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Understanding the influence of soot reactivity on layer break-up and particle structure detachment and transport
during diesel particulate filter regeneration is essential for optimizing aftertreatment performance. Seven carbon
blacks with differing reactivity were investigated as reactive particle model systems. The oxidation behavior was

(S;;g; ation characterized by temperature-programmed oxidation, revealing a wide reactivity range, with the peak oxidation
Regeneration temperature spanning from 817K for a propane-soot reference to 894-976 K for the carbon blacks. This paper

examines the regeneration of a model filter channel in situ with high temporal and spatial resolution. The filter
is loaded with 10 mg carbon black particles and then regenerated. The regeneration of the filter is analyzed by
varying the particle system under constant regeneration conditions at a gas temperature of 823K and a channel
inlet gas velocity of 60m/s. In addition, the layer height and temperature are varied for a selected carbon
black, and a more reactive hydrocarbon mixture was added to the particle layer of the selected carbon black. In
selected experiments high-speed imaging of the model filter channel enabled direct observation of layer break-
up and particles detaching from the filters surface. Image-based analysis enables the quantification of the black
surface area reduction and isolated particle structures. All carbon blacks showed a reaction of the carbonaceous
particles, with little layer break-up and formation of isolated structures, as well as minimal detachment events
(0-10 events per experiment). Introducing more reactive hydrocarbons to the particle layer markedly increased
fragmentation and particle relocations to more than 500 events.

1. Introduction

Environmental protection and air quality are essential for safeguard-
ing human health. The revised EU Air Quality Directive 2024/2881
European Commission (2025) sets a monitoring requirement of black
carbon and ultrafine particles, which have adverse impacts on human
health and climate. Removal of combustion-generated soot remains a
critical challenge for both engine performance and air quality. Accord-
ing to the European Commission in Annex I, Table 2 of Regulation
No 715/2007 European Commission (2020), the Euro 6 emission limit
is 6.0x 10'! particles per km for particles. In addition, from Novem-
ber 2026, the Euro 7 lower particle size threshold will be tightened to
> 10 nm (instead of the previous > 23 nm) Parliament (2024). Diesel par-
ticulate filters (DPF) and gasoline particulate filters (GPF/OPF) are es-
sential for trapping soot and ash. The particle-laden exhaust gas aerosol
flows into the inlet channels of the filter, where it passes through the
filter walls, depositing particles on and within the porous filter walls.
This process leads to an accumulation of particles and thus, the for-
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mation of a particle layer, which increases the pressure drop Ishizawa
et al. (2009), Sappok et al. (2014). Consequently, the filter is regener-
ated regularly by an increased exhaust gas temperature. As a result, soot
particles oxidize, causing the layer to break up and allowing individual
particle structures to be transported Thieringer et al. (2023), Sappok
et al. (2013). The filtration efficiency and pressure drop are directly in-
fluenced by the structure of the deposited soot layer and by whether the
deposit develops in a homogeneous residual layer or plug-end pattern
after repeated regenerations Dittler (2017), Gaiser and Mucha (2004),
Frank and Hardenberg (1985), Konstandopoulos and Johnson (1989),
Choi et al. (2014), Tandon et al. (2010), Cui et al. (2018). Bensaid et
al. Bensaid et al. (2010) found that, while low regeneration tempera-
tures can produce a nearly uniform consumption of the soot cake, higher
temperatures (>873K) cause ignition to start at the inlet and propa-
gate downstream towards the end of the filter channel, which becomes
the hottest region of the filter. The effectiveness of regeneration is gov-
erned not only by process parameters (temperature, flow velocity, layer
thickness), but also by the soot’s oxidative behavior. High-resolution
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microscopy and spectroscopy over the past decade have revealed that
primary soot particles comprise graphene-layer stacks, polyaromatic
fragments, and edge-bonded functional groups whose arrangement
varies with fuel type, engine conditions, and post-formation treatment,
all of which affect oxidation kinetics Wal and Tomasek (2003), Boehman
et al. (2005), Song et al. (2006), Lindner et al. (2015), Koch et al. (2022).
A wide range of studies have demonstrated that soot reactivity varies
significantly depending on its source and formation conditions. Some
studies have shown that Biodiesel-derived soot can be more reactive
than fossil diesel soot, with reactivity increasing with higher biofuel
content and operating pressure Song et al. (2006), Ess et al. (2016), La-
puerta et al. (2012), Soriano et al. (2017). Alternative fuels such as Gas-
to-Liquid fuel (GTL), Hydrotreated Vegetable Oil (HVO), Hydrotreated
Renewable Diesel (HRD), or Oxymethylene Ethers (OMEx) also produce
soot with distinct reactivities Bohmeke et al. (2024), Alhikami et al.
(2022). Zhou et al. Zhou et al. (2025) simulated n-butanol/n-octanol
and n-butanol/di-n-butyl ether dual-fuel engines across premixed fuel
fractions. They found approx. 40 % reduction in soot particle number
for the butanol/n-octanol engine at B10 and a decrease of four to five
orders of magnitude as the premixed fraction rises from B10 to B90. Sev-
eral works underline that reactivity is not simply correlated with particle
size or surface area, but is strongly governed by nanostructure: soot with
smaller, disordered graphene fringes tends to be more reactive, whereas
larger, ordered structures reduce reactivity Hagen et al. (2021a,b), Liati
et al. (2013), Chen et al. (2024). Additives, such as 2,5-Dimethylfuran
(DMF) or methanol blends, further enhance amorphous character and
thereby increase oxidation rates Chen et al. (2024), Gogoi et al. (2015).
Collectively, these findings highlight that soot from different sources ex-
hibits highly diverse reactivity, which is determined not only by the fuel
type but also by formation pathways and engine operation.

Two soot oxidation pathways with oxygen (O,) are commonly distin-
guished: surface oxidation and internal oxidation. Surface oxidation in-
volves reaction of O, at outer surfaces; internal oxidation occurs when
oxygen diffuses into soot pores and reacts within particle interiors. At
moderate temperatures (< 1100K), internal diffusion is feasible, and
oxide reactions occur throughout the soot bulk, often resulting in hol-
lows or increased surface area. At higher temperatures, oxidation be-
comes surface-limited as reaction rates outpace diffusion. Hagen et al.
(2021a), Kelesidis and Pratsinis (2019), Ghiassi et al. (2016)

Fu et al. Fu et al. (2026) used high-resolution transmission electron
microscopy (HRTEM) and Raman spectroscopy to monitor soot struc-
ture during realistic DPF regeneration at inlet temperatures of 573K
and 623 K. At 573K, micropore growth led to internal burning and hol-
low interiors, indicating internal burning, whereas at 623 K soot under-
went uniform surface oxidation and the soot structure remained more
ordered.

During particulate filter regeneration, dynamic processes of layer break-
up, formation of ’soot islands’, particle detachment and transport have
been visualized. Sappok et al. Sappok et al. (2013) visualized a small
diesel particulate filter section during regeneration using a micro-
scope to observe initial soot layer break-up and downstream transport.
Thieringer et al. Thieringer et al. (2023) visualized the entire channel
length demonstrating that higher gas velocities lead to more relocat-
ing events of particle structures, while higher temperatures accelerate
oxidation rates and also lead to more relocating structures. Numerical
Lattice-Boltzmann simulations further indicate that shear forces near the
inlet favor detachment, whereas downstream regions exhibit reduced re-
locations Hafen et al. (2023). Governing these dynamics, interparticle
cohesive forces are often much higher than adhesion between soot and
the soot filter surface structure Kamp et al. (2014). To meet stricter emis-
sion regulations and adapt to alternative renewable fuels, deeper under-
standing of regeneration phenomena is needed. Carbon black (CB) with
a controlled, reproducible structure and thus specifically comparable
reactivity serves as a model particle system because it reduces the vari-
ability inherent in real engine soot. Carbon blacks differ from engine-
generated soot primarily in composition and post-treatment. Both mate-
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rials consist of fractal-like agglomerates of nanoscale primary particles.
Zhang et al. Zhang et al. (2022) showed that a commercial carbon black
can closely match gasoline direct injection (GDI) exhaust soot across key
physicochemical properties, including fractal dimension, gyration ra-
dius, primary particle size, fringe length, separation distance, tortuosity,
carbon content and apparent activation energy. Industrial carbon blacks
are produced in quenched heavy-oil flames, i.e., in a partial-oxidation
process of long-chain hydrocarbons (HC) Zainol et al. (2025). This yields
agglomerates of nearly pure elemental carbon with reproducible pri-
mary particle sizes, surface areas, and degrees of nanostructural order,
but without the inorganic ash, condensed volatile organic fraction (VOF)
or condensed soluble organic fractions (SOF) typically present in engine
soot M and Maricq (2007), Clague et al. (1999). SOFs consists of semi-
volatile hydrocarbons, with polycyclic aromatic hydrocarbons (PAHs)
forming an important subgroup of these species. The amount and com-
position of SOF have been shown to modify soot oxidation behavior in
TPO experiments shifting apparent reactivity Liu et al. (2017), Huang
et al. (2024). These organics can form sub-nanometer liquid films and
capillary bridges between primary soot particles, which strongly pro-
mote aggregate restructuring and compaction Chen et al. (2016), Corbin
et al. (2023), Schnitzler et al. (2017). Shao et al. Shao et al. (2023)
showed that nascent soot is rich in peri-condensed PAHs whose van der
Waals interactions are strong enough to form stable dimers and clus-
ters, i.e. soot inception can proceed by purely physical binding. Rothen-
bacher et al. Rothenbacher et al. (2008) demonstrated that aged diesel
soot agglomerates exhibit bond energies about two orders of magnitude
higher than theoretical estimates for van-der-Waals-bound nanoparticle
clusters. Reproducing this complexity in a single engine test campaign
is challenging. Using carbon blacks with consistent reactivity as a model
system allows to systematically test how the reactivity of carbonaceous
particles affect regeneration phenomena. While carbon blacks and the
model filter channel are surrogate systems that mimic key aspects of
the real-world application, they enable mechanistic investigations un-
der well-defined boundary conditions, which cannot be achieved under
realistic operating conditions. In this study, the relationship between
particle layer break-up and rearrangement processes during filter chan-
nel regeneration is investigated by comparing seven different CB lay-
ers in a model filter channel. Layer break-up, particle detachment, and
transport along a complete model filter channel are analyzed using high-
speed imaging.

2. Materials and method
2.1. Model systems

To investigate the influence of soot reactivity and dispersity on
regeneration phenomena within the model filter channel, seven carbon
blacks were selected as reactive particle systems. They were partially
compared with a highly reactive soot system generated in fuel-rich
propane combustion (PS-T817) using the MiniCAST 6204C soot gener-
ator (Jing Ltd., Zollikofen, Switzerland). Data for PS-T817 were taken
from previous studies using the soot generator and the model filter
channel Thieringer et al. (2023), Desens et al. (2025a). The selected
CBs span a wide range of nanostructural and oxidative properties,
thereby covering a spectrum of reactivities and dispersities. All CBs are
obtained from industrial furnace black production, except CB-T900,
which is a lamp black. Fig. 1 presents the scanning electron microscopy
(SEM) images of the particle systems. Based on SEM images, estimated
primary particle sizes range from a count median diameter (CMD) of
approximately 26 nm to 123 nm. PS-T817 exhibits the highest oxidation
reactivity, while CB-T976 represents the least reactive sample. The
carbon blacks were named according to their temperature of maximum
oxidation rate T, from temperature-programmed oxidation (TPO),
which allows their reactivity to be classified by designation. T},,, is a
key indicator of soot reactivity, a higher T, means lower reactivity
Hagen et al. (2021a). The reactivity of the particle systems was
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Fig. 1. SEM images of the investigated particulate systems, recorded at an accelerating voltage of 10.0kV, a magnification of 100kX, and a working distance of

5.7 mm.

determined by TPO under dynamic, non-isothermal conditions using a
TG 209 F1 Libra thermobalance (Netzsch Gerdtebau GmbH, Germany).
Each sample was prepared with an initial mass of m, = 2 + 0.2mg and
heated from ambient temperature to 1200K at a constant heating rate
of #=5K/min in an oxidizing atmosphere composed of 21vol.% O,
and 79vol.% N,. TPO was performed under a constant heating rate
to obtain da/dT profiles and a well-defined T,,, for inter-sample
reactivity ranking and global kinetic fitting. A moderate heating rate
(5K/min) was selected to minimize thermal lag while maintaining
adequate temperature resolution. The final temperature (1200K)
ensures complete oxidation even for low-reactivity samples. This pro-
cedure is consistent with established soot TPO protocols Messerer et al.
(2006), Schmid et al. (2011), Knauer et al. (2009), Sharma et al. (2012).

The oxidation rate was derived from the differential mass-loss rate,
da/dT, where a denotes the fractional mass conversion. As temperature
increases, the oxidation rate rises up to T,,,, due to the thermally acti-
vated acceleration of reaction kinetics. Beyond T,,,,,, the rate declines as
the reactive carbon is progressively consumed. Lower T, values there-
fore correspond to higher soot reactivity, whereas higher T, ,, values
indicate more inert behavior. To describe the temperature dependence
of oxidation, a global kinetic approach proposed by Hagen et al. Hagen
et al. (2021a) was applied based on the Arrhenius equation:

da _
dT

_kox ca = _kO,ox : exp( RE;> : an’ (1)
where k,x is the oxidation rate coefficient, k ,,, the pre-exponential fac-
tor, Ea the apparent activation energy, n the overall reaction order, R
the universal gas constant, and 7 the absolute temperature. The kinetic
parameters were obtained by fitting the model to the experimental TPO
curves using the Levenberg-Marquardt optimization method Marquardt
(1963), Levenberg (1944). To enable a quantitative comparison of re-
activity across the carbon blacks and the PS-T817 reference, a dimen-
sionless reactivity index Rlg,;x; was defined at the regeneration tem-
perature of 823 K under 21 vol.% O,. The index normalizes the logarith-
mic oxidation rate of each sample relative to the least reactive CB-T976

(RIgysk cB-T976 = 0) and most reactive PS-T817 (Rlgy;x ps—r817 = 1):

In{ox. rate}cp_ro76 — In{ox. rate}; 1, .

(2)

Rlgyk i =
? In{ox. rate — In{ox. rate
{ Yep-T976 { }ps—Ts17 823 K21 00l %

Fig. 2 a) shows the TPO profiles of the investigated carbon blacks (CB-
T894, CB-T917, CB-T928 and CB-T976) in comparison with the highly
reactive PS-T817 reference. PS-T817 exhibits the lowest temperature at
the maximum oxidation rate (7},,, = 817K), confirming its higher reac-
tivity compared with the carbon blacks. Among the CB grades, T, Sys-
tematically increases from CB-T894 (894 K) to CB-T976 (976 K), indicat-
ing progressively lower oxidation reactivity. These values lie within the
temperature range typically reported for diesel soot (786 - 935 K) under
engine-relevant conditions Lindner et al. (2015), Hagen et al. (2021a).
Additionally, PS-T817 shows a minor peak around 400 K, attributed to
the desorption and oxidation of volatile organic compounds formed dur-
ing soot generation in the MiniCAST 6204C. This low-temperature sig-
nal is absent in the carbon blacks, which contain virtually no volatile
organic fractions. The normalized reactivity index RIg);x (as shown in
Fig. 2 b) and summarized in Table 1), decreases from 1 for PS-T817
to 0 for CB-T976, with intermediate values for the carbon blacks re-
flecting their graded oxidative behavior. CB-T894 and CB-T900 exhibit
relatively high reactivities (RIgy;x cp_r894 = 0.83), while CB-T917, CB-
T951, and CB-T957 show lower values between 0.5 and 0.7. Plotting
RlIg,s against the CMD confirms that reactivity does not depend di-
rectly on primary particle size, but rather, as shown by Hagen et al., on
the arrangement and length of the fringes Hagen et al. (2021a). The ki-
netic parameters obtained from model fitting (see Table 1) demonstrate
that the investigated carbon blacks exhibit a broad range of oxidation
behaviors, spanning nearly 160K in T,,,, and covering more than one
order of magnitude in apparent rate constants, from 8.05 x 10°> s~! to
1.28 x 107 s~!. The reaction order n ranges between 0.07 and 0.64 for
the carbon blacks, indicating varying oxidation mechanisms and active-
site distributions compared with PS-T817 (n = 1.39). Distinct oxidation
characteristics are observed for CB-T928, CB-T951, and CB-T957. These
samples display an abrupt mass-loss event once a critical temperature
is reached, leading to complete oxidation within only a few minutes.
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Fig. 2. a) Temperature-programmed oxidation (TPO) profiles of the investigated carbon blacks (CB-T894, CB-T917, CB-T928 and CB-T976) in comparison to the
PS-T817 reference , ¢y, = 21v0l.%, cy, =79 vol.%, heating rate § = 5K/min b) Reactivity distribution of the carbon blacks (CB-T894 to CB-T976), expressed as the
normalized reactivity index at 823K (RIg,;x), and the count-mean diameter (CMD) obtained from the SEM images.

Table 1

Properties of the investigated particulate systems ordered by decreasing reactivity.
Particle CMD  BET CGH T koo n E, R? Rlgyy
system /nm /m?g! ratio /K /s7! /kJmol™!
PS-T817% 26 70-120P - 817 8.05 x 10° 1.39 137 0.95 1.00
CB-T894 50 - 10 894 4.81 x 10° 0.43 160 0.96 0.83
CB-T900 123 - 11 900 5.52x 10° 0.45 162 0.97 0.78
CB-T928 26 90 189 928 9.38 x 10° 0.35 170 0.99 0.69
CB-T917 30 254 15 917 6.23 x 10° 0.64 167 0.99 0.64
CB-T951 47 48 - 951 1.25x 107 0.35 177 0.94 0.60
CB-T957 47 48 199 957 9.92 x 10° 0.07 178 0.92 0.52
CB-T976 28 62 19 976 1.28 x 107 0.64 184 0.98 0.00

2 Data from Desens et al. (2025a).
(2021b).

Such rapid transitions suggest a chain-reaction-like mechanism, possi-
bly triggered by local restructuring of the carbon surface or the sudden
exposure of active sites after partial gasification. In contrast, PS-T817
and the other CBs oxidize more gradually.

2.2. Experimental setup and procedures

The experimental setup and the model filter channel used can be
seen in Fig. 3. The model filter channel Thieringer et al. (2023) consists
of a rectangular channel with a sintered metal filter element (filtration
area: 3mm x 120 mm). A 5 mm inlet section extends the area before the
flow passes through the sintered metal filter to promote a quasi-steady
flow with minimal vortex formation. The channel height is 4 mm. The
inlet channel is equipped with a quartz glass window at the top to enable
optical access during regeneration. The stainless-steel housing (1.4841)
is sealed with high-temperature gaskets.

The experimental procedure comprises three phases: (1) particle
layer formation at ambient temperature and 13.2 m/s inlet velocity, (2)
system heating under inert gas (N,), and (3) oxidation and regenera-
tion under particle free air flow. During layer formation, carbon black
particles were dispersed using a dust generator (SAG 410/U, TOPAS
GmbH) and deposited in the model filter channel at an inlet gas veloc-
ity of 13.2m/s and ambient temperature (293 K) under air atmosphere
until the desired soot mass was reached. The inlet velocity was chosen
based on preliminary loading experiments demonstrating homogeneous
layer deposition without a tendency toward plug-end-filling patterns,
while enabling rapid and reproducible filter loading Thieringer et al.
(2023). Air and nitrogen are supplied via thermal mass-flow controllers.
For regeneration, the system was preheated under nitrogen and then
switched to air as the oxidation gas when the desired temperature is
reached. The inlet gas velocity was increased to 60m/s, and the oxi-
dation gas temperature was maintained at 823 K. Temperature control
during regeneration is achieved through synchronized regulation of the
oven and heating plate, with PT100 sensors at the inlet and outlet of
the model filter channel. The regeneration experiments were recorded

b) Data from Mahrt et al. (2018).

9 Data from Hagen et al.

using a high-speed camera (CP90-25P-M72, Optronis GmbH) positioned
perpendicularly to the model filter channel through a quartz glass win-
dow. Illumination was provided by two LED panels (GSVitec MultiLed
G8, QT + G8) with a luminous flux of ® = 12,000lm and a power of
P =150W each. The camera is equipped with a Zeiss Milvus 2/100M
macro lens. During regeneration, the frame rate was initially set to 100
fps and increased to 1000 fps once visible layer break-up occurred.

2.3. Image analysis

Custom Python scripts were employed for subsequent image analy-
sis, focusing on the quantification of soot layer reduction and break-
up as well as particle structures detaching from the filter surface in
the high-speed video data. Layer break-up and layer reduction analy-
sis were performed using the image-processing workflow previously de-
scribed by Desens et. al. Desens et al. (2025a). The method combines
pre-processing, threshold-based segmentation, and geometric evalua-
tion of regions of interest (ROIs). Contrast and noise were optimized
by grayscale conversion, exposure adjustment, and Gaussian smoothing.
Otsu’s method and morphological filtering (erosion, dilation, opening)
were applied to isolate soot structures, from which geometric proper-
ties were extracted and converted to physical units. The onset of layer
break-up was defined as the time when 90 % of the black surface layer
remained in the visible layer area. Measurement uncertainty was quan-
tified using a Monte Carlo-based variation of segmentation parameters
by + 5 %. For the detection and verification of particle structure detach-
ments during filter regeneration, a semi-automated Python-based image
analysis workflow Desens et al. (2025b) is used. The method follows a
two-step procedure specifically designed to identify and validate small
particle structures (100-1000 um) detaching from the filter surface in
high-speed video sequences containing up to several million frames. In
Step 1 (Detection), OpenCV’s MOG2 background-subtraction algorithm
was applied with a learning rate of 0.1 and a history length of 1000
frames. Candidate detachment events were then extracted based on con-
tour features, using user-defined thresholds for size and aspect ratio.
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Fig. 3. a) The experimental setup used b) the model filter channel Thieringer et al. (2023).

In Step 2 (Verification), the algorithm analyzes the areas surrounding
potential detachments by applying binary thresholding and generating
absolute difference images between consecutive frames. Morphological
opening operations were employed to suppress noise, and a detach-
ment event was confirmed when the difference area exceeded 20 px,
corresponding to an equivalent diameter of approximately 100 um. The
workflow outputs include particle identification numbers, spatial coor-
dinates, equivalent diameters, frame indices, and binary probability val-
ues (0 or 1) indicating detection confidence. The frames at which the de-
tachment was detected are saved with the respective difference images
so that they can be double-checked manually afterward.

3. Results and discussion
3.1. Regeneration behavior with variation of the particle system

Initially, all carbon blacks were examined under identical regener-
ation conditions in the model filter channel. The regeneration experi-
ments were performed using particle-free compressed air as the oxidiz-
ing medium at a constant gas temperature of 823 K and a inlet gas veloc-
ity of 60 m/s. All filters were loaded with a soot mass of 10 + 1 mg. The
soot layer height was quantified using laser scanning microscopy (LSM,
VK-X100K/X200K, Keyence GmbH, Germany). For each sample, three
representative regions along the channel axis (inlet, center, outlet) were
imaged at 10 X magnification. The average layer height was obtained
from the difference between the mean height of the loaded and unloaded
filter areas. The measured soot-layer heights ranged from approximately
150 um to 250 pm, depending on the type of carbon black. Thinner lay-
ers were obtained for CB-T957 (~150 um), CB-T951 (~175 pum), and CB-
T928 (~170 um), while CB-T917 (~250 um) and CB-T900 (~210 um)
formed the thicker deposits. The final differential pressure during filter
loading at 13.2m/s reflected particle-size-dependent packing: CB-T894
(CM D ~ 50nm) reached 19 mbar, CB-T900 (CM D ~ 123nm) showed
the lowest value (10 mbar), and the fine and dense CB-T928 (CM D ~
26 nm) produced 36 mbar.

After the deposition of the layer and the subsequent heating of the
oven, pipes, and model filter channel, the system switches from N, to
particle-free air, thereby initiating the regeneration phase (+ = 0 min).

1.0
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Fig. 4. Normalized differential pressure during regeneration of the model filter
channel at 823 K loaded with the carbon black particle systems.

Fig. 4 shows the normalized differential pressure as a function of time
during regeneration of the model filter channel at 823 K. All samples
exhibit a decrease in pressure drop as soot oxidation progresses. The
maximum differential pressure at the start of regeneration was nor-
malized to 1, with O representing the pressure drop of a fully regen-
erated, soot-free filter. With the exception of CB-T976 and CB-T900,
all carbon blacks exhibited a rapid decrease in pressure within the ini-
tial 30 to 40 min, suggesting effective carbonaceous particle removal.
Conversely, the least reactive sample, CB-T976, exhibited a markedly
slower rate of regeneration and an incomplete regeneration after 90 min.
The observed regeneration rates generally align with the reactivity
trends derived from the TPO analysis, indicating that materials with
higher reactivity indices (RIg,3x) exhibit faster oxidation and shorter
regeneration times. It is noteworthy that CB-T928, CB-T951, and CB-
T957 systems exhibit a very rapid decline in pressure drop and ac-
cordingly brief regeneration time of less than 40 min. This observa-
tion is consistent with the pronounced mass-loss events observed in
TPO, wherein these materials underwent complete oxidation within a
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Fig. 5. Time-resolved image sequence of the regeneration process of CB-T917, illustrating the progression from the initiation of regeneration 0 min to 45 min over
the entire channel length. The region marked by the rectangle is shown magnified below, illustrating the oxidation of structural sizes between 26 min and 28 min.

span of few minutes when oxidized in air. The lower soot-layer heights
measured for these samples may have further enhanced oxygen accessi-
bility to the active zones. In contrast, CB-T900, despite its relatively low
Tnax> €xhibits a longer regeneration time, which may be attributable to
its significantly larger particle size (CM D ~ 123 nm). The deviations be-
tween kinetic parameters and the observed regeneration behavior likely
result from altered mass and heat transfer within the dense soot layer,
where variations in layer height and morphology may alter gas perme-
ability and local heat transfer.

3.1.1. Visual layer break-up

The high-speed recordings are evaluated to show the differences of
the carbonaceous particle layers during filter regeneration in the exper-
iments. As illustrated in Fig. 5, a representative sequence of the regen-
eration process for CB-T917 was recorded over a period of 45min at a
temperature of 823 K.

At Omin, a continuous dark carbon black layer covers the entire
channel surface. After approximately 15 min, the first openings appear
near the channel inlet, indicating the onset of localized oxidation. By
25 min, the soot layer has fractured across approximately two-thirds of
the channel’s length, forming a zigzag break-up pattern. The oxidation
front continues to propagate downstream until the layer is completely
removed after approximately 45 min. The magnified sequence in Fig. 5
illustrates the local temporal evolution of the particle structures between
26 min and 28 min. During this short interval, the structures shrink pro-
gressively from the outer edge towards the center until they oxidize
completely. Only few isolated particle structures persist, the structures
oxidize rapidly once exposed to the O,-rich gas phase.

Fig. 6 compares the time-resolved regeneration sequences for all in-
vestigated carbon blacks under identical boundary conditions (823K,
60 m/s, particle-free air). The soot layer continuously oxidizes from the
inlet toward the outlet, with residual structures persisting longest in the
rear section of the channel. In contrast to the findings of Sappok et al.
Sappok et al. (2013) and Thieringer et al. Thieringer et al. (2023), the
carbon blacks exhibit very little formation of isolated particle structures
(’islands of soot’). This observation aligns with the results of Desens et
al., where a similar carbon black showed comparable behavior Desens
et al. (2025a). To quantify the visual observations, image analysis was
conducted for each frame at 5 min intervals. The black surface area frac-
tion, which represents the remaining soot coverage, and the number of
isolated particle structures were extracted as functions of regeneration
time. Fig. 7 summarizes these results for the carbon blacks (CB-T894 to
CB-T976).

In Fig. 7 a), the black surface area fraction decreases continuously
during regeneration. However, it initially remains stable above 0.9.
Once the CB layer has broken up further after the onset of layer break-
up, the area covered with particles decreases rapidly. The onset of

layer break-up, indicated in the curves as the time at 10 % loss in CB-
covered surface, occurs e.g. for CB-T917 at 16 min, followed by CB-T894
(32min) and CB-T976 (47 min). Fig. 7 b) shows the temporal evolu-
tion of the number of structural sizes, which quantifies the amount of
isolated particle structures identified in each frame. For CB-T894 and
CB-T917, the number of structures increases once the layer break-up
begins, followed by a decline as these structures oxidize. In contrast,
CB-T976 exhibits a delayed and broader distribution with less isolated
structures, consistent with slower oxidation. The maximum number of
isolated structures observed during regeneration ranged between 50 and
150 for all CBs. The variability of this metric is considerable, as the
threshold for segmentation and subsequent morphological operations
exerts a substantial influence on the detected structure count. The error
range is indicated in the diagram, as described in Section 2.3. For com-
parison, Desens et al. reported more than 300 isolated structures during
the regeneration of PS-T817, highlighting the substantially higher frag-
mentation tendency as visualized in Fig. 8 Desens et al. (2025a).

3.1.2. Relocations of particle structures

Using the methodology described in Section 2.3, the high-speed
recordings were scanned for particle structure detachment events and
particle transport. The analysis of each experiment involved the exam-
ination of several million frames. As shown in Fig. 9, a representative
detachment event of a particle structure relocating was observed for CB-
T917 after 27 min, corresponding to an advanced stage of regeneration
in which part of the filter surface was already free of soot. The upper
frames show the complete channel, while the lower sequence presents
a magnified view of the region of interest. The initial image, designated
as Frame 0, captures the structure that remains affixed to the filter sur-
face. The 0-1 difference image accentuates the alterations between suc-
cessive frames, with Frame 1 illustrating the structure’s detachment.
The isolated particle structure detached from the filter surface and was
transported with the flow towards the end of the channel. Such relo-
cations were, however, rare occurrences across all investigated carbon
blacks.

The soot structures typically oxidized in place, forming fewer iso-
lated structures than those observed by Sappok et al. Sappok et al.
(2013) and Thieringer et al. Thieringer et al. (2023), with small isolated
islands disappearing rapidly once exposed to the oxidizing gas flow. The
total number of observed relocation events is quantified for all particle
systems and is summarized in Fig. 10. Across all CB systems, the num-
ber of relocations ranged between 0-10 per experiment, independent
of reactivity index. In contrast, PS-T817 exhibited substantially more
frequent relocations, with 11 to 80 events depending on regeneration
temperature Thieringer et al. (2023), Desens et al. (2025a). To put the
results into context, it should be noted that there are minor differences
in how the experiments were conducted in the two studies. In study of
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Fig. 6. Time-resolved image sequence of the regeneration process, showing the progression in the central channel region (marked in the 0 min frame of the complete
channel) from 5min to 90 min for the investigated carbon blacks (CB-T894 to CB-T976).
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Fig. 8. Example frame from regeneration with the reactive soot system generated in fuel-rich propane combustion (PS-T817) Desens et al. (2025a), showing the

clear formation of numerous individual particle structures.
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Fig. 9. The upper frames show the full channel during filter regeneration with CB-T917 at 27 min 23 s, while the lower sequence presents a magnified view of the
marked region; Frame 0 captures the structure still attached to the filter surface. The 0-1 difference image highlights the change between consecutive frames, and
subsequent Frame 1 shows the structure detached. Frame rate of the recording was 1000 fps.

Thieringer et al., regeneration began during the heating phase, mean-
ing that a portion of soot oxidation occurred while the filter temper-
ature was still increasing, and the indicated regeneration temperature
describes the final temperature reached. In addition, the soot mass was
6mg instead of the 10 mg examined here. In contrast, in the present
study and in Desens et al. (2025a), the filter channel was preheated in

an inert N, atmosphere, ensuring that the defined regeneration temper-
ature was constant throughout the oxidation process.

The result for PS-T817 at 753 K from Thieringer et al. with a reduced
reactivity index of 0.67 due to the lower regeneration temperature,
showed a similar number of relocations to the CBs at a similar reactiv-
ity index. Whereas measurements at higher regeneration temperatures
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(823-873K) show a pronounced increase in relocation frequency. This
observation indicates that the combination of high reactivity and ele-
vated regeneration temperature promotes detachment and downstream
transport of soot fragments. When considering only the carbon blacks,
no clear correlation between the number of relocations and the reactiv-
ity index (RIg,3¢) can be established, except that all of them show only
few detachment events at these regeneration conditions.

3.2. Regeneration behavior of a specific carbonaceous particle system at
different regeneration conditions

To further investigate the layer break-up one specific carbon black is
selected: CB-T917, a carbon black with a primary particle size of 30 nm,
representing a diesel-like primary particle size. This material had shown
a few particle relocations during regeneration. It should be examined
whether this carbon black changes its behavior under varying regenera-
tion conditions (layer composition, layer height, regeneration tempera-
ture) and whether it can exhibit formation of isolated particle structures
similar to PS-T817 and diesel soot with more detachment events. To
examine the effect of compositional reactivity, a binary mixture of CB-
T917 and CB-T976 (50 wt.% each) was prepared by shaking and stirring
and was filled into the feed container with stirrer of the Topas disperser.
The mixture was aerosolized and subsequently deposited in the model
filter channel to form a layer with different reactive carbon blacks. Re-
generation was also performed at 823K and a gas velocity of 60 m/s.
The resulting break-up and relocation behavior exhibited no significant
deviation from that of the pure CB layers. Thieringer’s investigations
with propane derived soot showed that with increasing layer thickness,
larger particle structures are formed during layer break-up, and the par-
ticle layer breaks up later Thieringer et al. (2023). Therefore, in a fur-
ther series of tests, the layer thickness of CB-T917 was varied. Filters
were prepared with initial soot-layer heights of approximately 250 um,
210 um, and 135 pm. The thinner layers showed a slightly accelerated
oxidation response, an earlier onset of break-up and a faster regenera-
tion time. However, the overall fragmentation and number of detached
structures remained largely unchanged.

3.2.1. Variation of the temperature during regeneration

Research conducted by Thieringer et al. Thieringer et al. (2023) with
propane derived soot has shown that increasing the regeneration tem-
perature from 753K to 873K reduces the regeneration time by up to
55% due to the faster oxidation of soot particles. Small particle struc-
tures form during layer reduction and the number of relocations in-
creases with increasing regeneration temperature. Therefore, the tem-
perature was varied to see whether CB-T917 exhibits similar behavior,
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especially at higher temperatures. The effect of regeneration temper-
ature on oxidation dynamics and layer break-up behavior was investi-
gated for CB-T917 at 723K, 823K, and 873 K under identical conditions
(60 m/s, particle-free air). Based on the oxidation rate from the TPO they
are classified in the reactivity index RI823K with increasing temperature
as follows: 0.05 (723 K), 0.64 (823 K), and 0.97 (873 K).

Fig. 11 shows the time-resolved image sequences recorded in the
central channel region comparing the progression of the particle layer.
A clear temperature dependence of the regeneration rate is evident, the
soot layer oxidizes as expected progressively faster with increasing tem-
perature. The regeneration process is completed in 30 min at a regen-
eration temperature of 873K, which is 40 % shorter than at 823 K. At
723K, soot residues can still be seen in the rear section of the chan-
nel after 130 min. The oxidation front consistently progresses from the
inlet toward the outlet, following the direction of gas flow. In Fig. 12
a) the quantitative analysis shows the normalized black surface area
fraction decreasing markedly faster at higher temperatures. The onset
points of layer break-up, indicated by red symbols, shift systematically
to earlier times as temperature increases. At regeneration temperatures
of 823K and 873K, the layer exhibits a greater tendency to form dis-
tinct structures in comparison to the regeneration at 723 K. The onset
of layer break-up occurs earliest at 5min (873K), followed by 16 min
(823K) and 28 min (723K). Fig. 12 b) depicts the corresponding pro-
gression of the number of isolated particle structures. The number of
isolated structures is lowest at 723K and increases at higher regener-
ation temperatures. The maxima at 823K and 873K are very similar,
with a slightly higher peak count of about 75 structures at 823 K.

The number of observed relocation events for CB-T917 also increases
slightly with temperature, from none at 723K to 10 events at 823K
and 11 events at 873 K. This strengthens the hypothesis that structures
must first be isolated in order to detach, as the particle-particle adhe-
sive force is stronger than the particle-filter adhesive force Kamp et al.
(2014). However, in the experiment at a regeneration temperature of
873K, only a few rearrangements could be observed despite a compara-
ble reactivity index of 0.97 to 1.00 for PS-T817 at 823 K. These results
show that even at comparable soot reactivity and temperature, layer
break-up with relocation cannot be explained by oxidation of the car-
bonaceous particles alone, but requires additional triggers associated
with the presence of SOF. Experimental fragmentation measurements
by Rothenbacher et al. Rothenbacher et al. (2008) quantified the cohe-
sive strength of diesel-soot agglomerates and the effect of condensed ad-
sorbates. They reported 50 % fragmentation energies of 5.2 x 10~'7 J for
thermodenuded (”dried”) diesel soot and 1.2 x 10! J for untreated soot,
i.e. the presence of adsorbates almost doubles the mean bond strength.
In contrast, the calculated van der Waals bond energy for a typical soot
agglomerate with 90 primary particles was only 5.5 x 10719 J, so that the
measured fragmentation energies exceed the pure van der Waals force
by factors of roughly 95 (dried) and 220 (with adsorbates). During re-
generation, desorption and early oxidation of SOF may trigger local ox-
idation and modify the nanomechanical stability of the soot layer, pro-
moting layer break-up, and facilitate the detachment of smaller particle
structures.

3.2.2. Potential influence of more reactive by-Products of the combustion
process

As outlined in the introduction, engine-derived soot and PS-T817
typically carry a condensed organic fraction (SOF/VOF) containing
semi-volatile HCs, PAHs, and traces of water, whereas the selected car-
bon blacks are essentially ash-free and largely depleted in condensed or-
ganics. To assess the potential influence of such condensed by-products,
additional regeneration tests were performed with CB-T917 under mod-
ified conditions. Experiments with injected or condensed water on the
soot layer showed no measurable change in regeneration behavior, in-
dicating that the added water most likely evaporated during the heat-
ing phase without significantly affecting layer break-up or relocations.
Another series of experiments was conducted to simulate the presence
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Fig. 11. Time-resolved image sequence of the regeneration process, showing the progression in the central channel region (marked in the frame at 0 min) from 5 min
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Fig. 12. Comparison of CB-T917 at 723K, 823 K and 873K a) total layer reduction over time with the marked onset of layer break-up b) structural number progression

over time.

Fig. 13. Observation of the evaporation of hydrocarbons during heating at ~500K in a N, atmosphere.

of condensed hydrocarbons typically found in engine-generated soot
(e.g., naphthalene, phenanthrene, pyrene, benzo[a]pyrene) Geldenhuys
et al. (2022), Hu et al. (2013). For safety and reproducibility, a model
hydrocarbon mixture (Hydrocarbon mixture C,,-C;3, > 30 % aliphatic
hydrocarbons, 15-30 % aromatic hydrocarbons, containing white spirit
180/210) was used with a boiling range of 453-483 K. This reliably wets
carbon black and forms a hydrophobic organic coating, while remaining
free of ash or impurities. Although this system does not fully replicate
the chemical complexity of diesel soot, it provides a controlled means of
assessing whether highly reactive organic species affect oxidation or de-
tachment behavior. For sample preparation, filters were loaded with dry
CB T917 at ambient temperature as described previously. Subsequently,
fine droplets of the hydrocarbon mixture (~30 wt.%) were sprayed with
a nozzle onto the soot layer. The CB layer containing the hydrocarbon
mixture was subjected to a purge of compressed air at a velocity of 5m/s
for a duration of 1h at ambient temperature. This was followed by a
24 h equilibration period, the purpose of which was to achieve a homo-
geneous distribution of the mixture within the CB layer. Regeneration
was then carried out again under identical boundary conditions (823K,
60 m/s, particle-free air).

During the heating phase in an N, atmosphere at approximately
500K, parts of the hydrocarbon fraction undergo visible evaporation, as
illustrated in Fig. 13. After a few minutes, the surface of the channel re-
verts to its original black state, becoming visibly indistinguishable from

untreated CB Layers. A similar effect was reported by Thieringer et al.
Thieringer et al. (2023) for propane derived soot, where volatile compo-
nents desorbed during the heating phase. The regeneration behavior of
CB-T917 changes profoundly, as illustrated in Fig. 14. Initially, the filter
surface is covered with the carbon black and appears completely black.
Between 6 min and 18 min, the layer breaks up into numerous discrete
particle structures. To capture this transient phase, frames are displayed
at 2min intervals and with enlarged views of the central channel region
every 4 min.

The images clearly show the formation of multiple small isolated par-
ticle structures that gradually shrink or vanish from the field of view,
many of which detach and migrate downstream, while others oxidize lo-
cally. After 20 min, less than 10 % of the soot remains, localized mainly
in the rear third of the channel, and after 40 min, the filter is nearly
clean. The high-speed recordings are also quantitatively evaluated us-
ing image analysis and compared with the filter regeneration of the
same carbon black without the additional hydrocarbons (see Fig. 15).
The results mirror these observations: For the HC treated sample the
layer break-up initiates earlier (4.5min vs. 16 min), the regeneration
completes more rapidly, and the number of isolated distinct particle
structures rises sharply (~75 — ~1100). This indicates that the pres-
ence of the more reactive hydrocarbons in this experiment accelerate
local oxidation by modifying surface reactivity. The high-speed record-
ings at 1000 fps of the model filter channel regeneration with CB-T917
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over the entire channel length. The marked regions are shown magnified below, illustrating the oxidation of structural sizes between 6 min and 18 min.
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Fig. 16. a-d) Exemplary particle structure detachment events observed during filter regeneration with CB T917-HC coated with the hydrocarbon mixture. The upper
frames show the full channel at the respective time of detachment, while the lower sequences present magnified views of the marked regions. In each case, Frame
0 (left) captures the structure still attached to the filter surface, the 0-1 difference image (center) highlights the change between consecutive frames, and Frame 1
(right) shows the detached structure. Frame rate of the recording was 1000 fps.
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Detached structure size distribution

et al. (2023, 2022) during regeneration experiments with propane de-
rived soot and by Sappok et al. Sappok et al. (2013) for diesel soot par-
ticle layers. These findings do not conclusively verify that the presence
of highly reactive SOF is essential for layer break-up and relocation phe-
nomena. In this scenario, the accelerated oxidation and increased num-
ber of detachment events are not, or only partially, caused by sustained
heat release from organic oxidation, but are more plausibly linked to
improved gas accessibility and mechanical destabilization of the soot
layer induced by liquid droplets and evaporation-driven restructuring.
Trace amounts of oxygen in the nominally nitrogen-purged system can-
not be fully excluded and may contribute to minor oxidation of the HC
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Fig. 18. Number-based particle size distribution of the detached particle struc-
tures during the regeneration of the model filter channel for CB-T917 coated
with the HC mixture.

HC reveal numerous particle detachment events, as demonstrated by
four examples shown in Fig. 16 at different times and positions along
the channel. Each frame shows the full channel view before the re-
spective detachment event and a magnified region of interest, recorded
at 1000 fps. In each magnified example, Frame O captures the particle
structure still attached to the filter surface, the 0-1 difference image vi-
sualizes the change between consecutive frames, and Frame 1 shows the
location of the missing structure after detachment. In Fig. 16 a), a parti-
cle structure with an area equivalent diameter of 227 um detaches after
8min 12s in the front third of the channel (30.5mm). Fig. 16 b) cap-
tures a larger structure detaching after 10 min 56 s near the channel cen-
ter, while ¢) shows one separating from the surface at 13 min 55s near
the inlet. Finally, d) depicts the detachment of a smaller particle struc-
ture (x,,4 ~ 170 um) in the rear half of the channel after 14 min 34s.
In total, > 507 of such events were detected, involving structures with
X,, 2100 um, while even smaller particle structures might escape de-
tection due to the set threshold and the limited resolution. As mapped
in Fig. 17, detachment events are widely distributed along the channel
length. Detachment events are concentrated within a 20 min period and
occur most frequently in the front half of the channel. This is where the
gas velocity is highest, which increases the probability of the detach-
ment of particle structures from the filters surface. Towards the end of
the channel, the number of detachments decreases, and these usually
occur at later stages of regeneration. However, some structures remain
intact for longer at the channel inlet for up to 14 min. This could be
due to the HC distribution, as the flow might have carried them more
towards the center of the channel causing less reactive components to
break up the layer. Fig. 18 shows the number-based particle size distri-
bution of detached structures detected during the regeneration with CB
T917 HC. The distribution spans an area equivalent diameter range from
100 um to 500 pum, with the majority of detected particle structures be-
tween 150 pm and 200 um. Comparable characteristic size ranges for de-
tached soot fragments were also reported by Thieringer et al. Thieringer
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4. Conclusion and outlook

The combination of high-speed imaging with image analysis enabled
a detailed characterization of layer break-up and particle relocation
dynamics. Comparative analysis of seven carbon blacks revealed pro-
nounced differences in oxidation behavior, layer break-up, and detach-
ment frequency than PS-T817 and diesel soot. More reactive carbon
blacks exhibited faster oxidation and earlier onset of layer break-up,
while the least reactive Carbon Black CB-T976 showed gradual burn-
off. All carbon blacks showed a reduction in surface layer coverage with
little break-up and formation of isolated structures as well as minimal
relocation activity. Variations in temperature confirmed that thermal
activation accelerates oxidation kinetics but does not fundamentally al-
ter the fragmentation pattern for the carbon black CB-T917. In con-
trast, the addition of a more reactive hydrocarbon mixture (C;,-C3,
> 30 % aliphatic hydrocarbons, 15-30 % aromatic hydrocarbons, con-
taining white spirit 180/210) significantly led to enhanced layer break-
up, frequent detachment events with more than 500 particle structures
relocating, and faster overall regeneration.
The model filter channel experiments provide fundamental research
with well-defined particle systems linking soot reactivity and layer com-
position to layer break-up and relocation frequency. The results indicate
that the reactivity of carbonaceous particles alone mainly governs the
rate of soot removal, whereas pronounced fragmentation and relocation
are more likely driven by additional more reactive or condensed species
affecting layer mechanics and gas accessibility. Such relocation activity
is relevant for aftertreatment design because repeated transport and re-
deposition can shift deposits toward plug-end/channel-filling patterns,
which affect pressure drop and filtration behavior. Therefore, regenera-
tion strategies should consider fuel- and operation-dependent variations
in soot composition, as these may contribute to more relocations of parti-
cle structures. Since soot nanostructure and reactivity are known to vary
with engine operating conditions Koch et al. (2022), Hagen et al. (2023),
the results can be transferred to real exhaust by relating operating-point-
induced changes in soot.
Future work will focus on systematically assessing the influence of con-
densed organic fractions on soot layer break-up and relocation phenom-
ena. This might include controlled desorption experiments using diesel
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or propane derived soot to quantify the effect of organic components
on adhesion and break-up behavior. In addition, the oxidation atmo-
sphere will be varied between O,- and NO,-rich conditions over a range
of regeneration temperatures to evaluate the effects of the oxidizing
agents on the regeneration phenomena. The NO, rich atmosphere en-
hances the soot oxidation at lower temperatures Miiller et al. (2012).
The working hypothesis is that discontinuous NO, regeneration at lower
temperatures (523-823 K) can trigger layer break-up and relocation be-
havior comparable to that observed during discontinuous O, regenera-
tion at higher temperatures (723-873 K). More generally, the objective
is to clarify whether, and under which conditions, the interplay between
oxidation gas (O, vs. NO,), soot reactivity and dispersity, and operat-
ing parameters governs the transition between layer-type deposition and
channel plugging after repeated regenerations.
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