N
N

N

HAL

open science

Structure, surface and reactivity of activated carbon:
From model soot to Bio Diesel soot

Hailong Zhang, Shanshan Li, Yi Jiao, Eduard Emil Iojoiu, Patrick da Costa,

Maria Elena Galvez, Yaoqgiang Chen

» To cite this version:

Hailong Zhang, Shanshan Li, Yi Jiao, Eduard Emil Iojoiu, Patrick da Costa, et al.. Structure, surface
and reactivity of activated carbon: From model soot to Bio Diesel soot. Fuel, 2019, 257, pp.116038 -.

10.1016/j.fuel.2019.116038 . hal-03487760

HAL Id: hal-03487760
https://hal.science/hal-03487760
Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03487760
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0016236119313924
Manuscript_c5cfeb2326ce93e1488f41255ea12270

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Structure, surface and reactivity of activated carbon: From model

soot to Bio Diesel soot

Hailong Zhang'?, Shanshan Li’, Yi Jiao*, Eduard Emil iojoiu’, Patrick Da Costa',

Maria Elena Galvez', Yaogiang Chen®

ISorbonne Université, Institut Jean Le Rond d’ Alembert, CNRS, 2 place de la gare de
Ceinture, 78210 Saint Cyr L’Ecole, France

2College of Chemical Engineering, Sichuan University, Chengdu 610064, PR China
3State Key Laboratory of Polymer Materials Engineering of China (Sichuan
University), Polymer Research Institute of Sichuan University, Chengdu 610065, PR
China

“Institute of New Energy and Low-Carbon Technology, Sichuan University, Chengdu
610064, PR China

SRenault Trucks - Volvo Group Trucks Technology, Powertrain Engineering, 99 route
de Lyon — 69806 Saint-Priest Cedex, France

®College of Chemistry, Sichuan University, Chengdu 610064, PR China

Corresponding authors:
catalysis5785@126.com (Hailong Zhang)

patrick.da_costa@sorbonne-universite.fr (Patrick Da Costa)

Abstract

The present work aims to investigate and compare the structure, surface and reactivity
of the activated Printex U carbon black and real Bio soot samples through BET,
Raman, HRTEM, XPS, DRIFTS and temperature-programmed oxidation (TPO). TPO
evidenced that the activated Printex U carbon black was more reactive than the
activated Biodiesel soot (B7 and B100) generated from a real engine under both O
and NO + O». BET displayed an increased surface area and a decreased pore size for
the activated soot. Raman and HRTEM revealed that the activated soot showed

decreased structural order. The morphology features also confirmed different
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combustion pathway for Printex U and B100. XPS illustrated that the activation
decreased surface graphene carbon and increased surface oxygen content. DRIFTS
indicated that real Bio soot had higher concentration of surface functional groups than
Printex U model soot, and a more apparent increase in surface functional groups was
observed for the activated Printex U soot. It was proved that the reactivity of the
activated Printex U is more dependent on structural and surface properties compared

with that of the activated Biodiesel soot samples.

Keywords: Biodiesel soot; Nanostructure; Soot activation; Surface property; Soot

oxidation reactivity

1. Introduction

The high efficiency and durability of Diesel engines have motivated their wide
applications in passenger cars and heavy-duty trucks in the world. However, the
incomplete combustion of fuel or poor fuel/air (F/A) mixing in Diesel engine has
caused higher emission of fine soot particles for example PM> s, thereby leading to
serious public health and environment pollution [1-4]. These fine soot particles as an
important fraction of aerosols present in the air around urban area with big influences
on the climate, biosphere and citizen health [5-9]. Diesel particulate matter (PM)
mainly consists of carbon components, which include elemental carbon (EC), organic
carbon (OC), and carbonate carbon (CC), the former two have an important impact on
human health [10]. Polycyclic aromatic hydrocarbons (PAHs) as a class of OC are
toxic and can readily condense onto PM under exhaust conditions. The presence of
PAHs in air has been proven to be a key factor that leads to an increase in number of
cancer cases [11-13].

Nowadays, the emissions of Diesel soot particles are limited all around world
[14-17]. For example, the emissions of particulate matter from cars and heavy-duty
vehicles are limited to 4.5 mg/km and 10 mg/kWh, respectively [14-16] and the
national standard GB 20891-2014 for non-road Diesel engines requires that PM
emission limits reach 0.025g/kWh in China [17]. Thus, the soot removal technology

has become an important topic on improving environment level and protecting human



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

health. The use of Diesel particulate filter (DPF), which is placed downstream of
Diesel oxidation catalyst (DOC), has been proven to be an effective way to remove
Diesel PM emissions [1,18-22]. Its function is to capture PM through a wall-flow
filtration mechanism. However, the saturated accumulation of PM in DPF can cause
higher backpressure that has many negative impacts on engine working, thus DPF has
to be regenerated by PM combustion [1]. The active or passive regeneration of DPF is
crucial in controlling soot emission. The soot particulates are oxidized periodically by
O at higher temperatures (> 550 °C) during active regeneration and also oxidized
continuously over the catalysts mainly by NO; during passive regeneration [7,23-27].
The regeneration efficiency strongly depends on the reactivity of soot, the burning of
high-activity soot occurs at lower temperatures with small energy demand, for
example low fuel consumption [1,7]. Many studies also confirmed that the reactivity
of soot is related to soot nanostructure [28,29], soot morphology [28,30], fuel types
[29,31,32], catalyst materials [23-27,33] and engine operation conditions [34,35].

Carbon is the main composition (> 80 wt.%) of Diesel soot with a small amount of
soluble organic fraction (SOF) and ash [36-38]. The formation of Diesel soot
particulates must experience nucleation, nanoparticles aggregation and surface growth
steps, accompanied by the evolution of their structure [38,39]. The primary carbon
particles are composed of ordered and amorphous carbons. The ordered carbon
surface shows a graphite-like structure with higher crystalline order and the
amorphous carbon presents lower degree of graphitization with many active edge sites
and defects [40-44]. The different structural features of soot particles would determine
their physicochemical properties and thereby their reactivity [41-46].

Boehman et al. [47] reported that the disordered carbon with more amorphous
structure had more defects and thus exhibited higher reactivity. Many authors also
studied the relationship between soot structure and reactivity by Raman
microspectroscopy and high-resolution transmission electron microscopy (HRTEM)
[28,43,44,48]. It was found that the higher reactivity of soot was attributed to a higher
degree of disorder and a higher content of molecular carbon, which is because higher
amount of defects in carbon structure results in an increase in surface

functionalization [28]. It was also reported that the reactivity of soot would be
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dependent on its primary particle size characterized by TEM [29,48]. On the other
side, some researchers found that the presence of oxygenated additives in fuels
enhanced the formation of oxygenated soot and thereby increased the oxidative
reactivity of soot [31,43,44,48-50]. This might be ascribed to higher content of
oxygen in soot particles produced from oxygenated fuel combustion [31,50,51].
Therefore, the use of Biodiesel fuel as oxygenated fuel can apparently improve
non-catalytic and catalytic reactivity of soot [31,44,48,52].

Besides, the catalytic materials coated on the DPF wall also play an important role
on determining the catalytic oxidation reactivity of Diesel soot since they are able to
decrease soot oxidation temperature. A large number of publications reveal a wide
study of catalyst materials used for DPF regeneration, which include noble metal
catalysts [23,24,53], perovskite-type catalysts [54,55], and ceria-based catalysts
[56-61]. Among them, the latter are more desirable catalyst materials for DPF
regeneration than the former two due to their lower cost and higher oxygen
storage/release capacity. It was reported that ceria-based mixed oxides can generate a
great quantity of active oxygen species (e.g. O, Oz, 02%), resulting from many
oxygen vacancies and high mobility of oxygen, and thus exhibit higher catalytic
activity for soot oxidation [26,57-64]. In addition, a higher oxidizing ability of NO
into NO> over ceria-based catalysts is also an advantage in promoting DPF passive
regeneration [27,58,68-70].

In Knauer’s work [28], the authors prepared the oxidized/activated Diesel soot
samples through Temperature-Programmed Oxidation (TPO) method in a temperature
range from 25 to 600 °C under Oz and studied the differences in nanostructure
between raw and oxidized soot samples. They found that the changes in chemical
homogeneity and structural order of Diesel soot occurred after partial soot oxidation.
In real exhaust aftertreatment system, soot particles which are generated from Diesel
engine follow thermal gas-flow line and go through Diesel Oxidation Catalyst (DOC)
unit, and then are accumulated and regenerated in DPF [22,71]. In this process, Diesel
soot would be partially oxidized or activated before its complete combustion. It may
result in an impact of soot structure and even soot oxidation reactivity. However, this

point is hardly noticed in the previous studies.
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Thus, the present work aims to investigate the influence of soot activation on
non-catalytic and catalytic reactivity, determined by Temperature-programmed
Oxidation (TPO) tests, and structural and surface properties, characterized by BET,
Raman spectra, HRTEM, Diffuse Reflectance Infrared Fourier Transform Spectra
(DRIFTS) and XPS. The real Biodiesel and Biodiesel-Diesel blend soot samples
generated on a real Diesel engine bench were used in this work. Printex U (Degussa)
as a model soot has been widely used for experimental work. So its activation was
also studied and compared with real Bio soot.

2. Experimental
2.1. Materials preparation
2.1.1. Soot samples preparation

The oxidized/activated soot samples were prepared by Temperature Programmed
Oxidation (TPO) method under 9% b.v. Ox/Ar (250 ml/min). A carbon black
(Printex-U) from Degussa as representative of model soot and Biodiesel derived soot
B7 and B100, which separately generated from the burning of 7% Biodiesel-Diesel
blends and 100% Biodiesel in a real Diesel engine [48], were used for this study. As
shown in Fig. 1, when soot-TPO was performed till 500 °C (about 3-10% conversion)
and 600 °C (about 20-30% conversion), respectively, the activated soot samples were
taken out from the reactor and marked “soot-500” and “soot-600”. The raw soot

samples were used as a reference.

100

—=a— Printex U
—e—B7
—a— B100

- =a) o
= = =
1 1 1

Soot conversion (%)

[
=
1

T T T T
300 400 500 600 700
Temperature (°C)

Fig. 1. Soot conversion in TPO under 9% b.v. O»/Ar at a heating rate of 10 °C/min.
2.1.2. Catalyst preparation
MnOx-CeO; mixed oxides (CM) (Mn/Ce = 1/4 (mol/mol)) were prepared through a
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co-precipitation method and used to evaluate the catalytic activity of soot.
Ce(NO3)3-6H20 (solid, 95% pure) and Mn(NOs): (liquid, 50 wt.%) as the precursors
were firstly dissolved in deionized water, then the mixture solution was mixed with
the precipitant (pH > 9.0) consisting of NH3-H>O and (NH4)>COs (chemical reagents,
Beijing). The obtained precipitates were filtered and dried by a spraying apparatus,

then calcined in static air at 500 °C for 3 h in a muffle furnace.

2.2. Soot characterization

The particles size distribution of soot was measured on FRITSCH laser particle
sizer (ANALYSETTE 22 Nano Tec). Prior to each measurement, the aggregated soot
sample was well dispersed in water by a close circulatory system and an integrated
ultrasonic generator.

The special surface area of soot samples was measured on an automatic surface
analyzer by N2 adsorption/desorption method at -196 °C. Prior to tests, the samples
were degassed at 200 °C for 2 h under vacuum.

Raman spectra of soot were obtained on an inVia Reflex spectrometer (Renishaw,
London, England) with a YAG laser (532 nm). The output power of 0.9 mW was
chosen in the scanning range of 800-3500 cm™. The spectrometer includes a grating
with 600 grooves mm™! and a CCD detector with x50 magnification objective lens.

The morphology of soot was analyzed by high-resolution transmission electron
microscopy (HR-TEM) (Tecnai G* F20) with an acceleration voltage of 200 kV. The
soot powders were dispersed in ethanol and deposited over Cu grids with a holey
carbon film.

XPS measurement was conducted on an AXIS Ultra DLD spectrometer (Kratos,
England) by using AlKa radiation as the excitation source (300 W). All binding
energies (B.E.) were referenced to carbon C 1s line at 284.6 eV.

DRIFTS (diffuse reflectance infrared Fourier transform spectra) of soot were
measured by using a Nicolet 6700 spectrometer with a DTGS detector and a high
temperature cell. Soot sample was diluted by KBr at a soot/KBr ratio of 1/40, then the
mixture was placed in a reaction cell and pretreated at 100 °C in pure N> for 10 min.

After that, the IR spectra were recorded.
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2.3. Reactivity measurement

The reactivity of soot samples was measured by temperature-programmed
oxidation (TPO) under 9% b.v. O2/Ar and 400 ppmv NO + 9% b.v. O2/Ar. Prior to the
catalytic reactivity measurement, soot and the catalyst powder were mixed by a loose
contact at a weight ratio of 1/10 (2.0 mg/20 mg). To minimize the impact of hot spots,
the soot-catalyst mixture (22 mg) was diluted with 80 mg SiC pellets. The final
mixture was heated in a U-shaped quartz reactor at a ramp rate of 10 °C. The flow rate
was controlled to 250 ml/min (15 NI/h). 2 mg soot and 80 mg SiC pellets were mixed
and then used for non-catalytic reactivity measurement under 9% b.v. O2/Ar.
Concentrations of CO and CO; (ppmv) were recorded by a Siemens Ultramat6
analyzer. In the obtained soot-TPO curves, 7i and Tm represent the ignition
temperature at which the COx (CO + CO) concentration reaches 100 ppm and the
temperature of maximal soot oxidation rate, respectively.

Based on the reaction C(soot) + (I + x)/202 — xCO: + (1-x)CO, the specific
reaction rate (Vi) was normalized to catalyst quality (20 mg) or soot mass (2 mg)

and thus calculated by the following equation:

— X+ X)X D

o a
7 3600xV,, xm,, ®

or

_Xe +XCO2)XD><10'3
e 3600xV, Xm, .

(b)

Where Vipec: the specific reaction rate in (a) pmolsoot/s/gcar. OF (b) mmolsoot/s/gini.,
Xco and Xco2: molar fractions of CO and COz in ppmv,
D: flow rate (15 NI/h),
Vu: molar volume (22.4 L/mol),
Mear.: mass of catalyst (0.02 g),
Mmixi.: mass of initial soot (0.002 g)
2.4. Isothermal experiment
Isothermal experiments of soot oxidation were conducted at 350 °C under 9% b.v.

O2/Ar and 400 ppm NO/9% b.v. O2/Ar, respectively, to obtain the specific reaction
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rate of soot. There is no apparent increase in soot conversion at 350 °C, thus soot
oxidation reaction is in a relatively stable state. High space velocity and mixing SiC
powder effectively inhibit the mass and heat transfer, and thereby soot oxidation
reaction can be mostly controlled by the chemical kinetics [67,68]. After isothermal
reaction for 1800 s, the “initial soot oxidation rate” at the starting of isothermal
reaction and the “final soot oxidation rate” at the end were thus recorded.

3. Results and discussion

3.1. Reactivity analysis

3.1.1. TPOs in O:

035+ 18 -
i a 2154 b
E 0.30 &‘3}
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g 0.25 Printex U-600 -33 12; Printex U-500
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< =
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Fig. 2. Non-catalytic (a, c, e) and catalytic (b, d, f) reactivities of raw and oxidized soot samples
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under 9% b.v. O»/Ar. Reaction conditions: soot mass is 2.0 mg, catalyst mass is 20.0 mg, 80 mg
SiC was used for dilution, the flow rate is 250 ml/min, heating rate is 10 °C/min.

Table 1. T; and T1, values of TPOs with different soot samples.

In Oz In NO + O
Samples
Ti/°C Tw/°C Ti/°C Tw/°C
Printex U 535%/483"  674%/644° 412° 609°
Printex U-500 540/508 672/662 382 580
Printex U-600 484/458 600/560 338 490
B7 511/379 676/662 370 556
B7-500 534/479 681/673 378 553
B7-600 540/483 672/664 374 543
B100 490/414 662/644 339 565
B100-500 527/480 667/662 404 590
B100-600 528/477 647/646 382 561

aThe values were obtained without catalyst.
"The values were obtained with catalyst.

To explore the impact of thermal activation or partial oxidation of soot on its
reactivity, the TPO experiments of raw and activated soot samples were conducted in
9% b.v. O2/Ar. Fig. 2a shows the non-catalytic activities of the raw and activated
Printex U samples. By comparison, the activated soot Printex U-600 (about 20% of
conversion) presents an apparently increased reactivity, its 7; and 7w values visibly
decrease to 484 and 600 °C from 535 and 674 °C of raw soot, respectively (Table 1).
However, the activated soot Printex U-500 (about 3% of conversion) has no apparent
changes in reactivity compared to raw soot. Table 1 also lists their similar 7; and Tm
values. Fig. 2b presents the catalytic activities of Printex U samples. The same
phenomenon can be observed that the conversion temperatures of Printex U-600
visibly shift towards lower values compared with that of raw soot, for example, the T;
and Tm separately shift to 458 and 560 °C from 483 and 644 °C (Table 1). While the
TPO curve of Printex U-500 seems to be similar with that of raw soot and shows a
slight increase in 7; and Tw values. These results illustrate that the Printex U-600 is
more reactive than Printex U-500 and raw Printex U.

The Bio soot B7 and B100 were produced on a real engine bench using a medium
duty Diesel engine. Their non-catalytic and catalytic activities were also tested by

TPO before and after activation and the results are shown in Fig. 2¢-f. It can be seen

9
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that for the activated B7 and B100 samples, the low-temperature reactivity decreases
compared to raw soot. Table 1 also illustrates that the 7; values of the activated B7
and B100 samples are higher than those of raw soot during both non-catalytic and
catalytic oxidation. Besides, Tm values of B7-600 and B100-600 are similar with those
of raw soot and do not visibly shift to lower temperatures (except for non-catalytic
reactivity of B100-600). It is also observed that the Tm of B7-500 and B100-500
slightly shifts to higher temperatures compared to that of raw samples. Thus, the
partial oxidation process of real Bio soot decreases the low-temperature reactivity (7;)
but cannot apparently affect the high-temperature reactivity (7wm). These results are

contrary to those of Printex U samples.
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£0 @ 0.12 s
< 015 % 750 °C
i B 24 750 °( .a’ 10 *C/min in O,
[=} 10 °C/min in O; , £ 0.10 7
8 / \‘ £ £
= / = /
2 [ £ 008 /)
= 0.104 (A £ /
= . b g .. Cooling The second /
S 7 7. Cooling The second | | 2 006 PO /
= o /| | £ / |
% % /| & o
S 0,054 : / | 2 004 / |
-] / \ % / \
o \ 7 7 \
S | Z \ 0.02 4 |
A/// \ \
S N ——
0.00 1 . v T . v T 0.00 | 1 - i , . T )
300 400 500 600 700 300 400 500 600 700
Temperature (°C) Temperature (°C)
0,12 4

200,10

@

3 750 °(

—g 0.08 - 10 *C/min in O,

Py A

= 0.06 - /)

g “\__('nnling The second / \‘

< 0.04 i / |

Z / \

2 / ‘

=] 4

20024 41 "l

0.00 ; . ”,/ : .
300 400 500 600 700

Temperature (°C)

Fig. 3. The first and second TPO profiles of raw Printex U (a), B7 (b) and B100 (c) samples.
Experimental conditions: soot mass is 2.0 mg, SiC mass is 80 mg, without catalyst, the flow rate is
250 ml/min, heating rate is 10 °C/min.

To confirm the influence of the activation step on the reactivity of soot, firstly, the
raw soot samples were partially oxidized under O2/Ar through TPO step from 25 to

600 °C, then the activated soot was cooled down to 25 °C and the second TPO was

10
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performed to obtain the total soot conversion profile. As shown in Fig. 3, for Printex
U soot (Fig. 3a), the soot oxidation temperatures for the second TPO curve visibly
shift to lower values relative to the first TPO, which reveals a promoting role of the
activation step on soot oxidation. For B7 and B100 samples (Fig. 3b, c), it can be
clearly observed that the second TPO profile presents a decreased reactivity (< 600 °C)
compared with the first TPO. These results above are in good agreement with those
presented in Fig. 2.

3.1.2. TPOs in NO + O2
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Fig. 4. Catalytic reactivities of Printex U (a), B7 (b) and B100 (c) samples under 400 ppm NO +
9% Oo/Ar. Reaction conditions: soot mass is 2.0 mg, catalyst mass is 20.0 mg, soot and catalyst
were mixed by loose contact and then diluted by 80 mg SiC, the flow rate is 250 ml/min, heating

rate is 10 °C/min.

It was reported that the presence of NO can promote the oxidation of soot over
Mn-Ce catalysts, which is ascribed to two factors: firstly, NO is able to be oxidized
into NO> with higher oxidizing ability than O> over Mn-Ce mixed oxides [58,68];
secondly, the adsorption/desorption of NO on Mn-Ce mixed oxides can increase
oxygen vacancies and desorption of active oxygen [69]. In the present work, TPO

profiles of the catalytic oxidation of Printex U and Bio soot samples under 400 ppm

11
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NO + 9% b.v. O2/Ar are presented in Fig. 4. An apparent promotion of NO on soot
activity can be observed by comparing the TPO profiles in Fig. 4 and Fig. 2. In the
case of Printex U, in comparison with raw soot, the oxidized samples especially for
Printex U-600 show an increased reactivity. It can be noted in Table 1 that the 7; and
T'm of Printex U-500 slightly shift to lower values but those of Printex U-600 display a
larger shift. In the previous TPO with catalyst under Oz (Fig. 2b), Printex U-500
presents a similar TPO curve with the raw soot, and the 7; and T of Printex U-600
decrease by 25 and 84 °C, respectively, relative to those of raw Printex U. However,
in NO + Oz (Fig. 4a), Printex U-500 exhibits a slight enhancement on soot oxidation
activity and the 7; and 7w of Printex U-600 separately decrease by 74 and 119 °C
compared to those of raw soot. The fact illustrates that the reactivity of the activated
Printex U soot is more easily promoted in NO + Ox. In the case of B7 and B100, it can
be clearly observed that the low-temperature reactivity of activated soot samples
decreases at about 200-350 °C. The results are also confirmed in Fig. 2. For B7 soot,
the high-temperature reactivities of raw B7 and B7-500 samples are almost similar in
view of the close Tm values (556 and 553 °C), and that of B7-600 shows a slight
promotion. For B100 soot, the 7w value of B100-500 shifts towards higher
temperature (590 °C) and that of B100-600 (561 °C) is similar compared with raw
soot (565 °C).

3.1.3. Isothermal reaction rate at 350 °C
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310  Fig. 5. Isothermal catalytic reaction at 350 °C in 9% O./Ar (a, c, e) and 400 ppm NO + 9% Oo/Ar
311 (b, d, f). 2 mg soot and 20.0 mg catalyst were mixed by loose contact, 80 mg SiC pellets were
312 used for dilution, the flow rate is 250 ml/min.

313 Table 3. The results of isothermal reaction at 350 °C.
9% O, 400 ppm NO + 9% O»

Soot sample Initial oxidation rate Final oxidation rate  Initial oxidation rate Final oxidation rate

(UmoOlsoot/S/gcar.) (UMOlso0t/S/Eeat.) (UMOlso0t/S/Eeat.) (UMOlso0t/S/Eeat.)
Printex U 0.1791 0.0082 0.3291 0.3484
Printex U-500 0.2156 0.0082 0.7614 0.5066
Printex U-600 0.3922 0.0538 1.3092 1.3532
B7 0.3928 0.0251 0.6409 0.3055
B7-500 0.2011 0.0433 0.5450 0.3146
B7-600 0.1524 0.0480 0.6774 0.4604
B100 0.4612 0.0814 0.7631 0.3238
B100-500 0.1492 0.0243 0.7312 0.4077
B100-600 0.0884 0.0243 0.6855 0.5471
314
315 Fig. 5 and Table 3 show the catalytic reaction rates of raw and activated soot

316  samples under isothermal conditions. As shown in Fig. 5a and Fig. 5b, the catalytic
317 reaction rates of raw and activated Printex U samples follow the order Printex

318  U-600 > Printex U-500 > Printex U at 350 °C in both O; and NO + O;. This reveals
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that the activated Printex U shows higher reactivity for soot oxidation. Especially in
the presence of NO, a more apparent increase in the reaction rate of the activated
samples is observed in Fig. 5b and Table 3.

It is interesting to undernote that, not all soot samples can show the same
phenomenon with Printex U after activation. As shown in Fig. Sc-f and Table 3, for
real soot B7 and B100, the activated soot samples exhibit decreased oxidation rates in
O; but increased results in NO + O;. In Table 3, it can be observed that the initial
oxidation rates of the activated B7 and B100 samples visibly decrease in O2. A slight
increase in final oxidation rates of the activated B7 samples can be also seen, but the
oxidation rates are too small to illustrate the real case. In the case of the TPO results
in NO + O, the initial oxidation rates of B7 and B100 samples are ranked as follow:
B7-600 (0.6774 umolsoot/s/gcar) > B7 (0.6409 pmolsoor/s/gea) > B7-500 (0.5450
umolsoot/s/gea) and  B100  (0.7631  pmolseor/s/gea) > B100-500 (0.7312
Umolsoor/s/gear) > B100-600 (0.6855 pumolsoor/s/geat.), respectively. However, their final
oxidation rates apparently increase after soot activation (Table 3). In previous TPO
results, it can be noted that the activated B7 and B100 samples show a decreased
low-temperature catalytic reactivity in both Oz and NO + Oz mixture. The results in
isothermal reactions under O> (Fig. 5c, e) are in good agreement with this point, but
those in NO + O (Fig. 5d, f) exhibit a contrary result. The fact illustrates that under
isothermal conditions the presence of NO is more favorable for the catalytic oxidation
of activated Bio soot.

Moreover, it can be noticed that for the isothermal reactions under O; the final
reaction rates sharply decline relative to the initial ones, but the presence of NO into
O apparently inhibits the decrease of reaction rates and makes the final reaction rates
remain higher values. The result would be attributed to the following reasons: (1)
MnOx-CeO; mixed oxides have higher catalytic oxidation activity of NO into NO>
[57,58,69], the produced NO> with stronger oxidizing ability than O can enhance the
soot oxidation rate; (2) the production of NO> over MnOx-CeO, catalyst benefits C +
NO2 + O cooperative reactions [58,70]; (3) it was confirmed that NO
adsorption/desorption on MnOx-CeO- enhances the production of active oxygen in the

oxides [69].
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In Seong’s work [72], the authors analyzed the burning process of soot through
partially oxidizing Printex-U soot under O2-NO: mixtures and found that the
oxidation-derived maturing process was much dependent on NO> content. Besides,
the presence of NO: during soot oxidation has been confirmed to have a good
promoting role on the oxidative reactivity of soot [23,24,58,64,72]. Thus, we suppose
that the activation of soot under different reaction gases would cause different
oxidation reactivities of the activated soot. In the present work, Printex U soot was
chosen and partially oxidized by TPO from 25 to 500 °C in 9% O2/Ar, 400 ppm NO +
9% O»/Ar and 400 ppm NO2 + 9% O/Ar, respectively. Then these activated soot
samples were used for isothermal catalytic reactions under NO + O, at 350 °C to
compare their differences. As presented in Fig. S1 (see Supplementary Materials), the
isothermal reaction curves of the activated soot samples seem to have no more
apparent differences. When the reaction rate reaches a stabilized value, it can be
clearly seen that the activated soot under NO + Oz shows a similar oxidation rate
(about 0.51 pmolseo/s/gcar) compared to that one under Oz, but under NO; + O a
slightly increased oxidation rate (about 0.57 umolseot/s/gca.). This might be because
the presence of NO; affects the structure of soot particles and thereby the oxidation
reactivity during the activation process [34,72].

3.2. Soot characterization

3.2.1. Laser granulometry

J b
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—— B100-500
49 ——B100-600

o a
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Fig. 6. Particles aggregates size distribution of Printex U (a) and B100 (b) samples.
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Fig. 7. Mean size of particles aggregates of different soot samples.

Fig. 6 presents the size distributions of particles aggregates of raw and activated
Printex U and B100 samples. It can be clearly seen that the activated soot samples
show different size distribution profiles compared to raw soot. For the two soot
samples Printex U and B100, it is found that the activation step leads to a decrease in
the amount of smaller soot particles and the whole distribution profiles of activated
soot shift towards higher values. The same result can be also observed for the raw and
activated B7 soot samples (Fig. S2, see the Supplementary Materials). As shown in
Fig. 7, the mean size of soot particles aggregates increases after the activation, with
following the order: raw soot < soot-500 < soot-600. Especially for the real soot B7
and B100, the activated soot samples exhibit a larger increase in particles aggregates
sizes than Printex U. These results also illustrate that the soot particles with smaller

aggregates sizes would be firstly oxidized during soot oxidation.

3.2.2. BET test

Table. 4. Textual properties of raw and activated soot samples

Soot sample Sper (mYg)* Mean pore’size R Pore volur?e Vo
(nm)* (ml/g)*

Printex U 97.8 18.94 0.90
Printex U-500 111.8 19.07 1.05
Printex U-600 321.3 1.21 1.30
B100 124.1 39.01 1.26
B100-500 154.9 1.64 0.92
B100-600 217.1 1.21 1.29
B7 231.6 25.55 2.73
B7-600 296.2 1.21 1.91
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Table 4 lists the values of special surface area (Sger), mean pore size (R) and pore
volume (Vp) of the raw and activated soot samples. The activation of raw soot
significantly increases the surface area and decreases the mean pore size. This
illustrates that the activation process results in a modification of textural property of
soot. For Printex U samples, Printex U-500 shows a slight increase in Sger and R,
while Printex U-600 has a sharp increase in Sger and a decrease in R. The pore
volume (V) of Printex U also exhibits an increased trend after the activation. For real
Bio soot B7 and B100, a similar change in Sper and R with Printex U can be observed
after activation, but one different point is that V, values of B7-600 and B100-500
decrease compared to raw soot. The sharp decrease of mean pore size for the activated
soot indicates an apparent increase in the amount of smaller pores and a
disappearance of large pores. It is speculated that the initial soot oxidation may occur

in larger pores.

3.2.3. Raman analysis

a
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Fig. 8. Raman spectra of raw and partially oxidized Printex U (a), B7 (b) and B100 (c) samples.
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Fig. 9. Analysis of the Raman spectra and curve fits of raw Printex U (a), Printex U-500 (b) and

Printex U-600 (c).

Table 5. Raman results of soot samples.

Sample ~ FWHMpi/cm! FWHMbpy/cm! FWHMce/cm™! I/l Ipo/ls Ips/lc Api/Ac  ApilAc
Printex U 174 47 70 1.04 0.87 0.90 2.7 0.75
Printex U-500 182 57 81 1.04 0.97 0.98 3.1 1.09
Printex U-600 179 51 81 1.03 0.97 0.97 33 0.97
B7 153 42 70 1.01 0.30 0.42 2.3 0.39
B7-500 149 39 67 1.07 0.37 0.44 2.6 0.44
B7-600 151 47 71 1.10 042 043 2.6 0.42
B100 154 37 61 0.98 0.38 047 23 0.42
B100-500 145 31 63 1.10 0.41 0.51 24 0.51
B100-600 166 31 65 1.09 034 049 24 0.56
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The Raman spectra of raw and activated soot samples were measured to analyze the
microstructural features and the results are presented in Figs. 8, 9 and Table 5. Fig. 9
presents the Raman analysis of Printex U samples, and that of B7 and B100 samples
can be also found in Fig. S3 and Fig. S4 (see Supplementary Materials). The Raman
spectra of these soot samples are characterized by two overlapping peaks, which
appear at around 1580 cm™ (G peak) and 1350 cm™ (D peak), respectively [28,38,73].
The D peak is generally related to defect sites or disordered carbon and G peak
involves the ordered carbon. As shown in Fig. 8, in comparison with untreated raw
soot, which has more separated D and G peaks, the Raman spectra for activated
samples show more strongly overlapping peaks. This might imply an increase in the
content of molecular carbon in the activated soot [28]. Moreover, in Fig. 8, it is also
observed that raw soot samples exhibit broad Raman signals in the range of about
2300-3200 cm™', these should be ascribed to second-order bands due to (2*D)
overtones and (D + G) combinations of graphitic lattice vibration modes [38]. The
second-order signals become less pronounced after activation treatment for Printex U
soot (Fig. 8a), but the visible decrease in the second-order signals cannot be seen for
the activated B7 and B100 soot (Fig. 8b and c). The result may illustrate that Printex
U soot becomes more disordered than B7 and B100 soot after activation.

Fig. 9 clearly illustrates the Raman spectrum of soot consists of four
Lorentzian-shaped bands (G, D1, D2, D4) at around 1580, 1350, 1620 and 1200 cm™,
respectively, and a Gaussian-shaped band D3 at about 1500 cm™ [28,73]. It has been
reported that D1 band is associated with disordered graphitic lattice and D3 band is
related to amorphous carbon or molecular carbon, thus D1 FWHM (full width at half
maximum) and D3 band intensity as important parameters can provide some
information about chemical structure of graphite-like and amorphous carbon [28,29].
Many earlier works have also reported the FWHM of G and D bands and the D/G
band intensity ratios (Ip/lc) can correlate with degree of graphitization of
carbonaceous materials [74-79]. The authors thought that an increase in G and D band
FWHM and Ip/Ig values indicates a decrease in order. It was also published that the
ratios between D bands and G band areas (Ap/Ag) are related to the structural defects

in graphene layers [29]. Since it is unclear which of these parameters should be used
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for Raman analysis, most of parameters are used here for comparison.

Table 5 lists spectroscopic parameters of different soot samples. For Printex U soot,
it is observed that the activated soot samples (Printex U-500 and -600) exhibit an
increased spectroscopic parameters including D and G band FWHM, Ip/I and Ap/Ac.
This result illustrates that the activated soot has higher disorder and more structural
defects. Among these parameters, D1 band FWHM and Api/Ac values of the activated
soot samples increase, but their Ipi/lg values are very similar with that of raw soot.
Here D1 FWHM should be more important parameter for analyzing carbon structure.
The relative intensity of D3 band (Ips/lg) is associated with amorphous carbon or
molecular carbon. The increase of Ips/Ig value of the oxidized soot samples indicates
an increase in molecular carbon. However, by comparison, the two activated Printex
U samples (Printex U-500 and -600) show similar spectroscopic parameters, which
seems to imply their similar structural features.

In the previous work [48], it has been proposed that the non-catalytic and catalytic
reactivities of soot are correlated to their structural properties. In the present work, the
previous TPOs results have confirmed that the activated Printex U samples show an
improved reactivity compared to raw sample, this well agrees with the Raman results.
Nonetheless, the similar Raman results of the two activated samples cannot explain
much higher reactivity of Printex U-600 than the other one. This may illustrate that
the reactivity of soot cannot be only ascribed to the structure but also to particle
morphology [48,80], ash content and composition [81,82] as well as oxygen content
[49].

On the other hand, in the case of real soot B7 and B100, it can be seen in Table 5
that they have different structural features after activation compared with model soot
Printex U. For B7 soot, as listed in Table 5, the activated soot B7-500 shows slightly
decreased FWHM values, which appears to imply an increase in order. However, the
Ip/lg and Ap/Ag exhibit increased values, this seems to reveal an inverse result. It has
been reported that D band FWHM and Ip/Ic have no significant correlation with each
other [38]. Thus, it is difficult to well analyze the nanostructure of soot by Raman
measurement and it may need more evidences to illustrate the nanostructural features.

For B7-600, D1 and G band FWHM values as well as Ip3/Ig ratio are very similar
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with those of raw B7 sample. But other parameters especially for D2 band FWHM
and Ipy/Ig exhibit an increased tend. It was reported that the Ipo/Ig ratio and the D2
band FWHM should be inversely proportional to the thickness of graphitic domains in
soot [38,76]. Therefore, the increase in D2 band FWHM and Ip2/Ic might indicate the
decrease of graphitic carbon.

For B100 soot, it can be seen in Table 5 that B100-500 sample shows apparently
decreased D1 and D2 bands FWHM but increased G band FWHM, Ip/lg and Ap/Ag
values compared to raw soot. In general, the intensity of G band, D1 and G band
FWHM as well as Ipi/lg are related to the graphitic order. The decrease in D1 band
FWHM seems to reveal an increase in graphitic order. However, the G band FWHM
and Ipi/lg increase, this inversely indicates a decrease in order. Additionally, Ips/IG as
important parameter is often used to evaluate the amorphous carbon content of soot.
The increase of Ips/lc implies an increase in amorphous carbon content. Plus the
increased tend of Api/Ag and Aps/Ac, these results may illustrate an increase in
disorder for B100-500. In the case of B100-600, it can be observed in Table 5 that D1
and G band FWHM as well as Aps3/Ag exhibit higher values than both B100 and
B100-500 samples, and Ipi/lg, Ips/lIc and Api/Ac show very close values with those of
B100-500. The result illustrates B100-600 has a lower order compared to the raw and
B100-500 samples.

3.2.4. HRTEM

Cai‘bon layers

21



. - s A - X
: g SRR |
-~Disorderei S\ :

carbon SEiee '.,E ,:/
Carbon film
501
502
503
) cqrh(m
‘Carbon film
504 Al
505

506  Fig. 11. HRTEM images of B100 (a, b), B100-500 (c) and B100-600 (d).

507 In order to better observe the structural and morphology changes of soot after
508 activation, the morphology and nanostructural properties of Printex U and B100 soot
509 samples were characterized by HRTEM, and the results are shown in Fig. 10 and Fig.
510 11. In the case of Printex U soot, as shown in Fig. 10a, it exhibits turbostratic patterns

511 and an onion-like structure, the “tight” fringe layers concentrically surround nucleus
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where the disordered carbon structure is observed. The raw Printex U also has a larger
number of parallel stacked graphene layers with a larger thickness (about 19.5 nm)
(Fig. 10b). This reveals a higher order for raw Printex U. Moreover, some edge
defective sites are also observed in Fig. 10a. After the soot being activated, a
decreased fringe-layer thickness can be clearly seen in Fig. 10c and d (about 11.5 nm
for Printex U-500 and about 7.3 nm for Printex U-600). The result illustrates that the
activation of Printex U decreases the degree of graphitization and Printex U-600
exhibits more apparent result. Besides, in comparison, it can be observed that the
activated soot samples have an increased area of highly disordered carbon particles on
the center. For example, for Printex U-600, the fringe patterns on the center become
less noticeable, this is due to the oxidation of less-ordered nuclei through diffused
oxygen into porous particles [83]. Thus, it is also confirmed that Printex U
experienced an internal burning-out process during partial oxidation under O [34,72].

The B100 Biodiesel soot exhibits different structural and morphology changes after
activation compared with Printex U. As shown in Fig. 11a and b, the raw soot displays
less obvious fringe layers and thinner carbon-layers thickness (about 5-10 nm) than
raw Printex U soot. A less chainlike orientation and looser fringe layers are also
observed in Fig. 11b. These results seem to illustrate that the real Bio soot has higher
disorder and lower degree of graphitization than Printex U, which is also found in the
previous work [48]. After partial oxidation, the activated samples B100-500 and
B100-600 all show unclear fringe layers, especially for the edge area (red arrow). This
might confirm that the activated samples become more disordered. In comparison in
Fig. 11c, the edge of the B100-500 soot particle shows vaguer fringe layers than the
area inside. Some void areas on the outer surface of primary particle are also found in
Fig. 11d. Therefore, B100 soot tended to be oxidized through an external burning
process during the activation [72].

Moreover, 50 soot particles were used for nanoparticles size analysis for each
sample and nanoparticle-size distribution is presented in Fig. S5. With the soot being
activated, the nanoparticles sizes of Printex U and B100 tend to decrease. Thus, the
activated soot presents a smaller mean particle size than raw soot. This observation

was also reported in Al-Ourashi’s work [34].
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547  Fig. 12. XP spectra of Cls, Ols of the raw Printex U and B100 samples.

548  Table 6. XPS results of Printex U and B100 samples.

Printex U (at.%) B100 (at.%)
Samples
C O  Graphene C O  Graphene

Raw soot  90.3 9.7 59.4 80.9 19.1 49.1

Soot-500  90.1 9.9 54.6 80.3 19.7 42.0

Soot-600 89.2 10.8 45.1 78.0 22.0 37.7
549
550 Fig. 12 presents the XP spectra of the raw Printex U and B100 samples in the C 1s

551  and O 1s energy regions, and those of the activated soot samples are shown in Fig. S6
552  and Fig. S7. It can be clearly seen in C 1s XPS that these soot samples mainly consist
553  of graphene, aliphatic carbon and molecular carbon (R-OH, C-O-C, -COOH,
554  -C(0)-0O-C, -C=0, etc.) [84,85]. These molecular carbon species are also detected in
555 O 1s spectra. Table 6 lists the relative contents of surface elements of the detected
556  soot samples. It can be observed that the real Biodiesel soot shows higher oxygen

557  content and lower content of graphene component than Printex U soot, this indicates
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that Biodiesel soot has a higher disorder, which was also confirmed in the previous
work [48]. After the soot was activated at different temperatures, the activated soot
samples show different XPS results. For both Printex U and B100, the activated
samples all show an increased oxygen content and a decreased graphene content. By
comparison, soot-600 has a more apparent increase in oxygen content and a larger
decrease in graphene carbon than soot-500. Thus, it shows higher structural disorder,
this well agrees with the results of both Raman spectroscopy and HRTEM. The result
is well correlated with the reactivity of the activated Printex U soot but not with that

of the activated B100 soot (Table 1).

3.2.6. DRIFTS
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Fig. 13. DRIFTS results of Printex U and B100 samples.

The DRIFT spectra of raw and activated Printex U and B100 soot samples were
investigated to obtain more information about oxygen functional groups on the carbon
surface. The obtained IR spectra are shown in Fig. 13. According to the DRIFTS
results and the previous reports [87-91], the bands at around 1205 and 1090 cm™ are
assigned to the stretching of C-OH and the bands at 1550 and 1420 cm™! are ascribed
to the symmetric and asymmetric stretching of COO in the aromatic carboxylate
species, as well as some aromatic groups are very likely to be found at around 1515
cm’!. The stretching of C=0 in lactones and carboxylic anhydrides can be observed at
1669 and 1745 cm™! as well as that in quinone and ceto-enol groups at 1610 cm™. The
weak band at around 1250 cm™ may be associated with C-O stretching. It was
reported that the formation of some surface oxygen complexes (SOCs) could be

confirmed at 1730-1750 cm™ (carboxylic anhydrides and lactones), 1595 and 1615
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cm™!' (quinone and ceto-enol groups) as well as 1255 cm™! (ethers and phenols) [86].
Moreover, in another publication [30], it was reported that the band at 1726 cm™ is
ascribed to the vibration of C=0 in aromatic ester groups and the band at 1595 cm!
can be attributed to the stretching vibration of conjugated C=C bonds or the bending
mode of H,O. The apparent absorption bands between 1726 and 1615 cm™ are
difficult to assign in details. The bending vibration of C-H is also found at about 1460,
1395 and 1390 cm™ [30,87]. The band at 1600 cm' could be attributed to the
presence of H>O and the bands at 1300-1000 cm™ are assigned to C-O vibrations [30].

As shown in Fig. 13, the real Biodiesel soot B100 exhibits more surface oxygen
functional components than Printex U soot in view of much stronger absorption
signals, especially for the surface components (such as aromatic groups) appearing at
1600-1400 cm™!. This result would give a better explanation for the XPS result that
B100 soot exhibits higher oxygen content and lower carbon content than Printex U. In
Fig. 13a, it can be seen that the IR result of Printex U-500 seems to be similar with
that of raw Printex U, but an apparent change can be observed for Printex U-600 with
an increased absorbance signal. This illustrates that the contents of surface functional
groups, for example, aromatic groups (1550, 1515, 1460 and 1420 cm’), C-H (1460,
1395 and 1390 cm™) and C=0 (1750-1726 cm™'), visibly increase on the surface of
Printex U-600. It is also noted that the C=C components of Printex U-600 obviously
decrease compared to raw and Printex U-500 soot. The previous XPS results reveal
that Printex U-600 shows more apparent changes in oxygen and graphene contents
than Printex U-500, relative to raw soot. The IR results here would be a reasonable
explanation for this point. Besides, in Fig. 13b, Compared with raw B100, B100-600
exhibits a similar IR result and B100-500 has a slightly decreased IR signal. This
indicates that there is no an obvious change in surface oxygen functional species for

the raw and activated Biodiesel soot.

3.3. Correlation of structural and surface properties to reactivity
Many authors have analyzed the relationship between soot structure and oxidative
reactivity by using XRD, Raman and HRTEM characterizations and found that the

reactivity of soot depends on its structural properties, i,e. length scale, amorphous
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carbon, the degree of graphitization, nanoparticle size and surface morphology
[29,38,40,47,73,90]. Wu et al. [86] studied the surface organic components (such as
aromatic carboxylate, carboxylic anhydrides and lactones) of soot during soot
combustion in the presence of catalysts through DRIFTS tests and summarized that
the catalytic reactivity of soot is related to the concentration of surface organic
components. Miiller et al. [30] investigated the correlation of the non-catalytic
reactivity of different soot samples to surface functional groups characterized by
DRIFTS measurements and confirmed an important role of the functionalization on
the onset of soot combustion.

Fig. 6 and Fig. 7 reveal that all the activated Printex U and Biodiesel soot samples
present an increase in particles aggregates size. The previous study has discussed the
relationship between particles aggregates size and soot reactivity, being found that
smaller particles aggregates are more reactive than larger ones [48]. The result in the
present work cannot illustrate this point. For example, the activated soot Printex
U-600 exhibits the best reactivity in both O, and NO + O», but its mean particles
aggregates size is the largest one. This might indicate that smaller soot particles
aggregates have been oxidized during the activation. In the case of Biodiesel soot
samples, the activated soot shows a decreased low-temperature reactivity (Fig. 3), this
may be attributed to the loss of smaller particles aggregates.

It was reported that high surface area of soot could benefit to improve its oxidative
reactivity [85]. The previous BET results reveal that the activation of soot samples
increases their specific surface area. Thus, the activated Printex U soot samples,
especially for Printex U-600, show an apparent enhancement in both non-catalytic and
catalytic reactivity. However, this is not evident for Bio soot samples in correlating
surface area to their reactivity. On the contrary, in the case of isothermal reactions at
350 °C, the activated Bio soot samples exhibit an increase in their “final oxidation
rate” under NO + O (Table 3), which can be well correlated with their increased
surface area.

Raman spectroscopy is an important method to study nanostructural features of
soot, D1 band FWHM and the relative intensity of D3 band (/ps/Ig) were reported to

be the main parameters to evaluate soot structure [28,29]. Thus, Fig. 14 presents the
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correlation of the reactivities (Tm) of Printex U and B100 samples with structural
features. For Printex U samples, as shown in Fig. 14, the two activated soot samples
(Printex U-500 and -600) show similar and higher D1 band FWHM and Ip3/[g ratios,
revealing their increased disorder structure. However, the non-catalytic and catalytic
reactivities of soot in Oz follow the order: Printex U-600 > Printex U-500 = Printex U
and the catalytic reactivity in NO + O2 follows the order: Printex U-600 > Printex
U-500 > Printex U. This result cannot be well correlated to Raman parameters.
Besides, in previous HRTEM results, it can be observed that the degree of
graphitization changes with the order: Printex U-600 < Printex U-500 < Printex U.
The content of graphene carbon on the surface of Printex U samples also follows this
order (Fig. 15). The results can well agree with the catalytic reactivity in NO + O2. On
the other hand, Fig. 15 shows that the order of surface oxygen content of Printex U
samples is Printex U-600 (10.8%) > Printex U-500 (9.9%) = Printex U (9.7%). The
previous DRIFTS results also reveal that Printex U and Printex U-500 have close
quantities of surface functional groups and Printex U-600 has an apparent increase in
that compared to them. These conclusions are well correlated to the non-catalytic and
catalytic reactivities of soot in Oz.

In the case of B100 soot samples, as shown in Fig. 14 and Fig. 15, it can be known
that the non-catalytic reactivity in O» follows the order: B100 = B100-500 <
B100-600 and the catalytic reactivities in both O2 and NO + O follow the order:
B100-500 < B100 = B100-600. It is also observed in Fig. 14 that B100-500 shows
lower D1 FWHM value than B100 and B100-600, indicating an increase in graphitic
order, which seems to be correlated to the catalytic reactivity. The Ip3/lg ratio of
B100-500 exhibits a slightly increased value than that of B100 and B100-600, this
indicates higher content of amorphous carbon in B100-500 soot. However, that cannot
agree with the reactivity. In the previous discussion on Raman results, it was
mentioned that it might be difficult to analyze the nanostructure of soot by only using
Raman. The HRTEM results reveal that the activated soot samples show a higher
disorder than the raw B100. In Fig. 15, the XPS results also indicate that the contents
of surface graphene carbon and oxygen follow the order: B100 > B100-500 >

B100-600. But these results cannot be well correlated to the reactivity of B100
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samples. On the other side, it is noted in Fig. 13b that B100 and B100-600 show
similar DRIFT spectra and slightly higher concentration of surface functional groups

than B100-500, which is well correlated to their reactivities.
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In fact, it is difficult to correlate structural and surface properties to the reactivity of
soot, because the factors that affect soot oxidative reactivity are complex, not only
related to the structure and surface property but also to soot oxidation reaction
conditions. For example, in the previous isothermal reactions at 350 °C under O, the
soot oxidation rates of raw and activated Printex U and B100 follow the order: Printex
U (0.0082 pmolsoo/s/gcar) = Printex U-500 (0.0082 pumolsoor/s/gear.) < Printex U-600
(0.0538 pmolsoor/s/gea) and B100 (0.0814 pmolsoor/s/gear) > B100-500 (0.0243
umolsoor/s/gear.) = B100-600 (0.0243 umolsoor/s/geat.), respectively. However, under NO
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+ O, their oxidation reaction rates all follow the order: raw soot < soot-500 <
soot-600. It is also noticed that the isothermal reaction rates under NO + O> can be
well correlated to HRTEM and XPS results. Moreover, some authors tried to link the
nanostructure characterized by Raman to soot oxidative reactivity and found there
was no an apparent relationship between the reactivity and Raman results [48,92]. In
this work, similarly, the Raman results cannot be also well correlated to the reactivity
of soot. But some researchers also confirmed that the nanostructure analyzed by
Raman is one of the factors that determine the oxidation reactivity of soot [28,29,90].
It was also reported that the reactivity of soot is not only related to the nanostructure
but to soot composition [80,84,93], oxygen content [49] and surface functional groups
[30,91]. Thus, a co-influence of various factors should be considered in analyzing
soot oxidative reactivity.

Besides, in real applications of aftertreatment technology, the activation of Diesel
soot by partial oxidation with Oz will take place during soot accumulation and DPF
regeneration. The activating process influencing physicochemical properties and the
reactivity of soot should be studied, because this is very useful for understanding DPF
regeneration and optimizing aftertreatment technology. This study gives valuable
findings on the changes in the structure, surface and non-catalytic/catalytic reactivity
of Printex U model and real Bio soot before and after the activation. In comparison,
the two types of soot show different changing trends. Many researchers often use
Printex U model to investigate the oxidative reactivity of Diesel soot, this might not
confirm the real case of the combustion of Diesel soot produced from vehicles’
engines. This would require to select more suitable model soot in experimental studies.
Furthermore, this work also reveals that the activation of soot is an important factor
that affects DPF regeneration. Thus, the changes in soot structure and surface during

soot combustion should be also concerned in future study.

4. Conclusions
The present work studied and compared the structure, surface and reactivity of the
activated Printex U model and real Bio soot samples through a series of

characterizations and TPO measurements. In the case of model soot Printex U, it was
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confirmed that the activated samples exhibited an apparently increased reactivity
especially under NO + O;. The result should be related to their higher surface area,
higher disorder structure, increased surface oxygen content and surface functional
groups, determined by BET, Raman, HRTEM, XPS and DRIFTS. On the other hand,
after the activation of real Bio soot, TPO results revealed that there was no an obvious
enhancement in the reactivity and even the ignition (7i) occurred at higher
temperature. This could not well correlated with the structure and surface evolving
towards higher disorder and oxygen content. However, the isothermal reactions under
NO + O had a good correlation with the structure and surface. Besides, HRTEM
indicated different oxidation routes of Printex U and Biodiesel soot. An important
finding in this work is to reveal the impact of the activation during soot accumulation
and DPF regeneration on the structure, surface and reactivity of Diesel soot, and
present the different trends of model and real Bio soot. It will provide some important

information in understanding and optimizing DPF regeneration.
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