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a b s t r a c t 

In previous work, we introduced the dual-pulse two-color time-resolved laser-induced incandescence 

(DP-2C-TiRe-LII), which is possibly suitable for on-line monitoring of the nanostructural topology of inho- 

mogeneous soot particle ensembles in transient flows. The method relies on the quantitative relationship 

between the size of the basic structural units (BSUs) embedded within primary particles and the ratio of 

the refractive-index function for absorption at two wavelengths E (m, λUV ) /E (m, λNIR ) . As the size of BSUs 

increases, the band gap energy for an electronic π → π ∗ transition becomes narrower increasing the 

wavelength for absorption and, hence, forcing E (m, λUV ) /E (m, λNIR ) to decrease. Once quantitative corre- 

lations between the carbon nanostructure, i.e., size of the BSUs, and a structure-associated particle prop- 

erty are available, its on-line monitoring becomes accessible through monitoring of E (m, λUV ) /E (m, λNIR ) . 

The objective of this paper is to provide the proof-of-concept for on-line monitoring of an exemplary 

structure-associated particle property, viz. soot reactivity against oxidation, in an application from prac- 

tice. For this, DP-2C-TiRe-LII is employed downstream of a gasoline direct injection (GDI) engine running 

under steady-state and transient operating conditions. Intrusive particle sampling in combination with an 

analytical toolbox comprising high-resolution transmission electron microscopy (HRTEM), pattern recog- 

nition methods, elemental analysis (EA), and thermogravimetric analysis (TGA) was applied to validate 

the results from DP-2C-TiRe-LII. Excellent agreement is found between particle properties derived via ex 

situ and in situ diagnostics. Moreover, the transformation of the time series of E (m, λUV ) /E (m, λNIR ) into 

probability density distributions seems to represent the BSU size distributions of the investigated soot 

particle ensembles. Likewise, soot reactivity is reflected in the distributions of E (m, λUV ) /E (m, λNIR ) . 

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Soot nanoparticles emitted from practical combustion devices 

ave significant impact on our daily lives. On the one hand, they 

re well-known air pollutants that adversely affect cardiovascular 

nd pulmonary health and, in conjunction with volatile organic 

ompounds (VOCs) adsorbed on their surface, are suspected of be- 

ng carcinogenic [1,2] . On the other hand, soot nanoparticles con- 

ribute to global warming through direct radiative forcing [3,4] , 

educe the albedo of snow and ice surfaces [5] , and significantly 
∗ Corresponding author at: Karlsruhe Institute of Technology (KIT), Engler-Bunte- 

ing 7, Karlsruhe 76131 Germany. 
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ffect cloud formation processes [5,6] . Bond et al. concluded that 

arbonaceous particles are the second largest contributor to global 

arming after CO 2 with a radiative forcing of +1 . 1 W/m 

2 [7] . 

Internal combustion engines (ICEs) constitute a major emission 

ource for soot nanoparticles. The inevitable soot formation in ICEs 

esults from incomplete combustion of hydrocarbons [8] . Incom- 

lete conversion of the fuel molecules in fuel-rich zones inside 

he cylinder, facilitates soot formation from precursor molecules 

ia particle inception, particle growth by reactions with gaseous 

omponents, coagulation, carbonization and (partial) oxidation [9–

1] . The generated soot consists of sphere-like primary particles 

ith sizes d P ranging from 10 nm to 50 nm and size distribu- 

ions approximated best by log-normal size distributions [12–16] . 

he spheres coagulate into branched-chain, fractal-like aggregates 
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17,18] . Graphene-like basic structural units (BSUs) of varying size 

 f , referred to as carbon nanostructure, build the structure of pri- 

ary soot particles in the sub-nm range [19–23] . 

Particularly, for soot emitted from diesel (D) and gasoline 

irect-injection (GDI) engines, the application of exhaust gas af- 

ertreatment systems is inevitable to comply with increasingly 

tringent international legislation concerning particulate emissions 

24–27] . An effective method for reducing soot emissions from GDI 

nd D engine powered vehicles is the implementation of partic- 

late filters (PF) [27,28] . Detailed information on GDI particulate 

missions, current emission regulations, and gasoline particulate 

lters (GPFs) is provided in the comprehensive review by Awad 

t al. [29] . Along with a filtration efficiency of 44 wt.% to 99 wt.%

30,31] , a continuous loading of the PF is accompanied. The accu- 

ulated soot within the PF channels increases the exhaust back- 

ressure and thus promotes combustion instabilities [28,32] . Al- 

hough reactive soot nanoparticles are continuously oxidized with 

esidual oxygen in the exhaust gas, an active regeneration pro- 

ess needs to be initiated when the maximum PF soot loading is 

eached. This is performed by raising the exhaust gas temperature 

y increasing fuel injection [29] . Required temperatures as well as 

eaction times for oxidation are determined by the reactivity of 

oot against oxidation by molecular oxygen as discussed in Hagen 

t al. [23] . The conversion kinetics of soot particles and their re- 

ctivity, respectively, can be measured by thermogravimetric anal- 

sis (TGA) [23,33–40] or temperature-programmed oxidation (TPO) 

41–43] . Non-isothermal experiments enable the determination of 

inetic parameters for a one-step reaction with Arrhenius-type of 

emperature dependence of the reaction rate, from which reactivity 

ndices of a studied soot particle system may be derived [23,44] . 

Various hypotheses attempted to explain the different reactiv- 

ty of engine generated soot depending on their formation con- 

itions, e.g., combustion mode, pressure, fuel type and composi- 

ion [32,34,36,37] . First, Vander Wal and Tomasek postulated the 

ependence of soot oxidation rate on the size L f and curvature 

f the graphene-like BSUs embedded in primary particles. They 

howed that the oxidation rates of differently synthesized soot par- 

icles, exhibiting different nanostructural properties, differ by more 

han 400 % [45] . This hypothesis was later quantified based on 

igh-resolution transmission electron microscopy (HRTEM) stud- 

es combined with pattern recognition methods [22,23,37,44] . In 

ef. [44] correlations between the size L f of BSUs, a reactivity 

ndex RI, and E (m, λi ) /E (m, λ j ) have been worked out. Findings

n nanostructural properties influencing soot reactivity have been 

onfirmed using X-ray diffraction (XRD) [33] and Raman spec- 

roscopy (RS) [22,23,37,41–43] , which both yield integral informa- 

ion about the carbon nanostructure. Especially L f determines the 

umber density of edge-site carbon atoms and C-H groups acces- 

ible for oxidation. The shorter L f , the higher the share of edge- 

ite carbon atoms and C-H groups that may be attacked by ox- 

dative species, and, consequently, the higher the reactivity against 

xidation [22,23,44,45] . Another explanatory approach considers 

he geometric particle properties as decisive for soot reactivity, 

specially the primary particle size d P and its distribution P (d P ) . 

everal authors, e.g., [33,34,41] , found that small primary particle 

izes correlate with high reactivity and vice versa. However, oth- 

rs [23,37] showed that different reactivities against oxidation are 

ndependent of or only slightly dependent on the primary particle 

iameter and its distribution. In [44] , we presume a correlation be- 

ween the count median diameter CMD of the primary particle size 

istribution P (d P ) and the size of BSUs. This is substantiated by the

ossibility of embedding layers with increasing L f more likely in 

articles with increasing CMD . 

Apart from nanostructural characteristics, catalytic-active agents 

ncorporated into soot aggregates may also increase soot reactiv- 

ty. Choi and Seong concluded that calcium compounds are the 
2 
ey driving factor for catalytic oxidation of GDI engine generated 

oot [35] . Other studies attributed potassium [46] , iron [41] , zinc 

41,47] , aluminum [47] or copper [41] compounds catalytic activ- 

ty. Bensaid et al. concluded that ceria-based particles positively 

mpact the oxidation behavior of soot particles [48] . However, it 

as recently been hypothesized that the addition of catalytic-active 

pecies reduces the size of graphene-like structures during parti- 

le formation [46] . The reactivity enhancement caused by these 

pecies, therefore, may also have its origin in carbon nanostruc- 

ural properties. 

Direct measurement of the conversion kinetics of soot oxida- 

ion via TGA and/or TPO involves time-consuming and non-trivial 

article sampling in combination with ex situ experiments. There- 

ore, efforts have been made to develop in situ diagnostics to de- 

ive this quantity. One approach involved soot oxidation in a tubu- 

ar flow reactor at constant temperature. The change in aggregate 

ize distributions or mass concentration measured via a tandem 

ifferential mobility analyzer (TDMA) [49] , differential mobility an- 

lyzer coupled with an aerosol particle mass analyzer (DMA-APM) 

50] and photoacoustic (PA) spectroscopy [51] allowed conclusions 

bout the reactivity of soot particles emitted by various sources. 

owever, the temporal resolution of the referred techniques is not 

ufficient to resolve fast transient processes. 

Therefore, an alternative approach based on correlations be- 

ween L f , the reactivity index RI, and E (m, λi ) /E (m, λ j ) has been

roposed in Hagen et al. [44] . In [52] we introduced the dual-pulse 

wo-color time-resolved laser-induced incandescence (DP-2C-TiRe- 

II), which is suitable for measuring optical properties such as the 

atio of the refractive-index function for absorption at two wave- 

engths E (m, λi ) /E (m, λ j ) as well as absolute E(m, λ) of inhomo-

eneous soot particle ensembles in transient flows. Using this ap- 

roach, a non-intrusive on-line monitoring of L f and of soot re- 

ctivity RI of engine generated soot particles may apparently be 

ossible. 

The objective of this paper is to employ DP-2C-TiRe-LII as a 

ethod for on-line monitoring of the optical properties of soot and 

hereby the carbon nanostructure as well as the reactivity of soot 

n a combustion application from practice. This is accomplished 

y applying the non-intrusive in situ diagnostics described in ref. 

52] downstream of a gasoline direct injection (GDI) engine run- 

ing under both, steady-state and transient operating conditions. 

article properties are verified with intrusive particle sampling and 

pplication of a comprehensive analytical ex situ quantification of 

arbon nanostructure and reactivity. The applied analytical toolbox 

omprises HRTEM in combination with pattern recognition meth- 

ds, elemental analysis, and TGA. Section 3 presents the results of 

he comprehensive ex situ characterization of particles collected 

uring the investigated engine operating points and the results 

f DP-2C-TiRe-LII. Section 4 summarizes the findings and provides 

ome concluding remarks. 

. Materials and methods 

.1. Laser diagnostics 

In previous work, Minutolo et al. [53] , Jäger et al. [54] and 

illiams et al. [55] presumed an effect of the order, extension, 

nd the orientation of basic structural units on the wavelength- 

ependent absorption of soot particles. This hypothesis was veri- 

ed in Hagen et al. [44] , deriving a quantitative relationship be- 

ween the size of the basic structural units (BSUs) and the ra- 

io of the refractive-index function for absorption at two wave- 

engths E (m, λi ) /E (m, λNIR ) , where λNIR = 1064 nm and λi = λUV 

ith 266 nm and 355 nm or λi = λV IS = 532 nm . The correla- 

ion is found to be linear. The spectroscopic background is the 

ptical band gap energy E for an electronic π → π ∗ transition, 
OG 
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hich decreases with increasing size of the conjugated π system. 

n turn, an increasingly narrow E OG increases light absorption in 

he near-infrared spectral range, causing E (m, λi ) /E (m, λNIR ) to de- 

rease and vice versa. Since quantitative correlations between size 

f the basic structural units and soot reactivity have also been de- 

ived [23,44] , its non-intrusive in situ monitoring becomes acces- 

ible through recording of E (m, λi ) /E (m, λNIR ) . 

In order to determine E (m, λUV ) /E (m, λNIR ) from inhomoge- 

eous aerosols and in transient flows, we introduced the DP-2C- 

iRe-LII [52] . This approach involves irradiating a particle ensem- 

le by two subsequent laser pulses of different wavelengths with a 

ime delay long enough to ensure cooling of the particles after the 

rst pulse, but short enough to prevent the particles from mov- 

ng out of the probe volume. In the experiment, the first pulse at 

UV is kept at low and constant fluence, whereas the fluence of 

he second pulse at λNIR is periodically modulated. If coincidence 

f the generated two TiRe-LII signal decays is repeatedly achieved, 

 (m, λUV ) /E (m, λNIR ) can be evaluated. The computed ratios are 

orrected for scattering based on the Rayleigh–Debye–Gans theory 

or fractal aggregates (RDG-FA) using aggregate sizes measured in 

och et al. [36] . Details of this approach as well as a detailed dis-

ussion on the influence of scattered light on E (m, λUV ) /E (m, λNIR )

re provided in ref. [52] . Moreover, effects of the selected flu- 

nce of the first pulse on carbon nanostructure and, therefore, 

 (m, λUV ) /E (m, λNIR ) are worked out in Hagen et al. [52] . The find-

ngs are in good agreement with the double-pulse experiments of 

örök et al. [56] . 

The synchronous temperature determination of the laser-pulse 

eated particles even enables the quantification of the absolute 

alues of E(m, λUV ) and E(m, λNIR ) [52,57] . The particle temper- 

ture after laser pulse heating is determined experimentally by 

he two-color method, employing Planck’s radiation law. Details re- 

arding this approach and its experimental methodology are pro- 

ided in Hagen et al. [52] , Schulz et al. [58] , Michelsen et al.

59] . The TiRe-LII signal decay induced by a NIR laser pulse in the 

ow-fluence regime ( f NIR < 0 . 2 J/cm 

2 [58] ), provides besides quan- 

itative information about the optical properties also information 

bout the size distribution of the primary soot particles P (d P ) , see

.g., the review articles by Schulz et al. [58] and/or Michelsen et al. 

59] , and references therein. The particle size distribution P (d P ) is 

valuated by a multidimensional nonlinear fit of the calculated size 

istributions to the measured TiRe-LII signals. From this, the count 

edian diameter, CMD , and the geometric standard deviation, σg , 

an be determined. Details, equations, and assumptions of the em- 

loyed model are provided in Hagen et al. [52] , Lehre et al. [60] ,

harwath et al. [61] . 

Center part of the optical DP-2C-TiRe-LII setup are two 10 Hz 

ulsed Nd:YAG lasers. The near-infrared (NIR) laser operates at the 

undamental frequency ω @ λNIR = 1064 nm , while the ultraviolet 

UV) laser operates at the third harmonics 3 ω @ λUV = 355 nm . 

pplying the fourth harmonics 4 ω @ λUV = 266 nm has not been 

ealized in this work because the strong light absorption of soot 

articles at this wavelength generates strong TiRe-LII decay signals 

ven at very low laser fluence f UV . In contrast to this, soot parti-

le ensembles emitted from the GDI engine absorb near-infrared 

aser light less strong and, therefore, generate only small TiRe-LII 

ignals. As a consequence, the events with coincidence of the sig- 

als in the DP-2C-TiRe-LII experiments using the wavelength pair 

UV = 266 nm and λNIR = 1064 nm are less frequent. 

The first pulse of DP-2C-TiRe-LII is emitted by the UV laser, 

perating at a constant, low fluence of f UV = 0 . 02 J/cm 

2 , con-

inuously being recorded using a power meter. The second laser 

ulse emitted by the NIR laser is delayed by a time interval of 

t = 2 μs. The NIR laser beam passes through a rotating λ/ 2 plate

ith precisely controlled rotation speed. The subsequent polariza- 

ion beam splitter reflects the s-polarized component into a beam 
3 
ump while allowing the p -polarized component to pass through. 

ue to the continuous rotation of the λ/ 2 plate, the NIR laser flu- 

nce is periodically modulated. The single laser pulses are detected 

y the Rayleigh scattered light using a photodetector normal to 

he beam path. This procedure allows a pulse-to-pulse evaluation 

f the energy density for each of the modulated NIR laser pulses. 

he DP-2C-TiRe-LII signal decays were collected at 90 ◦ angle to the 

aser beam using a lens system and two photomultipliers equipped 

ith narrow band-pass interference filters (10 nm FWHM) cen- 

ered at λd 
i = 450 nm and λd 

ii = 650 nm . To avoid possible struc- 

ural changes of the particles by laser pulse heating, the fluence of 

he UV laser has been limited to 0 . 02 J/cm 

2 and that of the NIR

aser to 0 . 2 J/cm 

2 maximum, see discussion in ref. [52] and the 

iterature cited therein. 

A detailed description of the experimental arrangement with 

wo Nd:YAG pulse lasers, beam shaping, combining and profiling 

ptics as depicted in Fig. 1 as well as the DP-2C-TiRe-LII theory, an 

xploratory study of the method including validation experiments 

re provided in Hagen et al. [52] . 

.2. GDI engine test rig 

A turbocharged four-cylinder engine with gasoline direct fuel 

njection served as application from practice. As fuel gasoline with 

 Research Octane Number of RON = 98 as test fuel has been 

sed. The GDI engine was operated in a transient cold-start cycle 

hanging over into subsequent steady-state operation conditions. 

o minimize influences from lubricating oil on combustion, the en- 

ine tests were carried out with external crankcase ventilation and 

resh lubricating oil. Technical data and specifications of the engine 

est rig and fuel are summarized in Koch et al. [32,36] . 

Figure 2 depicts the engine test rig including the applied mea- 

urement instrumentation. Soot particles are sampled downstream 

f the engine using a constant volume sampler (CVS) with a dilu- 

ion ratio of DR = 5 [32,36] . The soot samples collected on quartz

ber filters are analyzed employing a toolbox of analytical meth- 

ds described in Section 2.4 . The laser beams of the DP-2C-TiRe-LII 

re introduced into the exhaust tract ∼ 1 . 5 m downstream of the 

xhaust manifold via an optically accessible section. In addition, a 

ype K thermocouple allows the continuous measurement of the 

xhaust gas temperature at this position. As shown in Fig. 2 , the 

ntrusive particle sampling as well as the optically accessible sec- 

ion are located upstream of the exhaust gas aftertreatment system 

nvolving a three-way catalytic converter (TWC) and a gasoline par- 

iculate filter (GPF). 

The exhaust gas soot volume fractions f V during engine op- 

ration may be estimated using the correlation postulated by 

orthrop et al. [62] , enabling a transformation of filter smoke 

umbers F SN given in Koch et al. [32,36] into mass concentrations. 

he necessary estimation of the soot density is given in Michelsen 

63] . 

.3. Engine operating points 

In the experiment, the particles formed in a five-minute tran- 

ient cold start period of the GDI engine were investigated. The 

DI engine had a surface temperature of 283 K at the beginning of 

he experiment. Subsequently, the test conditions of the GDI test 

ngine listed in Table 1 were attained in five-minute steady-state 

eriods, with transitions occurring instantaneously. 

The start of fuel injection SOI determines the time available for 

ixing and homogenization of fuel and oxidizer. Therefore, injec- 

ion timing sets an essential parameter of mixture formation. The 

nfluence of SOI of the GDI engine investigated in this study on 

ggregate number density, size distribution, soot reactivity against 

xidation, and inpact on the carbon nanostructure, was reported by 
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Fig. 1. Optical setup of DP-2C-TiRe-LII. 
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och et al. [36] . This SOI variation serves as the basis for the oper-

ting points (OPs) examined in this study, which are summarized 

n Table 1 . 

OP 0. is the transient cold start cycle. In the station- 

ry OPs i. to v., the fuel was injected using a constant 

ail pressure of P r = 10 4 kPa . The SOI was varied from 

10 ◦CA , 280 ◦CA , 250 ◦CA to 220 ◦CA before top dead center 

BTDC) at a constant ignition timing of 25 ◦CA BTDC . For simplic- 

ty, ◦CA BTDC is abbreviated as ◦CA in the following. SOI variations 

ere performed at constant engine speed of n = 20 0 0 rpm and 

 break mean effective pressure of P m 

= 800 kPa . While in OP i.

o iv. a stoichiometric mixture was used, the equivalence ratio 

was decreased at OP v., SOI = 220 ◦CA . For more oxygen-rich 

onditions at � < 1 . 0 , the influence of an enhanced in-cylinder 

ost-oxidation of formed soot nanoparticles on carbon nanostruc- 

ure and reactivity can be analyzed. Finally, an OP presented in 

och et al. [32] was selected representing the least reactive parti- 
4 
les which can be synthesized in the GDI engine. The formation of 

hese non-reactive particles was achieved with a double injection 

t SOI = 280 ◦CA and 70 ◦CA , a reduction of the rail pressure, 

hich is accompanied by a modified spray pattern, and a fuel rich 

ombustion with � = 1 . 1 . 

.4. Analytical toolbox for the ex situ characterization of collected 

oot particles 

Particles collected on quartz fiber filters from the particle-laden 

xhaust gas by CVS [32,36] are studied with a number of analytical 

ethods described in the following sections. 

.4.1. Thermogravimetric analysis 

Soot reactivity against oxidation is ex situ analyzed employing 

GA. Non-isothermal, dynamic experiments using a constant heat- 

ng rate of β = 5 K/min and an oxygen concentration of 5 vol.% 
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Fig. 2. Engine test rig for on-line monitoring of carbon nanostructure and reactivity of soot from GDI. The constant volume sampling (CVS) of engine exhaust gas is designed 

to collect engine generated particulate samples on quartz fiber filters for ex situ analysis. After the exhaust gas aerosol crosses the optical access, it passes through the 

three-way catalytic (TWC) converter and the gasoline particulate filter (GPF). 

s

t

a

a

H

o

s

d

T

t

f

e

f

s

n

a

d

r

H

s

a

E  

t

a

e

s

e  

0

a

s

R

2

w

c

C

I

o

e  

b

[

t

i

2

c

d

T

a

d

erve to quantify the conversion profile during soot oxidation. De- 

ails of the experimental procedure including the instrumentation 

re described elsewhere [23,44,64] . 

The experimental TGA conversion profiles are reproduced using 

 global, over-all kinetic expression [23,44] 

dα

dT 
· β = r ox = −k 0 ,ox · exp 

[ 
− E A 
R T 

] 
αn ox . (1) 

ere, E A is the apparent over-all activation energy, n ox the over-all 

rder of reaction, β the heating rate, and R the universal gas con- 

tant. The dimensionless turnover parameter α relates the time- 

ependent mass loss to the initial particle mass: α = m (t) /m 0 . 

he pre-exponential factor k 0 ,ox containes the oxygen concentra- 

ion, which is assumed to be constant due to excess oxygen, and 

or n ox � = 1 the initial particle mass m 0 . 

Depending on the operation conditions, soot emitted from GDI 

ngines can contain different fractions with different E A and, there- 

ore, different reactivities [32,36] . The TGA oxidation profiles of 

uch soot aggregates are described using a multiple reactants ki- 

etic approach [64] . The oxidation rate of each reactant is defined 

ccording to Eq. (1) and the effective oxidation rate r e f f can be 

escribed by Koch et al. [32] , Hagen et al. [44] : 

 e f f = 

n ∑ 

i =1 

x i r ox,i . (2) 

ere, x i describes the mass fractions of the n different reactive 

oot fractions. The experimentally determined conversion profiles 

re fitted using the global total kinetic expression according to 

qs. (1) and (2) . A three educt approach, i = 1 . . . 3 , is applied in

his study. The effective oxidation rate is employed to define a re- 

ctivity index RI. Following the IUPAC recommendations [65] , the 
5 
ffective oxidation rate under specific reaction conditions is con- 

idered in this study. As suggested in Hagen et al. [44] , RI consid- 

rs r e f f at T = 800 K , 5 vol.% O 2 and α = 0 . 5 . To cover a range of

 ≤ RI ≤ 1 , the cumulative oxidation rate is normalized by the re- 

ction rates of the maximum (max) and minimum (min) reactive 

oot particle system [32,44] . 

I i = 

[
[ ln (r e f f )] min − [ ln (r e f f )] i 

[ ln (r e f f )] min − [ ln (r e f f )] max 

]
T =800 K , α=0 . 5 , 5 vol.% O 2 

. (3) 

.4.2. High-resolution transmission electron microscopy 

Carbon nanostructure and primary particle size distributions 

ere analyzed using high-resolution transmission electron mi- 

roscopy (HRTEM). HRTEM images were acquired using a Philips 

M200 transmission electron microscope (ThermoFischer Scientific 

nc.), operated at 200 kV resulting in highest spatial resolution 

f 0 . 0283 nm/px . The sample preparation was analogous to Koch 

t al. [32] . To evaluate the size distributions P (L f ) of BSUs em-

edded within primary particles, a pattern recognition algorithm 

23] was employed. In addition, the primary particle size distribu- 

ion was also evaluated using the HRTEM images. Details are given 

n Hagen et al. [23] as well. 

.4.3. Elemental analysis 

The elemental analysis (EA) serves to quantify the molar 

arbon-to-hydrogen ratio of the emitted particles. Carbon and hy- 

rogen fractions of the soot particles emitted during the OPs, see 

able 1 , have been analyzed using a Vario Micro Cube elemental 

nalyzer equipped with thermoconductivity (TCD) and infrared (IR) 

etectors. Further details are given in Hagen et al. [64] . 
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Fig. 3. TGA oxidation profiles of soot particles from the GDI engine for the OPs 

summarized in Table 1 . 
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Table 2 

Reactivity indices of the investigated GDI engine generated soot samples. 

OP RI / −
i. 1.00 

ii. 0.96 

iii. 0.88 

iv. 0.74 

v. 0.84 

vi. 0.61 
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. Results and discussion 

.1. Comprehensive ex situ characterization of GDI soot particles 

Particle sampling via CVS and subsequent characterization via 

he methods described in Section 2.4 enables a comprehensive an- 

lytical quantification of the reactivity against oxidation, size dis- 

ributions of BSUs, and primary particle size distributions. 

.1.1. Soot reactivity via TGA 

The experimentally determined TGA profiles −d α/d T of the 

oot samples collected during the six OPs listed in Table 1 are plot- 

ed in Fig. 3 . All investigated engine generated soot samples ex- 

ibit a peak at ∼ 450 K , which is associated with the desorption of 

olatile organic compounds (VOCs), as verified by coupling the TGA 

xhaust pipe with a quadrupole mass spectrometer (QMS) and/or 

ourier-transform infrared spectrometer (FTIR) [66] . In the shaded 

egion viusalized in Fig 3 , no oxidation products, i.e., CO and CO 2 ,

re detected via the applied gas phase diagnostics. 

In the TGA profiles at T > 600 K significant differences are evi- 

ent. In this temperature region, the release of CO and CO 2 is de- 

ected. The soot particles emitted at SOI = 310 ◦CA (OP i.) are the 

ost reactive. At T < 800 K the conversion profile attains its max- 

mum and exhibits a second comparatively flat peak at T ∼ 900 K . 

elaying SOI by 30 ◦CA (OP ii.), the second peak at ∼ 900 K , indi- 

ating a less-reactive fraction, rises, whereas the height of the first 

onversion peak at T < 800 K , caused by more-reactive particles, 

ecreases. At further delay to SOI = 250 ◦CA (OP iii.), both conver- 

ion peaks are approximately equal. Soot particles emitted at the 
able 1 

nvestigated engine operating points at a constant engine speed of n = 20 0 0 rpm 

nd a break mean effective pressure of P m = 800 kPa . The start of injection SOI, the 

quivalence ratio � and the rail pressure P r were varied. 

OP SOI / ◦CA BTDC � / − P r / kPa 

0. a 310 – 10 4 

i. 310 1.0 10 4 

ii. 280 1.0 10 4 

iii. 250 1.0 10 4 

iv. 220 1.0 10 4 

v. 220 0.9 10 4 

vi. 280 and 70 b 1.1 5 · 10 3 

a Transient cold start. 
b Double fuel injection with 60 % at SOI = 280 ◦CA BTDC . 

n

w

p

T

T

C

6 
atest SOI, i.e., SOI = 220 ◦CA (OP iv.), reveal a unimodal conversion 

eak at ∼ 900 K , indicating that the reactive fraction is formed to 

 very low amount. By reducing the equivalence ratio � and in- 

reasing the oxygen concentration in the mixture, the unimodal 

onversion curve is shifted to lower temperatures, indicating the 

ormation of soot particles with an increasing reactivity against ox- 

dation. Finally, Fig. 3 contains the conversion profile of soot from 

P vi, indicating uniform highly non-reactive particles, which are 

xidized at T > 900 K and in a narrow temperature range. In sum- 

ary, the emitted soot contains varying fractions with different re- 

ctivity depending on the operating conditions. 

The reactivity indices RI of the OPs i. to vi. defined by 

q. (3) are listed in Table 2 . According to Eq. (3) , this normal-

zed quantity requires a maximum and minimum reference parti- 

le system. Here, the maximum reactive system is represented by 

he soot particles emitted by the GDI engine with SOI = 310 ◦CA 

32] . Graphite, the crystalline and therefore most non-reactive car- 

on configuration [44] , serves as the second reference system. The 

radual shift of the conversion of the reactive fractions to temper- 

tures T < 800 K with varying SOI as demonstrated in Fig. 3 is ex- 

ellently represented by RI. It should be noted that RI according 

o Eq. (3) represents contributions of all soot fractions contained 

n the sampled soot. The decrease of the reactivity index is con- 

ected with an increase of the soot volume fractions f V ranging 

rom 1.2 ppb to 25 ppb for OP ii. to OP vi. 

.1.2. Carbon nanostructure via HRTEM and EA 

Table 3 containes the nanostructural properties of soot parti- 

les from OPs i. to vi. as evaluated from HRTEM images using the 

attern recognition algorithm from ref. [23] . Here, L f denotes the 

rithmetic mean of the frequency distribution P (L f ) of the BSU 

ize, while L f, 90 represents the ninth decile of the distribution and 

 f,max refers to the maximum detected BSU size. The quantities 

iven in Table 3 calculated from HRTEM images include primary 

articles of different soot fractions if contained in the sampled 

oot. 

The parameters of the BSU size distribution P (L f ) increase with 

elayed fuel injection, i.e., from SOI = 310 ◦CA to 220 ◦CA . Delay- 

ng SOI reduces the time for mixture formation inside the cylin- 

er, thereby continuously increasing the existence of inhomoge- 

eous, fuel-rich combustion zones. Within these zones particles 

ith large, extended BSUs are formed, likely due to high soot 

recursor concentrations, cf. the discussion in Hagen et al. [67] . 

he largest graphene-like BSUs appear in soot particles from OP 
able 3 

arbon nanostructural quantities of GDI engine generated soot samples. 

OP L f / Å L f, 90 / Å L f,max / Å C/H ratio / −
i. 4 . 93 ± 0 . 17 7 . 03 ± 0 . 41 20 . 08 ± 2 . 44 1.23 

ii. 5 . 14 ± 0 . 08 7 . 45 ± 0 . 15 24 . 24 ± 2 . 44 1.45 

iii. 5 . 35 ± 0 . 34 7 . 95 ± 0 . 71 27 . 84 ± 9 . 86 2.13 

iv. 5 . 68 ± 0 . 67 8 . 75 ± 1 . 51 34 . 18 ± 6 . 42 2.43 

v. 5 . 34 ± 0 . 03 8 . 03 ± 0 . 11 29 . 42 ± 3 . 87 –a 

vi. 5 . 76 ± 0 . 15 9 . 02 ± 0 . 41 41 . 38 ± 5 . 39 –a 

a No elemental analysis possible due to insufficient amount of soot. 
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Fig. 4. Frequency distributions of the BSU size P(L f ) for soot particles sampled dur- 

ing steady-state operation of SOI = 220 ◦CA at � = 1 . 0 (OP iv.) and 0 . 9 (OP v.). 
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Table 4 

Count median diameter CMD and geometric standard deviation σg of the primary 

particle size distributions P(d P ) evaluated by HRTEM and TiRe-LII for the GDI engine 

generated soot particle ensembles. 

HRTEM TiRe-LII a 

OP CMD / nm σg / − R 2 / − CMD / nm 

i. 22.9 1.42 0.96 16 . 6 ± 5 . 8 

ii. 22.0 1.35 0.97 16 . 8 ± 6 . 0 

iii. 20.2 1.42 0.99 18 . 5 ± 7 . 5 

iv. 21.4 1.36 0.98 17 . 4 ± 7 . 4 

v. 21.4 1.35 0.99 16 . 7 ± 5 . 7 

vi. 19.6 1.47 0.97 18 . 0 ± 6 . 2 

a Values ( ±) were computed using σg from HRTEM. 
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i., where unfavorable mixture homogenization prevails due to the 

elayed second fuel injection in combination with the increased 

quivalence ratio and the reduced rail pressure. These findings are 

onfirmed by the molar C/H ratios determined via elemental anal- 

sis. An increase of the BSU sizes connected with a broadening of 

 (L f ) , causes an increase in the molar C/H ratio, so that a delay of

OI increases not only L f but also the molar C/H ratio of the soot 

articles. 

By reducing the equivalence ratio at SOI = 220 ◦CA (OP v.), 

he BSU size distribution P (L f ) is shifted to shorter graphene- 

ike structures, see Fig. 4 . This can be explained by increased in- 

ylinder post-oxidation at lower equivalence ratio, causing a frag- 

entation of BSUs along with a size reduction according to Hagen 

t al. [68] . 

.1.3. Carbon nanostructure and reactivity of different soot fractions 

It should be noted that the TGA conversion profiles of soot par- 

icles from OPs iv. and v. exhibit one maximum, indicating the 

resence of predominantly one soot fraction with low reactivity. 

n contrast, the TGA conversion profiles of soot particles collected 

uring OP ii. and OP iii. (and to a lower extent OP i.) exhibit two

axima, see Fig. 3 . Soot aggregates from these operation points 

ontain primary particles of different nanostructure as verified by 

RTEM images of a single soot aggregate from OP ii. in Fig. 5 . 

Figure 6 provides the BSU size distributions of the two regions 

ROIs) A. and B. from Fig. 5 . It is obvious, that particles within

OI A. contain larger BSUs compared to ROI B., which corresponds 

ith the visual impression in Fig. 5 . The BSU size ranges up to

5 Å to 30 Å for the ROI A. and up to 15 Å to 20 Å for the car-

on topology shown in ROI B. Connecting L f with RI or the oxi- 

ation rates from dynamic TGA experiments [44] , we can assume 

hat the carbon topology shown in ROI B. corresponds to the low- 

emperature conversion peak at T < 800 K , while the carbon con- 

guration of ROI A. is associated with the high-temperature peak 

t T ∼ 900 K . This finding is supported by Hagen et al. [68] , where

t is demonstrated that each primary particle within an aggregate 

omprising a different nanostructure is subject to its own oxidation 

istory. From that, possibly nanostructural inhomogeneities of soot 

ggregates and primary particles emitted at SOI = 280 ◦CA explain 

he distinct double peak in the TGA profile, see Fig. 3 . 

The most reactive particles predominantly contained in soot 

mitted at SOI = 310 ◦CA (OP i.) exhibit the shortest L f . Short BSUs

onnected with a small C/H ratio are embedded within those re- 

ctive soot particles being oxidized at ∼ 800 K . The increased re- 

ctivity may be traced back to an increased share of BSU edge site 

arbon atoms and C–H groups being preferentially accessed by ox- 
7 
dative species. Delaying SOI by 30 ◦CA in OP ii. and OP iii. leads 

o TPO profiles with two maxima. The characteristic size param- 

ters of P (L f ) including particles from both conversion peaks in- 

rease, which explains the reduced average (including both con- 

ersion peaks) soot reactivity indicated by the RIs in Table 2 . The 

PO profiles with two maxima arise from a reactive and a non- 

eactive fraction contained in these soot samples, as demonstrated 

or a soot aggregate from OP ii. in Fig. 5 . Most likely, non-reactive

oot particles are formed in fuel-rich zones with an increased 

oot precursor concentration, which may preferably bond to long 

SUs [67] . In contrast, the reactive fraction emitted during OP ii. 

eems to result from homogeneous combustion zones, similar to 

P i. Overall, the primary particles with different nanostructures 

esult from inhomogeneous conditions during the combustion of 

he cylinder charge. 

The largest BSUs are analyzed for soot particles emitted dur- 

ng OP vi. In turn, this explains the narrow and comparatively high 

emperature window for the oxidation of these particles. 

.1.4. Primary particle size distributions 

Figure 7 depicts the primary particle size distribution as evalu- 

ted from HRTEM images for OP iv. As described in Hagen et al. 

44] , the primary particle size distribution is fitted with a log- 

ormal size distribution, with the count median diameter CMD and 

eometric standard deviation σg , equivalent to the first and second 

oments of the distribution. 

Table 4 lists the CMD , σg , and quality of fits R 2 evaluated from 

RTEM images for the particles collected during the investigated 

ngine operating points and data obtained from TiRE-LII. The val- 

es correspond in good approximation to other engine generated 

oot samples as reported in e.g., [32,34,37,47] . The CMDs deter- 

ined by TiRe-LII represent time-averaged values covering differ- 

nt particle ensembles examined during an OP and, therefore, ex- 

ibit a considerable span. The CMD and σg and, therefore, P (d P ) 

ary only marginally and non-systematically for the different OPs, 

hile significant differences in soot reactivity were detected. This 

s in line with the findings reported in the references above. Sim- 

lar to results presented in Kock et al. [14] , Hagen et al. [44,52] ,

he agreement between the particle size distributions derived via 

RTEM and TiRe-LII is reasonable. Uncertainties in TiRe-LII may be 

ttributed to a multitude of parameters in the numerical LII model 

ffecting the computation of the particle size distributions, as dis- 

ussed in more detail by Daun et al. [69] and Bauer et al. [16] .

esides the temperature-dependent particle parameters, such as 

ensity or specific heat capacity, especially the choice of the ac- 

ommodation coefficient affects the evaluation of primary particle 

ize distributions [16,69] . Furthermore, fluctuating local gas tem- 

eratures [70] or local fluence fluctuations, e.g., due to beam steer- 

ng [71] , also adversely affect the accuracy of the estimated size 

istributions. 
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Fig. 5. HRTEM images of a soot aggregate sampled during steady-state operation of SOI = 280 ◦CA (OP ii.). The magnification of the two ROIs, A. and B., is the same. 

Fig. 6. BSU size distributions P(L f ) for ROI A. and ROI B. indicated in Fig. 5 . 
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.2. On-line monitoring of carbon nanostructure and soot reactivity 

The DP-2C-TiRe-LII enables the quantification of the ratio of 

efractive-index function for absorption for each single particle en- 

emble distributed in the detection volume at the time of the dual- 

ulse sequence [52] . Therefore, DP-2C-TiRe-LII can be applied to 

tudy nanostructural inhomogeneous aerosols under transient con- 

itions. 

First E (m, λUV ) /E (m, λNIR ) of the particles formed under tran- 

ient cold start conditions (OP 0.) were investigated applying DP- 

C-TiRe-LII. The GDI engine had a surface temperature of 283 K at 
ig. 7. Primary particle size distribution P(d P ) including the fitted log-normal func- 

ion of the soot particle ensemble emitted during OP iv. 
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8 
he start of the experiment. Under these conditions, fuel enrich- 

ent in gasoline engines ensures ignition [72] . The resulting fuel 

ich combustion implies an increased soot formation. Compared to 

ort fuel injection (PFI), soot volume fractions in GDI engines are 

urther increased due to the wetting of cold surfaces by impinging 

iquid fuel droplets [73] . 

Badshah et al. [73] showed that the mass of the particles emit- 

ed in the first thirty seconds after the cold start is three times 

arger than that during the second thirty second interval. In the 

hird interval, the cumulative mass is reduced by half, while for 

 > 90 s a decrease of one order of magnitude can be observed. 

n [66] these findings were confirmed by measuring the particle 

umber densities during cold start cycles. 

This behavior explains the course of E (m, λUV ) /E (m, λNIR ) ver- 

us time in Fig. 8 , where the time-resolved ratios of the refractive- 

ndex function for absorption of soot particles emitted during 

he engine cold start are plotted in terms of a box-whisker plot. 

nitially, E (m, λUV ) /E (m, λNIR ) = 0 . 5 . . . 1 . 0 is observed. Within the

rst sixty to ninety seconds after initial ignition, the ratios increase 
ig. 8. Normalized, time-resolved cumulative particle number density after cold 

tart of a GDI engine at T = 283 K according to Appel et al. [66] (upper plot). Box- 

hisker plot of the time-resolved evolution of the ratio of the refractive-index func- 

ion for absorption E (m, λUV ) /E (m, λNIR ) with λUV = 355 nm during the transient 

old start cycle. The evolving mean value over time is displayed as solid red line 

lower plot). In box-whisker plots the top and bottom of the boxes represent the 

rst and third quantiles, respectively, of the distribution, while the center line in- 

icates the medians, i.e., second quantiles. The whiskers specify the range of the 

easured values. 
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Fig. 9. Time-resolved single values of the ratios of the refractive-index function 

for absorption E (m, λUV ) /E (m, λNIR ) with λUV = 355 nm . The mean values obtained 

from the single coincidences for the engine operating points i. to vi. are shown as 

a line, while the shaded areas classify the standard deviation. 
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apidly and then approach a value of E (m, λUV ) /E (m, λNIR ) ≈ 1 . 5 .

ithin the same period after cold start, the temperature of the 

ylinder walls increases and combustion inside the cylinder be- 

omes more homogeneous, resulting in a decrease of f V [73] . This 

ecrease of f V is connected with a decrease of the soot precursor 

oncentrations as well as a decrease of the mean BSU size within 

rimary particles [67] . The band gap energy for an electronic π → 

∗ transition in conjugated π systems, i.e., BSUs, becomes increas- 

ngly broader with decreasing size of the BSUs. Thereby the wave- 

ength of light absorbed becomes correspondingly shorter, causing 

 (m, λUV ) /E (m, λNIR ) to increase [52,74,75] . The continuously in- 

reasing E (m, λUV ) /E (m, λNIR ) indicates a decrease of the size of

he BSUs with increasing operating time of the engine during OP 0. 

aking into account the correlations between the size of the BSUs 

nd reactivity index of soot introduced in the following section, 
ig. 10. Mean ratios of the refractive-index function for absorption E (m, λUV ) /E (m, λNIR ) 

he dashed lines represent linear regressions with Pearson’s correlation coefficients R . 

9 
he reactivity of soot particles emitted during the engine cold start 

ncreases gradually from RI ≈ 0 . 6 to RI ≈ 1 . 0 . 

Clustering the values over a time interval of �t = 20 s is re- 

uired since the single samples measured with DP-2C-TiRe-LII scat- 

er considerably. This may be due to the inhomogeneous fuel 

roplet size distribution and the resulting inhomogeneous com- 

ustion regimes [76] , in which particles of strongly different nano- 

tructural topology probably are formed [32] . 

The time-resolved evolution of E (m, λUV ) /E (m, λNIR ) for OPs 

. to vi. is depicted in Fig. 9 . The ratio E (m, λUV ) /E (m, λNIR ) ap-

roaches ≈ 1 . 5 at the end of OP 0., which corresponds roughly to 

he mean value of OP i. The mean values of E (m, λUV ) /E (m, λNIR )

etermined for each operating point are within the range of values 

iven by Yon et al. [77] and Bejaoui et al. [78] , while following the

nverse volume fraction as proposed in Hagen et al. [67] . 

To reconstruct reactivity indices as well as the carbon nanos- 

ructure, correlations between E (m, λUV ) /E (m, λNIR ) , RI and L f are 

eeded. In [44] we derived linear relationships between these 

uantities using carefully selected particle systems and λUV = 

66 nm . Figure 10 shows similar correlations for the engine gen- 

rated particle ensembles investigated in this study using λUV = 

55 nm . Again, we find linear correlations that seem to allow an 

n situ estimation of RI and L f via non-intrusive measurement of 

 (m, λUV ) /E (m, λNIR ) . For this case we preferred L f, 90 as depen-

ent variable due to the larger slope of the linear correlation and, 

ence, the larger sensitivity of E (m, λUV ) /E (m, λNIR ) against L f, 90 

44] . Taking into account these relationships, inhomogeneous fuel- 

ich combustion zones resulting from delayed fuel injection favor 

he formation of non-reactive soot particles. 

The broad distributions of BSU sizes of primary particles formed 

n the GDI engine, compare Section 3.1.2 , is not only reflected in 

he broad temperature window for the oxidation with oxygen, see 

ig. 3 , but also in the scattered values of E (m, λUV ) /E (m, λNIR ) ,

ee Figs. 8 and 9 . From that, it is reasonable that the wide scat-

er of the measured data is due to the nanostructure of the pri- 

ary particles, rather than to measurement errors. Qualitatively, 

his is substantiated by fitting E (m, λUV ) /E (m, λNIR ) , BSU sizes and

I data to the correlations suggested in refs. [44,52] . The quantita- 
with λUV = 355 nm as function of the ninth decile of P(L f ) (top) and RI (bottom). 



F.P. Hagen, D. Kretzler, S. Koch et al. Combustion and Flame 254 (2023) 112850 

Fig. 11. Probability density distributions of the ratio of refractive-index function for absorption E (m, λUV ) /E (m, λNIR ) with λUV = 355 nm and the associated kernel density 

estimates according to Parzen [81] . 
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ive substantiation can be provided by the Friedman test [79,80] , 

hich is used to estimate the statistical significance of the dif- 

erences between the masured values from the different OPs. The 

riedman test presumes no normal distributions of the sample 

ata and is a non-parametric method [79,80] . The larger the dif- 

erences between the rank sums of the individual samples, the 

ower the p-value as a measure of statistical significance. For 

he measured data set, a p-value of 0.037 is computed, which 

s smaller than the typically specified significance level of 0.050. 

herefore, the measured differences can be considered statistically 

ignificant. 

Note that each dot in Fig. 9 indicating signal coincidence char- 

cterizes the ratio of the refractive-index function for absorption of 

 particular particle group. Therefore, the colored shaded standard 

eviations represent the width of the statistically distributed single 

alues of E (m, λUV ) /E (m, λNIR ) . The same applies to the particle

nsembles emitted during cold start conditions. Temporal nanos- 

ructural fluctuations may therefore be resolved and do not dis- 

ppear by averaging over the particle ensemble, which is a major 

dvantage of DP-2C-TiRe-LII. 
10 
The transformation of the time series of E (m, λUV ) /E (m, λNIR ) 

nto probability density distributions is presented in Fig. 11 . 

s discussed above, the probability densities correspond to the 

SU size distributions, i.e., they shift to smaller ratios with in- 

reasing L f . Accordingly, the TPO conversion profiles during ox- 

dation are mirrored distributions of E(m, λUV ) / E(m, λNIR ) . The 

ouble peak conversion profiles reflected by both nanostruc- 

ural topologies verified via HRTEM, can be recognized from the 

 (m, λUV ) /E (m, λNIR ) distributions. While large BSUs exhibit a 

alue of E (m, λUV ) /E (m, λNIR ) larger than 1.0, short BSUs absorb at

ear-infrared only poorly, yielding E (m, λUV ) /E (m, λNIR ) ≈ 1 . 5 . The

arrow distribution shifted to small ratios for particles from OP vi, 

upports the high-temperature window for particle oxidation. 

By measuring the particle temperature after laser pulse heat- 

ng via 2C detection optics, the values of E (m, λUV ) /E (m, λNIR ) can

ven be transformed into the absolute distributions of E(m, λUV ) 

nd E(m, λNIR ) . Details reagarding this approach are reported in 

agen et al. [52] , Török et al. [57] . By transforming, E(m, λUV )

emains largely unchanged, while E(m, λNIR ) varies between 0.1 

nd 0.5 depending on the nanostructural particle topology. These 
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Fig. 12. Probability density distributions of the ratio of refractive-index function 

for absorption E (m, λUV ) /E (m, λNIR ) with λUV = 355 nm for SOI = 220 ◦CA with 

� = 1 . 0 , OP iv. and 0.9, OP v., including the associated kernel density estimates 

according to Parzen [81] . 

v

[

t

m

g

V

o

t

h

f

b

a

b

d

l

o

m

T

t

o  

c

d

o

S

b  

m

t

f

v

t

o

a

t

∼
t

e

i

r

a

4

t

b

o  

t

a

w

r

p

m

n

L  

p

c

O

t

q

r

b

f

[

t

G

i

c

t

c

c

v

i

t

c

t

i

i

r

K

d

o

c

T

i

E

d

f  

b

t

i

E

t

t

i

n

a

i

D

c

i

alues are in good agreement with those reported in refs. 

55,57,77,82–85] . Liu et al. [86] recommend E(m, λ) values of 0.35 

o 0.45 in the visible and near-infrared, respectively. This recom- 

endation refers to mature black carbon, meaning high degree of 

raphitization, high C/H ratio and high elemental carbon content. 

alues of 0.5 for E(m, λNIR ) fit into that scheme whereas values 

f 0.1 lie beyond this recommendation. As illustrated by Fig. 11 , 

he probability density distributions of E (m, λUV ) /E (m, λNIR ) ex- 

ibit multimodal shapes indicating primary soot particles of dif- 

erent degree of graphitization. This is reflected by the size distri- 

utions of graphene layers as illustrated in Figs. 5 and 6 for an 

ggregate collected in OP ii. Due to the non-homogeneous com- 

ustion conditions in the GDI engine, soot primary particles with 

ifferent degrees of graphitization, i.e., different size of graphene 

ayers, are formed, which absorb at different wavelengths. Values 

f E(m, λNIR ) smaller than 0.35 can be traced back to these non- 

atured primary particles. 

Partial soot oxidation is associated with BSU fragmentation [68] . 

herefore, the mean value of E (m, λUV ) /E (m, λNIR ) increases for 

he particles formed under the oxygen-rich combustion conditions 

f OP v. This can be derived from Fig. 9 comparing OP iv. and v. The

orresponding time series transformed into a probability density 

istributions are given in Fig. 12 and confirm the fragmentation 

f BSUs as previously demonstrated via nanostructure analysis, see 

ection 3.1.2 . The large BSUs formed during stoichiometric com- 

ustion exhibiting E (m, λUV ) /E (m, λNIR ) ≈ 0 . 5 are apparently frag-

ented into shorter structures during (and likely after) soot forma- 

ion. Their absorption in the near-infrared is reduced, accounting 

or the considerable shift of E (m, λUV ) /E (m, λNIR ) towards larger 

alues, see Fig. 12 . 

As discussed in detail in ref. [52] , the temporal resolution of 

he DP-2C-TiRe-LII depends exclusively on the modulated fluence 

f the near-infrared laser pulses, i.e., the modulation frequency, 

nd the repetition rate of the two pulse lasers. Although the lat- 

er cannot be varied in our experimental setup, a detection rate of 

1 . 0 Hz is achieved in the presented experiments. A possibility 

o increase the detection rate could be the limitation of the flu- 

nce of the near-infrared laser to a range expected for the prevail- 

ng particle system. In combination with increasing the repetition 

ates of the lasers, detection rates of some kHz possibly can be 

chieved. 
11 
. Summary and concluding remarks 

While a rapid and non-intrusive diagnostic of the primary par- 

icle size distribution P (d P ) of engine generated soot has already 

een demonstrated [87,88] , the analysis of the statistical moments 

f the BSU size distribution P (L f ) , and via this the carbon nanos-

ructure, requires a non-trivial intrusive particle sampling as well 

s time-consuming electron microscopic experiments combined 

ith pattern recognition algorithm [44] . The same applies to soot 

eactivity against oxidation, which is a nano-structure-associated 

article property of crucial interest for exhaust gas aftertreatment 

ethods. To enable a simultaneous in situ quantification of the 

anostructural particle topology and reactivity index, DP-2C-TiRe- 

II was introduced in Hagen et al. [52] . On the one hand, this ap-

roach provides P (d P ) by a multidimensional nonlinear fit of the 

alculated size distributions to the measured TiRe-LII signal decays. 

n the other hand, nanostructure diagnostics based on the absorp- 

ion of near-infrared laser light is determined by P (L f ) . Applying 

uantitative correlations between carbon nanostructure and soot 

eactivity, their non-intrusive on-line monitoring become accessi- 

le through recording of readily available ratios of refractive-index 

unctions for absorption at two wavelengths E (m, λUV ) /E (m, λNIR ) 

44] . The work presented here provides the proof-of-principle of 

his approach by employing DP-2C-TiRe-LII in the exhaust gas of a 

DI engine running under both steady-state and transient operat- 

ng conditions. 

First, E (m, λUV ) /E (m, λNIR ) of particles formed under transient 

old start conditions were investigated. The increasing tempera- 

ures of the cylinder walls within the first ninety seconds after the 

old start and the consequently more homogeneous combustion 

onditions, cause continuously increasing E (m, λUV ) /E (m, λNIR ) 

alues indicating a decrease of the first moment of P (L f ) with 

ncreasing operating time. Applying the correlation proposed in 

his work, the reactivity of the soot particles emitted during 

old start of the GDI engine gradually increases from RI ≈ 0 . 6 

o 1.0. These findings are particularly important when deal- 

ng with fouling of exhaust gas-carrying components, as crit- 

cally discussed in e.g., [66] and which is subject of current 

esearch. 

Second, seven selected engine operating points introduced in 

och et al. [32,36] are investigated using DP-2C-TiRe-LII. In ad- 

ition, intrusive particle sampling during the steady-state peri- 

ds enables a comprehensive analytical ex situ quantification of 

arbon nanostructure and reactivity for validation of the DP-2C- 

iRe-LII results. The applied analytical toolbox comprises HRTEM 

n combination with pattern recognition methods, EA, and TGA. 

xcellent agreement was found between the particle properties 

erived via ex situ and in situ diagnostics. Moreover, the trans- 

ormation of the time series of E (m, λUV ) /E (m, λNIR ) into proba-

ility density distributions represent the BSU size distributions of 

he investigated soot particles. Also, the conversion profiles dur- 

ng TGA oxidation experiments are reflected in the distributions of 

 (m, λUV ) /E (m, λNIR ) . 

The findings obtained are not exclusively valid for soot reac- 

ivity, but can be transferred to any nanostructure-associated par- 

icle property, e.g., electrical conductivity [89] , biological reactiv- 

ty [90] et cetera . Once quantitative correlations between a desired 

anostructure-associated particle property and the nanostructure 

re derived, the application of DP-2C-TiRe-LII enables on-line mon- 

toring of this quantity in applications from practice. 
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ppendix A. List of frequently used acronyms 

APM aerosol particle mass 

analyzer 

BSU basic structural unit 

BTDC before top dead center CA crank angle 

CMD count median diameter CVS constant volume sampler 

D diesel DP dual-pulse 

DR dilution ratio EA elemental analysis 

FTIR Fourier-transform infrared FWHM full width at half maximum 

GDI gasoline direct injection GPF gasoline particulate filter 

HRTEM high-resolution 

transmission electron 

microscopy 

ICE internal combustion engine 

IR infrared LII laser-induced incandescence 

NIR near infrared OP operating point 

PA photoacoustic PF particulate filter 

QMS quadrupole mass 

spectrometer 

RDG-FA Rayleigh–Debye–Gans theory 

for fractal aggregates 

RI reactivity index ROI region of interest 

RON research octane number RS Raman spectroscopy 

SOI start of injection TCD thermoconductivity 

TDMA tandem differential 

mobility analyzer 

TGA thermogravimetric analysis 

TiRe time-resolved TPO temperature-programmed 

oxidation 

TWC three-way catalytic 

converter 

UV ultraviolet 

VOC volatile organic 

compounds 

XRD X-ray diffraction 

2C two-color 
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