It is also possible to characterize soot NPs with low energy
electromagnetic radiation, namely by using radio frequencies
in the 10-GHz range. Since soot has an enormous number of
unpaired electrons, the application of electron paramagnetic
resonance (EPR) spectroscopy is extremely promising.”*% A
newly born particle is incomplete in terms of C—C bond
formation. The spark-discharge soot exhibits the highest
electron spin densities of up to 10~° per carbon atom. This
stems from the extreme temperature gradient during sparking
between graphite electrodes. Typical diesel soot has a ten
times lower spin density. EPR allows the direct oxidative
interaction of other (bi)radical molecules (e.g. NO, or O,)
with soot particle surfaces to be probed, which is the key step
in after-treatment technology.

Unfortunately, this promising technique is only applicable
in a batch mode, which requires the sampling of several
milligrams of soot.

7. Characterization of Soot NPs by Photophoresis

As mentioned in the previous section, interaction with
photons may lead to the warming of soot NPs, and the
consequential gas expansion can be used to determine the
photon absorption properties. However, photons do not only
transfer energy to the appropriate absorbing particles, they
are also able to move a particle through inhomogeneous
heating. This effect, called photophoresis, was first detected in
1917 by Ehrenhaft. Physicists have observed the movement
of small dispersed aerosol particles when exposed to a photon
flux from a strong light source. These particles showed
irregular movements, differing in the direction of travel and
the speed.”” Nowadays, the advent of laser sources and
particle tracking allows the photophoretic behavior to be used
to classify NP systems.

In photophoresis (the principle is shown in Figure 12), the
particle under illumination may respond in different ways.
The photophoretic velocity will depend on the optical
properties—which can be rather complex—the particle size,
and the properties of the gas.

In the case of a particle that partially absorbs inhomoge-
neously, the intrinsic properties of the NP absorption govern
the traveling direction. If the light is absorbed at the
illuminated front part of the NP, a net force occurs as
a result of gas molecules creeping around the NP, which
moves the particle away. In the case of semitransparent
particles, the heating up occurs at the opposite non-illumi-
nated face of the particle, with the consequence of a net force
towards the light source. Each particle system is characterized
by its intrinsic specific photophoretic velocity.
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Figure 12. Aerosol photophoresis of differently absorbing nanoparti-
cles. Positive and negative photophoresis is caused by inhomogeneous
photon absorption. A thermo-photophoretic force arises when uneven
heating of the particle leads to temperature differences in the
surrounding gas. Molecules of the heated gas in proximity to hot
particle regions start to impinge on the surface with higher kinetic
energy than molecules in proximity to cold surface regions, thereby
resulting in a net force on the particle contrary to the temperature
gradient.
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Figure 13. Experimental setup for determining the photophoretic par-
ticle velocity (schematic drawing and photograph). From Ref. [61].
Copyright 2008 American Chemical Society.

Figure 13 shows a typical experimental arrangement used
for photophoresis.®! A small optically accessible aerosol
chamber, continuously flooded with the aerosol under study,
is illuminated by a strong (1 W) continuous wave NIR laser
(806 nm). Perpendicular to this, a green laser visualizes the
aerosol by light scattering. The interaction volume is observed
by a CCD camera with a macro objective. The individual
particle trajectories are viewed by continuous particle track-
ing, and the particle velocities can be calculated.

The first experiments with different aerosols including
soot revealed interesting features (Figure 14): steady-state
particle velocities and directions could be identified that
depended on the optical properties of the spray-generated
particles.[®” Deeply colored NPs migrate with high velocity
(ums™!) towards the laser source. Nanodiamonds and sea
spray showed movement away from the light source.
Figure 15 depicts the unusual (and so far theoretically
unresolved) behavior of agglomerated freshly prepared
spark-discharge soot.

This soot type not only shows the highest particle velocity,
it also shows irregular movements, even with changing
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Figure 15. The uncommon photophoretic behavior of soot agglomer-
ates. Shown is the trajectory of one spark-discharge soot particle
(d,~200 nm).

directions and loops when entering the laser beam. It might
be expected that this irregular movement is caused when only
a part of such an agglomerate becomes heated up.

Currently, there is no other tool known for such an in situ
description of light-absorbing NPs, either singly dispersed or
agglomerated. This behavior may further become exploited
for an optical, continuous particle separation. First attempts
of this have been reported.

8. Characterization of Soot Reactivity by Temper-
ature-Programmed Oxidation (TPO)

The attempted generation of particle-free diesel engine
exhaust by means of an after-treatment is usually performed
by continuous particle filtration.!” There are two widely used
approaches: one uses dead-end filtration with porous honey-
comb ceramic structures, which necessitates the regular burn
off of the sampled soot. The second application is the use of
half-open filter units, where most of the particles become
deposited. In both cases, oxygen or nitrogen dioxide (the
latter artificially increased in concentration) are the oxidants
for soot removal.®® Not only does the increased back
pressure across a plugged filter unit increase the overall fuel
(energy) consumption, the frequent burn-off is also unwanted
due to the additional fuel consumption for DPF regeneration.
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To meet the requirement of an easy to perform (in the
sense of being low energy) burn-off, the reactivity of the soot
NPs systems have to be determined by temperature-pro-
grammed oxidation. For such a thermoanalytical approach,
metallic fiber filters are used to collect soot NPs in a first step.
This soot-loaded filter is then incorporated in a programmable
heater unit (Figure 16): the combustion typically is intended
to mimic the conditions in the after-treatment section: 5 vol %
0,, 95vol% N, in a temperature range of 300 to 1100 K.[*"]

Under these conditions, soot combusts to CO, and CO.
Figure 17 shows the result of the analysis of a 10 mg sample of
soot.[%]

It becomes apparent that “soot” is not simply “soot”:
graphite is by far the most inert and stable (up to 1100 K)
carbon form, while spark-discharge soot already becomes
partly oxidized at around 500 K because of its completely
distorted nanocrystallinity. Typical diesel NPs show oxidation
reactivity in between these two carbon forms. Currently,
engine developers are trying to find engine operation
conditions where the soot produced shows a low-temperature
combustion similar to spark-discharge soot. As described
above, this would also mean a non-negligible cost-saving
potential.

Over the last few decades, many attempts have been made
to influence the combustion reactivity by forming admixtures
with additives such as CeQO,, iron compounds, and others.
Figure 18 depicts the results of a recent study, where iron-
doped soot NPs were produced by adding Fe(CO)s to
a propane flame, operated under oxygen-deficient condi-
tions.[!

It is clearly seen in the TPO measurement that the
increasing percentage of Fe to C results in a dramatically
diminished temperature onset of soot combustion.

In a further study we could show that alkali or alkaline
earth salt additives show a comparable effect. It seems that in
the case of Fe additives, a certain part of the reactivity is
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Figure 16. Temperature-programmed oxidation under simulated
exhaust conditions.
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Figure 18. TPO analysis of Fe(CO;)-doped flame-derived “soot”. TPO
profiles for six propane soot types of different Fe content normalized
to the soot mass on the filter. Arrows indicate the maximum total
emission temperatures T,.,.. From Ref. [69]. Copyright 2012 Taylor and
Francis.

explained by the oxygen-donor properties of the iron oxide
which is included in the soot NP structure. In the case of non-
oxygen-containing salts, the inclusion or intercalation of alkali
metals between the graphene layers disturbs the symmetry
and opens the way for an oxidative attack.

Car manufacturers would appreciate having an online
version of TPO, since the current practice has a low through-
put (1 sample/2 h).

9. Characterization of Soot NPs by Photon
Emission

Photon emission is a pillar of analytical spectroscopy. The
question is, though, whether soot particles can be made
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luminescent. The presence of conjugated double bonds and
other structural elements, together with satisfying the neces-
sary selection rules, are responsible for the selective lumines-
cence of organic compounds.

It has been known for 20 years that the application of laser
fluorescence as an in situ tool for surface-enriched soot NPs
does not lead to convincing results. Even strongly fluorescing
PAHs do not exhibit fluorescence when adsorbed in sub-
monolayers on soot NPs.™"! Clearly, either the strong sorption
changes the structural geometry of attached PAH molecules
or a nonradiative energy transfer to the soot particle core
occurs.

Since soot NPs are good light absorbers, experiments with
pulsed laser light were soon applied after its introduction in
the 1970s. Nanosecond laser illumination heats soot NPs up to
approximately 4000 K by multiphoton absorption. Such hot
particles lose at least part of their stored energy by black body
radiation: they start glowing. Hot soot NPs can be observed
through this, and a quantitative measurement of the mass
concentration is feasible by integrating the light emitted after
excitation with a laser pulse.” ¥ The advantage of this in situ
characterization is the high time resolution, only limited by
the repetition rate of the laser pulse. Sensitivities down to
a few ng Cm™ have been reported. Attempts have also been
made to determine the individual particle size by analyzing
the time decay of the incandescence of singly observed NPs.

A similar approach is realized in the single-particle soot
photometer (SP2). The most advanced version uses an Nd-
YAG laser (1064 nm) and two avalanche photodetectors to
observe the inelastic scattering produced inside the laser
cavity under fixed observation angles. Soot NPs in the upper
nanometer size range exhibit
light scattering and incandes-
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Figure 19. Raman microspectroscopy of spark-discharge soot showing
the presence of graphite-like crystalline domains and amorphous
domains. Particle size is 10-30 nm (A,=at 514 nm).

Raman shift is not valid for such soot NPs because of the
broken symmetry in a double phonon effect.® Only the
perfect symmetry (nanocrystallinity) within a highly oriented
pyrolytic graphite (HOPG) sample shows the absorption
wavelength invariance when irradiated under different laser
excitation wavelengths (Figure 20). If applied to typical soot
NPs or to spark-discharge soot, the broken symmetry leads to
pronounced changes in the D-band as a function of the
applied excitation wavelength. A good correlation is found
between these findings and the corresponding TPO results
(Figure 21).

Nowadays, we apply Raman spectroscopy, either applied
at one excitation wavelength and using the ratio of the G- and

cence in parallel because of the
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Figure 20. Raman spectra of a) HOPG, b) graphite powder, c) diesel soot 12 (Euro 1V), and d) spark-

peak evolves. Furthermore, the
classic rule of the absorption
wavelength invariance of the
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discharge soot (sorted by increasing structural disorder) measured at different excitation wavelengths
(Apn =532 nm, Ay, =633 nm, Ay; =785 nm). The dark gray areas are the result of the subtraction of the
Ao spectra from the Ay spectra, and the light gray areas from the subtraction of the 4, spectra from
the Ay, spectra. From Ref. [68]. Copyright 2011 American Chemical Society.
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excitation wavelengths. The reactivity index range spans from spark-
discharge soot to graphite. From Ref. [68]. Copyright 2011 American
Chemical Society.

D-peak intensities and band width to describe soot NPs, or we
analyze soot at different wavelengths and use the integrated
peak area to describe the reactivity of the soot to oxidation.
As long as no other activator, as for example a metal salt or
oxide additives, are present, this approach is a valid tool for
predicting soot oxidation.[s™!

10. Characterization of Soot NPs by Electron
Emission or Charged Carbon Fragmentation

The emission of electrons from soot NPs can be stimulated
in different ways. The classical application is photoelectron
spectroscopy (PES).**1 The use of a monochromatic X-ray
source (usually Mgy, or Alg, radiation) allows the kinetic
energy of the released photoelectrons to be measured and
allows calculation of the binding energy. This is a well-
accepted approach in surface science, but also reveals the
limitation of this tool for bulk analysis of aerosol particles.
Only those elements which
undergo a substantial chem-
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interested in the change in the surface chemistry under, for
example, thermal stress, as with TPO, then PES is a rather
sensitive tool.®!! Figure 22 shows the change in the reactivity
of a typical diesel exhaust soot to oxygen. As can be seen from
the combined application of HRTEM and PES, the thermal
treatment leads to the formation of new carbon—carbon bonds
and loss of CO,/CO. These results were confirmed by TPO
experiments.

A different measurement principle is the excitation of
thermo- or photoelectrons, which leaves positively charged
soot NPs. The charging of suspended soot particles by pulsed
light sources was known from early studies, carried out
100 years ago.® Millikan already used this working principle
to obtain charged particles in his famous experimental setup.
It took about 70 years until UV light was applied for the
online detection of soot aerosols, mainly from diesel engine
combustion.**3 Further experiments using laser-excited
photoelectron emission under ambient pressure showed the
crucial role of attached large PAH molecules as “antenna
pigments”. The larger the adsorbed PAH molecules are, the
lower is the energy threshold limit for photoelectron emis-
sion. The relation of the applied laser energy to charges
generated at a fixed wavelength confirmed a single-photon
excitation. [

In the case when visible light was used, which is clearly
below the threshold limit for carbon photoelectron emission,
a multiphoton absorption and the release of thermoelectrons
was observed at an increased laser fluence (up to
50 mJ cm™2).%" This could be used for the online counting of
soot particles. The insitu charged NPs are continuously
measured by filtration inside a Faraday cup. This approach is
now under study again, since the new PMP regulation asks for
particle concentrations to be measured instead of the soot
mass concentration.

Finally, the application of a laser to vaporize soot particles
inside the ionizer chamber of an aerosol mass spectrometer
and measurement of the produced carbon ions has been
reported.® The use of an inductively coupled plasma mass
spectrometer (ICP-MS) for the online analysis of single
carbon particles also seems feasible.™!
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Figure 22. OTs X-ray photoelectron spectroscopy applied to different soot species (Flammruss 101, NC 3100,
GfG, Euro IV, and Euro VI diesel soot) under oxidative temperature stress. The right hand side shows
schematically the reordering after dehydration, which is supported by TEM curvature analysis. From Ref. [81].
Copyright 2011 American Chemical Society.

www.angewandte.org

12377


http://www.angewandte.org

12378 www.angewandte.org

Angewandte

Reviews

11. Conclusion

Soot released from various combustion or plasma sur-
roundings exhibits an extremely diverse behavior when in
contact with living matter or electromagnetic radiation. There
is certainly no simple way to characterize soot NPs. Like all
particle systems, they possess an intrinsically indefinite
possibility of complexity. Only technically generated soot
aerosols may have reduced variability in their internal
structure and outer surface composition, as well as their size
and charging state. It seems that only a combination of
analytical principles yields ample information. In the case of
engine-related questions, the combination of Raman spec-
troscopy and temperature-programmed analysis is currently
used to obtain the required information. Other applications of
carbon NPs, for example, as dye pigments for staining
purposes, will need spectral characterization. Photoacoustic
spectroscopy seems to be the method of choice, since in
contrast to reflectometry (not discussed here) the size and
shape has no influence.

The fast description of the contact surface properties of
individual, suspended carbon NPs remains open. Further
development in instrumentation is certainly needed, for
example, to observe the initial contact between a cell surface
and the NP itself.

Techniques which offer insitu and online observations
will become of utmost importance. Soot consists of labile
agglomerates of primary NPs which finally govern the optical
properties and its residence time within the atmosphere once
released. It is also clear that each soot NP may differ in its
chemical composition within an ensemble of particles. Thus,
the observation of a single particle is highly desired.
Furthermore, because of the rapidly changing composition
of fuel and oil over the next few years (due to the increasing
amount of blended diesel or biofuel, as well as new additives),
the NPs released from the chemical reactor, the “combustion
engine”, will undergo a steady change. 3D chemical imaging
by synchrotron X-ray absorption experiments are within
reach, but are still time-consuming and will remain rare.

As said at the beginning: soot has many faces and remains
a hard nut to crack!
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