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Abstract

The diesel particulate filter (DPF) is one of the most effective devices for reducing
particulate emission, where the continuous DPF regeneration is necessary for
maintaining filter efficiency. There is currently a lack of investigation on the effect of
thermal oxidation on morphological characteristics of substrate materials. In this study,
the cordierite (Cord) and attapulgite (ATP) powders were mixed with CeO,, serving as
substrate and catalyst, respectively. The soot particles were collected from a heavy-duty
diesel engine. Through the thermal oxidation from 450 to 650 °C, it was found that the
special fibrous or rod-like structure of ATP produced more pore volume and surface
area, as well as an efficient heat recovery mechanism after thermal oxidation. The
block-like structure of Cord only acted as a substrate, maintaining its intact
crystalline structure during thermal oxidation. Notably, the oxidation reactivity of
ATP/CeO,/Soot was higher than Cord/CeO,/Soot because the ATP generated more
catalyst active sites and sufficient contact area for the soot-oxygen-CeO, reaction. This

study expands the potential application of ATP as DPF substrate material.
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1. Introduction

Diesel particulate matter contributes to serious environmental issues including
haze and photochemical smog. The diesel particulate filter (DPF) showed significant
potential for particulate reduction and typically achieving filtration efficiencies
exceeding 95% [1]. In DPF, the soot particle layer must be removed by regeneration
either periodically or continuously to prevent the increase of backpressure and fuel
consumption [2, 3]. The active regeneration involved by soot particles burning above
550 °C in exhaust. The DPF regeneration process was a complex and endothermic
reaction process. The catalyst substrate structural characteristics were affected by heat
release during regeneration [4-6].

In order to improve active regeneration performance of DPF, the thermal
management for parallel channels has been widely researched [7,8]. Yu et al. [9]
reported that the DPF heat transfer properties depend on the heat capacitance ratio and
the hydraulic parameters. With the decrease of the DPF substrate thickness, the speed
of the temperature front was improved. Fang et al. [10] suggested that the peak substrate
temperature of substrate material was affected by regeneration temperatures, while
decreasing exhaust flow rate and improving regeneration temperature resulted in higher
peak substrate temperature and maximum temperature gradients. Lee et al. [11]
reported that the thermal capacity and heat transfer rate of DPF parallel channels were
influenced by oxygen concentration and maximum wall temperature. Higher oxygen

concentration led to thermal failure, while higher soot deposition with the higher
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regeneration temperature produced the best regeneration performance [12]. Meng et al.
[13,14] cordierite structure could change to some extent at high temperature, which
affected the filtration efficiency. High temperature airflow and microporous expansion
enhanced particle penetration.

The materials used for manufacturing DPF played an important role in
regeneration process [8,15]. The channels of DPF consist of porous substrate material
included cordierite, silicon carbide, acicular mullite, aluminum titanate, metal foams
and fibers [16]. Cordierite (abbreviated hereafter as Cord), derived from a mixture
containing clay [Mg,Al4SiOs], served as the primary component of DPF catalyst
substrate. It was reported that the Cord is known to form at high temperature sintering
method, which has a dense microstructure with evenly distributed grains and few small
pores [17]. The Cord had favorable thermal expansion coefficient and resistance to
cracking from material fatigue, and an excellent thermal shock resistance [18-21]. Xu
et al. [22] mentioned that the flow uniformity and pressure drop of DPF channels were
affected by the permeation resistance of the Cord substrate material. It has been
confirmed that cordierite mixed with a small amount of CeO, showed unique oxygen
storage capacity, which was recommended as a suitable catalytic converter for
regeneration [23-25]. Zeng et al. [26] found that CeO, nanoparticles could provide a
higher surface area without any heat treatment. The CeO, could be uniformly
distributed across the interconnected pores of cordierite. Liu et al. [27] reported that the
incorporation of CeO, facilitated the phase transformation of Cord, increasing

permeability and larger pore sizes. In addition, to promote solid—solid interaction, some
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new morphologies of ceria-based catalyst have been proposed, such as fibers, sticks,
flakes, cubes, rods and stars. Among them, fibrous morphology was the best one for
passive regeneration [28]. Zhang et al. [29] suggested that aluminum borate whiskers
with cilia-like microstructure improved soot capture ability and low-temperature
catalytic oxidation ability of soot. The filter efficiency, trapped soot particle distribution
and catalyst content were affected by porous media in substrate material [30,31].

To improve temperature resistance and regeneration performance, researchers
have continuously explored new carrier materials. At present, research on DPF
substrate material was mainly focused on structural parameters [32-36]. Attapulgite
(hereafter abbreviated as ATP) is a type of hydrated magnesium-aluminum silicate
mineral [(H,0)4(Mg,AlFe)s(OH),SigO5-4H,0] [22]. ATP has been widely used as
catalyst substrate material because of its larger surface area, pore volume and thermal
stability [37,38]. Cao et al. [39] demonstrated that the CuO catalyst doped over ATP
showed good catalytic activity and thermal stability for CO oxidation. Zhu et al. [40]
found that TiO, coated on ATP has been utilized to remove gaseous carbon disulfide
(CS,) from air. Larger surface area of ATP improved CS, removal efficiency.
Additionally, ATP was employed as a catalyst support to remove diesel engine NOx
emission, showing excellent performance [41].

The most direct influence on soot oxidation behavior is the contact point,
which is determined by substrate material. However, there is a lack of investigation on
structural changes of catalyst substrate material during thermal oxidation treatment.

The larger surface area and pore volume of ATP were favorable for soot particle
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89  deposition and catalytic reaction. Therefore, this study aimed to comprehensively

90 evaluate the effect of thermal oxidation on morphological characteristics of Cord and

91  ATP using various characterization techniques. Four types of ATP and Cord substrates

92  were tested by thermal oxidation. The results revealed the impact of thermal oxidation

93  on morphology, surface structure, crystalline structure and graphitization degree of

94  substrate material. Additionally, the catalytic performances of CeO, coated on ATP and

95  Cord were evaluated.

96 2. Experimental methodology

97 2.1 Experiment material

98 In present study, for thermal oxidation reaction, CeO, powder (99.99% purity,

99  Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) was selected as catalyst. It
100  was reported that the CeO, catalyst doped over Cord exhibited significant oxygen
101  storage capacity, appropriate porosity, flexural strength and thermal expansion
102 coefficient [42,43]. The ATP powder, characterized by an average crystal diameter of
103 40~50 nm and honeycomb pore dimension measuring 0.38 nm X 0.63 nm, was
104  produced from Gansu RongWan Science and Technology Co., Ltd. Cord powder was
105  produced from Henan Hengyang Refractory Materials Co., Ltd., Henan, China. The
106  ATP and Cord clays were used without any further purification, which were used as the
107  porous substrates in this study. The ATP and Cord powders were selected based on
108  their mesh sizes, specifically 200 mesh (particle diameter: 74 um) and 325 mesh
109  (particle diameter: 46 um), respectively. A series of ATP/CeO, or Cord/CeO, samples

110  were obtained so-called tight-contact mode by a pestle to grind carrier for 5 min, which
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111 was synthesized by mechanical grinding method. The mass ratio of substrate and CeO,
112 was prepared by 1/1 (100 mg/100 mg).

113 The most direct influence on soot oxidation behavior was the contact point
114  between soot particle, catalyst and substrate, which was difficult to research in molded
115  DPF filter [44,45]. Some researchers have evaluated catalyst activity towards soot
116  oxidation by powder form due to its superior dispersion [46,47]. The powdered Cord
117 and ATP as substrate material increased the effective contact area between soot
118  particles and catalyst. The interaction between the microstructure of catalyst substrate
119  and thermal oxidation could also be observed visually. In order to figure out the effect
120  of mechanical grinding on particle sizes of ATP and Cord, the effect of mechanical
121 grinding on particle size were analyzed by laser particle size distribution instrument
122 (BT-9300H), which has been listed in Fig. 1. It was shown that the volume mean
123 diameter of ATP/CeQO, and Cord/CeO, decreased by 1-2 pm after mechanical grinding.
124  The particle size of the Cord and ATP samples remained unchanged, which had little
125  effect on the experimental results. The substrate/CeO, samples are named as

126  ATP200/CeO,, ATP325/Ce0,, Cord200/CeO, and Cord 325/CeO,.
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40

- Before mechanical grinding
35 - After mechanical grinding

Volume mean diameter (um)

ATP200/CeO, Cord200/CeO, ATP325/CeO, Cord325/CeO,

127

128 Fig. 1. Volume diameter of substrate/catalyst samples before and after mechanical
129 grinding.

130 A heavy-duty diesel engine was employed to generate soot particles under steady-

131  state condition (1500 r/min and 200 Nm). A comprehensive description of engine setup
132 along with the sampling system is illustrated in Fig. 2. The engine specifications are
133 detailed in Table 1. Soot particles were collected from the raw exhaust using 47 mm
134  quartz fiber filters (2500QRT-UP, PALL) equipped with an automated filter support.
135  The quartz fiber filters exhibited a precision of 0.3 um with an aerosol retention rate of
136  99.9%. The sampling temperature was maintained at 55 + 3 °C, with sampling duration
137 of 90 min and sample flow rate of 1 L/s. In order to get enough samples for further
138  analysis, the sampling time was controlled at 2 hours or longer. Subsequently, the
139  particles attached to the filter paper surface were carefully scraped off from the paper
140 filters. During this process, the filter paper was guaranteed not to be damaged, and the

141 interference of filter paper could be removed. To prevent atmospheric moisture from
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142 affecting the samples, the soot particle samples were stored in a desiccator after each
143 measurement [48]. There pre-treatments like ultrasonic wave treatment and centrifugal
144  separation in dichloromethane solvent were not employed in this study [49].

145 In order to simulate soot oxidation real DPF channels, the powdered soot particle
146  and substrate/catalyst sample were mixed by gently shaking with a vortex mixer for 2
147  min at a weight ratio of 1:10 (10 mg of soot particle to 100 mg of substrate/catalyst),
148  which was named as loose-contact mode and be employed in many literatures [50-53].
149  When the soot particles trapped inside the DPF channels, the oxidation rate of soot was
150 related to the effective contact area of the catalyst [54,55]. The experimental method
151  employed in this study revealed the difference of contact conditions between Cord, ATP,
152 CeO; and soot particles. The key influencing the catalytic performance was the porosity
153  in the DPF substrate [56,57]. The powdered soot-substrate mixtures could provide the
154  influence of substrate material porous structure on intrinsic activity of catalyst materials.
155 The samples were labeled as ATP200/CeO,/Soot, ATP325/CeO,/Soot,

156  Cord200/CeO,/Soot and Cord 325/CeO,/Soot.
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158 Fig. 2. Schematic diagram of the engine set-up and sampling system
159 Table 1 Engine specifications

Categories Properties

Number of cylinders 4

Max speed 2800 r/min

Stroke 118 mm

Bore 102 mm

Compression ratio 17:1

Valves per cylinder 4

Displacement 3.865L

Fuel injection system  Common rail direct injection

160 2.2 Characterization methods

161 The morphological characteristics analyzed in this study mainly include
162  morphology, surface structure, crystalline structure and graphitization degree. The
163  morphology was characterized by scanning electron microscopy (SEM, Hitachi
164  Regulus 8100, Japan), coupled with energy dispersive spectroscopy (EDS, INCA-350,
165  Oxford, UK). EDS was employed to examine the elemental distribution on sample
166  surface. The surface area and total pore volume were determined through N,
167  physisorption under -196 °C using Micromeritics TriStar IT1 3030 (USA), in accordance
168  with the Brunauer-Emmett-Teller (BET) method for physical adsorption, as well as the
169  Barrett-Joyner-Halenda (BJH) method for pore diameter. The crystalline structure of
170  sample was analyzed using X-ray diffraction (XRD, Bruker AXS D8-Focus, Germany).
171 Standard Cu/Ka radiation (A = 0.154 nm) was utilized at 40 kV and 40 mA, covering a
172 scanning range of 3° to 90°. The standard compounds reported in the JCPDS database
173 were employed to identify the diffraction peaks corresponding to the crystalline phases,
174  which primarily facilitated the identification of mineral phases. Qualitative analysis

175  was performed by the MDI Jade 6.0 computer program.
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176 Table 2 The TGA specific heat-up program

Stages  Descriptions

0 Samples in nitrogen

1 Initial temperature 25 °C

2 Ramp 10 °C/min to 450 °C
3 Isothermal for 30 min

4 Air introduced

5 Ramp 2.5 °C/min to 650 °C

177 The soot graphitization degree was assessed by Raman analysis. The first-order
178  original spectrum of the substrate/catalyst sample was obtained through Raman
179  spectrometer with a wavelength of 514.5 nm and source power of 9.3 uW. The low-
180  pressure atomic line lamp was used to calibrate the spectral resolution of the Raman
181  spectrometer. The soot oxidation rate was analyzed using ZCT-A Simultaneous
182  Thermal Analyzer. The thermal treatment is listed in Table 2. The volatile organic
183  fraction, which was mainly consisted of organic carbon, could be removed by thermal
184  treatment [58,59]. To remove organic carbon, the soot particle sample was heated to
185 450 °C and then maintained for 30 min, utilizing high-purity nitrogen as protective gas.
186  During the oxidation stage, air was introduced as oxidizing gas with the temperature
187  increasing from 450 to 650 °C, ensuring complete oxidation during the regeneration
188  process [60]. Additionally, partially oxidized soot samples with a conversion rate of 50%
189  were obtained for further characterization, which were named as ATP200/CeQO,/Soot-
190  oxidized 50%, Cord200/CeO,/Soot-oxidized 50%, ATP325/CeO,/Soot-oxidized 50%
191  and Cord325/CeO,/Soot-oxidized 50%. All results were expected to provide

192  information about the morphological characteristics of Cord and ATP during the
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193  thermal oxidation.

194 3. Results and discussion

195 3.1 Characterization of substrate/catalyst

196 To better understand the changes of morphology and nanostructure during
197  oxidation thermal, the morphology and elemental composition of ATP/Cord doped over
198  CeO, were analyzed by SEM-EDS. The Fig. 3 illustrates the typical images of
199  ATP200/CeO,, ATP325/CeO,, Cord200/CeO, and Cord 325/CeO, without thermal
200 treatment. High magnification images were employed to analyze morphological
201  relationship between substrate and soot, revealing significant differences in texture, size
202 and dispersion. All samples exhibited numerous typical fibers approximately 0.5 to 2
203 um in length, arranged into bundles. The morphology of ATP clay confirmed the
204  fibrous or rod-like structure. The whisker-like surface was believed to enhance soot
205  particle filter. On the other hand, the Cord displayed a block-like structure with some
206 clumps and smooth surfaces, which was associated with its slipperiness. The

207  morphology of Cord showed varying degrees of micro-cracking.

ATP200/CeO2 Cord200/Ce0O2
k! #7° 5

208
209 Fig. 3. SEM images for substrate/catalyst samples.
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Fig. 5. The elemental mass fraction in catalyst/substrate samples.
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215 To identify and trace the clay and catalyst elements in the ATP/Cord, EDX
216  mappings were conducted for each sample. The Fig. 4 shows the elemental analysis
217  results of ATP200/CeO,, ATP325/Ce0,, Cord200/CeO, and Cord 325/CeO,. The mass
218  fractions of Ce, O, Si and Mg are listed in Fig. 5. The Ce (pink) was totally from CeO,
219  catalyst which was tightly contacted with ATP/Cord by grinding method. The electron
220 probe moved over the surface in raster fashion, and a map of surface composition was
221 conducted. The EDS could reveal the element distribution and concentration on the
222 sample surface. The fibrous or rod-like structure of ATP produced higher surface area
223 and pore volume, which promote the CeO, to enter the pores. However, due to the
224  block-like structure of Cord, the catalyst particles mainly distributed on Cord surface.
225  Therefore, the Cord might display higher relative content of Ce in EDS mapping. The
226 distribution of cerium was more compact and uniformly shaped, indicating higher
227  concentration and intensity. The CeO, coated on substrate external surface
228  demonstrated a better catalytic performance. The Si (blue) and Mg (yellow) signals
229  were generated by compositions presented in Cord and ATP substrates. As anticipated,
230  Si (blue) and O (green) elements were two dominant in ATP/Cord, which shared the
231 same spots in EDS mapping. For ATP and Cord silicate minerals, there were similar
232 distribution for these four elements. The O was the most abundant element for all
233 samples. It was clearly that the relative content of Ce element in Cord was bigger than

234 it in ATP due to smaller molecular mass of Cord material.

235 3.2 Thermal oxidation behavior

236 To analyze the change of morphology and nanostructure of ATP and Cord during
237  thermal treatment, the oxidation tests from 450 to 650 °C were conducted on TGA. The
238 normalized mass loss versus temperature curves of ATP200/CeO,/Soot,

239 Cord200/CeO,/Soot, ATP325/CeO,/Soot and Cord325/CeO,/Soot are presented in Fig.
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240 6. Comparing with Cord, the ATP resulted in notable leftward shift of mass loss curves,
241  indicating an enhancement on soot oxidation. The oxidation behavior of diesel soot was
242 also tested. Obviously, the Cord or ATP mixed with CeO, showed higher soot oxidation
243 reactivity than diesel soot.

244 The temperatures defined as T10, T50, and T90 corresponded to soot samples with
245  10%, 50%, and 90% mass loss, respectively. Lower characteristic temperature indicated
246  that higher oxidation rate [61,62]. As shown in Table 3, when the Cord was replaced
247 by ATP, the T10, T50, and T90 for 200 mesh samples decreased by 15.9 °C, 13.7 °C
248 and 13.1 °C, respectively. For 325 mesh samples, the T10, T50 and T90 decreased by
249 6.6 °C, 15.3 °C and 11.2 °C, respectively. In addition, to quantitatively evaluate the
250 oxidation reactivity of soot samples, activation energy (Ea) was derived from TGA
251  curve through the Arrhenius model in Eq. (1).

252 -dm/dt=A - exp(-Ea/RT) - m" - P’ (1)
253 where 7 is the reaction time; m is the instantaneous mass of soot sample; 4 is the
254  preexponential factor; Ea is the activation energy; R is gas constant; 7 is the reaction
255  temperature of soot sample; » is reaction order, which is considered as 1; P and r are
256  partial pressure and reaction order of oxygen, respectively. The reaction order of
257  oxygen is determined to be 1 by referring to the previous studies [63-65]. Eq. (1) can
258  be rearranged as:

259 In(-dm/mdt)=In(AP) - Ea/RT (2)
260 where the oxidation kinetic parameters, Ea and 4, are estimated from the slope

261 and intercept of In(-dm/mdt) against I/T, respectively. The calculations of soot-
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oxidation kinetic analysis were shown in Fig. 7. As shown in Table 3, for

ATP200/CeO,/Soot, the Ea value is 138.6 kJ/mol, and 152.6 kJ/mol for the

Cord200/CeO,/Soot, 134.4 kJ/mol for the ATP325/CeO,/Soot, 144.5 kJ/mol for the

Cord325/Ce0O,/Soot. The Ea value of diesel soot is 178.9 kJ/mol, indicating that the

lowest soot oxidation reactivity. It can be seen the Ea with the order: ATP < Cord.

Higher Ea indicated lower oxidation reactivity, indicating more resistance towards

oxidation. The soot oxidation mechanism primarily depended on the reactive oxygen

species at catalyst-soot contact points. The CeO, coated on ATP produced rich array of

active oxygen catalytic sites, along with sufficient reaction surface area. In addition, the

well-dispersed nanostructure of ATP produced more contact points between CeO, and

oxygen, allowing it to reversibly exchange oxygen through oxidation reaction.

Relative Thermal Gravity (%)

100 === ATP200/CeO,/Soot
ATP325/Ce0O,/Soot
"""""""""" Cord200/CeO,/Soot
80 F Cord325/Ce0O,/Soot
e Diesel Soot
60 |
40 |
20
0F
L L L L
450 500 550 600

Temperature (°C)

Fig. 6. Thermogravimetric analysis for soot samples.
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Fig. 7. Soot-oxidation kinetic analysis based on an Arrhenius mode.

Table 3 Oxidation characteristic temperature and activation energy (Ea)

Samples T10°C T50°C T90°C Ea (kJ/mol)
Cord200/Ce0O,/Soot  501.6  576.6  609.8 152.6
Cord325/Ce0O,/Soot 4952 5757  608.8 144.5
ATP200/CeOy/Soot  485.7 562.9  596.7 138.6
ATP325/CeO,/Soot 488.6 5604  597.6 134.4

Diesel Soot 5229 583.7 6205 178.9

3.3 Morphology changes during thermal oxidation

3.3.1 SEM morphology

Shorter distance and more contact points between soot and catalyst represented

better catalytic performance of substrate porous material [66]. Consequently, it was

essential to investigate the morphology changes of ATP and Cord during thermal

oxidation process. The Fig. 8 shows typical SEM images of ATP200/CeO,/Soot,

Cord200/CeO,/Soot, ATP325/CeO,/Soot and Cord325/CeO,/Soot under different

oxidation degrees (0%, 50% and 100%).

In Fig. 8 (a) and (c), the enlarged images revealed that ATP was primarily

consisted of irregularly arranged rod-shaped structures. The yellow dotted lines were
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293  employed to completely circle the diesel soot particles in SEM images. The dispersed
294  soot particle aggregates were uniformly distributed within the ATP, ranging from 0.4-
295 1.2 um. A careful observation showed an important finding that most soot particle were
296  captured by the rod-like structure of ATP, which was favorable with the contact
297  between soot, CeO, and oxygen. At oxidation degree of 50%, ATP whiskers became
298  fewer in number and more scattered. Along with thermal oxidation, the diameter of soot
299  particle aggregate decreased to 0.2-0.6 pum. After thermal treatment, the morphology of
300 ATP was back to before its thermal oxidized, indicating better consistency of catalytic
301  performance. The change of fibrous or rod-like structure could be ignored. As shown
302 inFig. 8 (b) and (d), the soot particles on Cord displayed uniform and dense distribution.
303  Obviously, along with thermal oxidation, the dense soot particle distribution gradually
304  decreased obviously. Before oxidation, the diameter of soot particle aggregate was
305 above 3 um, completely covered by substrate material. At oxidation degree of 50%, the
306  surface soot particles were oxidized, the aggregate size decreased at least 1 pm.
307 Comparing with ATP, the block-like structure of Cord only acted as a substrate, and

308  did not promote the contact between soot, oxygen and CeO, catalyst.
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(© ATP200/CeO2/Soot-oxidized 0%

311

(d) Cord325/Ce02/ Soot-oxidized 0%

312
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313 Fig. 8. SEM morphology for substrate/ catalyst samples

314 3.3.2 Surface structure

315 To better understand the correlation between surface structure and catalytic
316  performance, the surface structures of ATP200/CeO,/Soot, Cord200/CeO,/Soot,
317  ATP325/CeO,/Soot and Cord325/CeO,/Soot were analyzed by BET. As shown in Fig.
318 9, the surface area and total pore volume of ATP are significantly larger than Cord
319  before and after oxidation, respectively. The special fibrous or rod-like structure of ATP
320  produced more pores with the increase of surface area. The block-like structure of Cord
321  had arelatively poor pore-forming capacity. Along with thermal oxidation, for each of
322  sample, the pore diameter increased, but pore volume decreased. The clay mesh number
323  had no obvious effect on pore volume. The pore volume and surface area decreased
324  which was caused by the thermal sintering.

325 There was a clear correlation between soot thermal oxidation temperature and
326  specific surface area. The soot oxidation temperature of substrate/catalyst sample
327  decreased with increased surface area and pore volume, which were beneficial for
328  catalytic oxidation performance. Higher surface area increased the number of active
329  catalytic site, thereby enhancing the soot oxidation reaction. The CeO, catalyst
330 generated more active sites, oxygen species and a stronger dispersion of active
331 components by large surface area of ATP, which improved the residence time and
332 deposition rate of soot particle. The interaction between soot particle, active site and
333 active oxygen species was enhanced by the increased surface area, resulting in higher
334  oxidation activity. Consequently, a fine and uniform distribution of CeO, was achieved
335  due to the large specific surface area and smaller pore size. These results well explained

336  why soot particles coated on ATP had better oxidation reactivity.
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Fig. 9. Surface structure of substrate/catalyst samples before and after oxidation: (a)
Surface are, (b) Pore diameter and (c) Pore volume.

3.3.3 Crystalline structure

In order to analyze the impact of thermal oxidation on ATP and Cord structures,
quantitative crystalline information was obtained by XRD. The XRD patterns of
substrate/catalyst samples under oxidation degrees of 0% and 50% are depicted in Fig.
10. The characteristic peak positions observed at 8.5°, 19.9° and 26.6° correspond to
the (110), (040) and (400) planes of ATP clay, respectively [67]. Due to the high degree
of ATP crystallinity, the most intense peak was located at 26.6°. The diffraction peak
observed at 8.5° was attributed to the basal spacing of ATP framework. The peak at

8.5° nearly disappeared after 50% partial oxidation, as evidenced by its markedly low
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350 intensity. The diffraction peak at near 8.5° was a characteristic peak of ATP, which is
351  different from other minerals. The (110) diffraction peak of ATP at 8.31° weakened
352 after hydrothermal reaction with a more obvious decreasing of peak intensity, resulting
353  from the partial collapse of the crystal framework [68]. The decreased intensity of ATP
354  diffraction peak at 8.4° derived from the increase of calcination temperature. Therefore,
355 this reduction was attributed to the decrease of the basal distance between interlayers
356 of ATP by thermal oxidation. Diffraction peaks at 28.5°, 33.0°, 47.5° and 56.4°
357  corresponded to the (111), (200), (220), and (311) planes of CeO,, respectively. These
358  peaks exhibited a cubic fluorite structure, in accordance with the standard JCPDS card
359  number 34-0394 [69]. During the thermal oxidation, the XRD pattern of CeO, showed
360  no significant changes, indicating the stability of the ATP/CeO, catalytic performance.
361 As illustrated in Fig. 10 (b), peaks located at 10.5°, 21.8°, and 26.4° are associated
362  with (110), (112) and (132) planes of Cord clay, respectively, based on JCPDS card
363  number 12-0303 [70]. The characteristic peaks of Cord remained unchanged before and
364  after thermal oxidation, confirming the structural integrity of its crystalline framework.
365 The block-like structure of Cord was not affected by thermal oxidation reaction.
366  Notably, the CeO, exhibited the highest lattice strain, which correlated with its elevated
367  catalytic activity. The intensity of the CeO, diffraction peaks corresponding to (200)
368  and (311) slightly decreased after thermal treatment. When CeO: was doped onto Cord,

369  the particle size and crystal structure of CeO, were influenced by thermal oxidation.



370

371
372

373

374

375

376

377

Page 27 of 89

ATP (400)

=
o
)
Q
D
&) =
| Q
| hed =
N S) c"
~ 7
] | ©
v
Q 1 |

(
F

“==7 ATP200/CeO,/Soot
/ -oxidized 0%

ATP325/CeO,/Soot
-oxidized 0%
) ATP325/Ce0,/Soot
L L L - " " " -oxidized 50%
10 20 30 40 50 60 70 80
degree
S
= $
= & 89
r <3 3
= :u
z £zl & < =
= £ 5| & g g
Tt =) ~ ~
° S S| ¢ | ?
O ©
n I
n I
va > va Cord200/Ce0,/Soot
-oxidized 0%
Cord325/Ce0,/Soot
-oxidized 0%
) ) ’ Cord325/CeO,/Soot
-oxidized 50%
10 20 30 40 50 60 70 80

degree (°)

Fig. 10. XRD patterns of substrate/catalyst samples under 0% and 50% oxidation
degrees: (a) ATP and (b) Cord.
3.3.4 Graphitization degree
To supplement the nanostructure information of substrate/catalyst samples, the
graphitization degree was assessed by Raman analysis. As illustrated in Fig. 11, the

3L1G method is employed for Raman spectrum curves fitting, which includes three
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378  Lorentzian bands at approximately 1590 cm™ (G band), 1360 cm™ (D1 band) and 1200
379 cm' (D4 band), along with a Gaussian band near 1500 cm™. The peak intensity of G
380  band corresponds to the in-plane bond stretching vibrations of ideal graphite, whereas
381 the D band is related to lower or minimal symmetry in hexagonally structured crystals
382  [71]. The relative ratios of D1 and G band areas (Ap;/Ag) are presented in Table 4, with
383  standard errors derived from three repeated tests. Some researchers have demonstrated
384 that a lower Ap;/Ag ratio represented higher graphitization degree of sample
385  nanostructure [72,73].

386 With a conversion rate of 50%, all of the Ap;/Ag values significantly decreased,
387 indicating the increase of soot graphitization degree. During thermal oxidation, the
388  number of graphite carbon layer increased with typical shell/core shape, consisting of
389  inner-core region and outer shell formed by well-ordered carbon layer [60]. The certain
390  functional groups between the carbon layers were removed, resulting in a more ordered
391  graphitic lattice structure [74]. In this study, the difference of Ap;/Ag between 0% and
392 50% oxidation degrees represented the soot aging degree. Notably, the Ap/Ag
393  difference of ATP sample was bigger than that of Cord. This indicated that the CeO,
394  coated on ATP had better catalytic performance because of higher oxygen capacity and
395  more active sites. This results also verified the thermal oxidation behavior in Section

396 3.2.
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Table 4 Ratios of Ap/Ag for samples

Samples Api/Ag Std.
ATP200/CeO,/Soot-oxidized 0% 2.76 0.1

Cord200/CeO,/Soot-oxidized 0% 2.43 0.01
ATP325/CeO,/Soot-oxidized 0% 2.46 0.09
Cord325/CeQ,/Soot-oxidized 0% 2.5 0.04
ATP200/CeO,/Soot-oxidized 50%  2.22 0.03
Cord200/Ce0O,/Soot-oxidized 50%  2.33 0.01
ATP325/CeO,/Soot-oxidized 50%  2.08 0.04
Cord325/Ce0O2 /Soot-oxidized 50% 2.36 0.03
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Based on the above analysis of morphology characteristics, there was an efficient

heat recovery mechanism after thermal oxidation for ATP. The SEM analysis of ATP

revealed minor changes in the material's morphology microstructure. Before and after

thermal oxidation, the irregularly arranged rod-shaped structures were always presented

in ATP whiskers. Similarly, the block-like structure of Cord only acted as a substrate.

The effect of thermal oxidation on the block-like structure of Cord could almost be
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406  ignored. The XRD peak intensities of ATP characteristic peaks corresponding to (040)
407  and (400) planes and Cord characteristic peaks corresponding to (110), (112) and (132)
408  showed no changes after oxidized 50%, indicating better stability of crystalline
409  structure. Meanwhile, the peak intensities of CeO, characteristic peaks had no changes
410  before and after oxidation. To better evaluate the cyclic stability of substrate materials,
411  the BET analysis was performed before and after thermal oxidation. The change rates
412 of pore volume and pore diameter of Cord before and after thermal oxidation are less
413 than 15%. Although the surface area of ATP decreased from 81.9 to 44.2 m?/g, it is also
414  significantly bigger than that of Cord. Therefore, in present study, both substrate
415  materials of catalyst demonstrated superior stability.

416 In summary, the position relationship between soot particle, oxygen and CeO,
417  catalyst within the ATP and Cord substrates are illustrated in Fig. 12. The morphology
418  characteristics were critical factors in terms of catalytic performance. Comparing with
419  block-like structure of Cord, the fibrous or rod-like structure of ATP produced higher
420  surface area and pore volume, which could capture more soot particles because of its
421 higher specific surface area, pore volume, as well as higher capacity of CeO, catalyst
422 and oxygen molecules. On the other hand, the distances between soot, catalyst and
423 oxygen played a crucial role in catalytic reaction, which decreased by the fibrous or
424 rod-like structures of ATP, as well as higher catalytic activity. The fibrous morphology
425  was the best one for passive regeneration, which promoted solid—solid interaction. The
426  morphology of ATP showed special fibrous or rod-like structure. The solid—solid

427  interactions between CeQ, catalyst and soot particles were enhanced by fibrous or rod-
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like structure of ATP, indicating more complete catalytic reaction.

(b) Cord/CeO,/Soot

. Soot particle @ CeO, catalyst ® O,

Fig. 12. Schematics of oxygen-soot-catalyst contact condition in different catalyst
substrates of (a) ATP and (b) Cord
4. Conclusion
Based on thermal oxidation test, the morphological characteristics of ATP and
Cord were measured. The main conclusions are as follows:
(1) The special fibrous or rod-like structure of ATP produced more pore volume and

surface area. There was a heat recovery mechanism that the morphology of ATP
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was back to what it was before thermal oxidation, indicating favorable consistency
of catalytic performance. However, the basal spacing of ATP framework was
reduced by thermal oxidation.

(2) Increasing the oxidation conversion led to the decrease of uniform and dense
distribution of soot particle on Cord surface. The block-like structure of Cord only
acted as a substrate, and does not promote the contact between soot, oxygen and
CeO, catalyst. The XRD diffraction peak of Cord exhibited no changes before and
after thermal oxidation, which confirmed that the crystalline structure of Cord
remained intact during thermal oxidation.

(3) The ATP provided more active sites of catalyst and sufficient reaction surface area
for the soot-O,-CeO, reaction, resulting in higher soot graphitization degree. The
oxidation reactivity of ATP/CeO,/Soot system was higher than Cord/CeO,/Soot
system, in which a certain decrease of activation energy and characteristic oxidation
temperatures.

The future research should focus on the comparison of structural stability and
particulate filter efficiency between ATP and Cord. The difference of soot oxidation
behavior between ATP and Cord in real DPF channels will be investigated.
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Abstract

The diesel particulate filter (DPF) is one of the most effective devices for reducing
particulate emission, where the continuous DPF regeneration is necessary for
maintaining filter efficiency. There is currently a lack of investigation on the effect of
thermal oxidation on morphological characteristics of substrate materials. In this study,
the cordierite (Cord) and attapulgite (ATP) powders were mixed with CeO,, serving as
substrate and catalyst, respectively. The soot particles were collected from a heavy-duty
diesel engine. Through the thermal oxidation from 450 to 650 °C, it was found that the
special fibrous or rod-like structure of ATP produced more pore volume and surface
area, as well as an efficient heat recovery mechanism after thermal oxidation. The
block-like structure of Cord only acted as a substrate, maintaining its intact
crystalline structure during thermal oxidation. Notably, the oxidation reactivity of
ATP/CeO,/Soot was higher than Cord/CeO,/Soot because the ATP generated more
catalyst active sites and sufficient contact area for the soot-oxygen-CeO, reaction. This

study expands the potential application of ATP as DPF substrate material.
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1. Introduction

Diesel particulate matter contributes to serious environmental issues including
haze and photochemical smog. The diesel particulate filter (DPF) showed significant
potential for particulate reduction and typically achieving filtration efficiencies
exceeding 95% [1]. In DPF, the soot particle layer must be removed by regeneration
either periodically or continuously to prevent the increase of backpressure and fuel
consumption [2, 3]. The active regeneration involved by soot particles burning above
550 °C in exhaust. The DPF regeneration process was a complex and endothermic
reaction process. The catalyst substrate structural characteristics were affected by heat
release during regeneration [4-6].

In order to improve active regeneration performance of DPF, the thermal
management for parallel channels has been widely researched [7,8]. Yu et al. [9]
reported that the DPF heat transfer properties depend on the heat capacitance ratio and
the hydraulic parameters. With the decrease of the DPF substrate thickness, the speed
of the temperature front was improved. Fang et al. [10] suggested that the peak substrate
temperature of substrate material was affected by regeneration temperatures, while
decreasing exhaust flow rate and improving regeneration temperature resulted in higher
peak substrate temperature and maximum temperature gradients. Lee et al. [11]
reported that the thermal capacity and heat transfer rate of DPF parallel channels were
influenced by oxygen concentration and maximum wall temperature. Higher oxygen

concentration led to thermal failure, while higher soot deposition with the higher
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regeneration temperature produced the best regeneration performance [12]. Meng et al.
[13,14] cordierite structure could change to some extent at high temperature, which
affected the filtration efficiency. High temperature airflow and microporous expansion
enhanced particle penetration.

The materials used for manufacturing DPF played an important role in
regeneration process [8,15]. The channels of DPF consist of porous substrate material
included cordierite, silicon carbide, acicular mullite, aluminum titanate, metal foams
and fibers [16]. Cordierite (abbreviated hereafter as Cord), derived from a mixture
containing clay [Mg,Al4SiOs], served as the primary component of DPF catalyst
substrate. It was reported that the Cord is known to form at high temperature sintering
method, which has a dense microstructure with evenly distributed grains and few small
pores [17]. The Cord had favorable thermal expansion coefficient and resistance to
cracking from material fatigue, and an excellent thermal shock resistance [18-21]. Xu
et al. [22] mentioned that the flow uniformity and pressure drop of DPF channels were
affected by the permeation resistance of the Cord substrate material. It has been
confirmed that cordierite mixed with a small amount of CeO, showed unique oxygen
storage capacity, which was recommended as a suitable catalytic converter for
regeneration [23-25]. Zeng et al. [26] found that CeO, nanoparticles could provide a
higher surface area without any heat treatment. The CeO, could be uniformly
distributed across the interconnected pores of cordierite. Liu et al. [27] reported that the
incorporation of CeO, facilitated the phase transformation of Cord, increasing

permeability and larger pore sizes. In addition, to promote solid—solid interaction, some
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new morphologies of ceria-based catalyst have been proposed, such as fibers, sticks,
flakes, cubes, rods and stars. Among them, fibrous morphology was the best one for
passive regeneration [28]. Zhang et al. [29] suggested that aluminum borate whiskers
with cilia-like microstructure improved soot capture ability and low-temperature
catalytic oxidation ability of soot. The filter efficiency, trapped soot particle distribution
and catalyst content were affected by porous media in substrate material [30,31].

To improve temperature resistance and regeneration performance, researchers
have continuously explored new carrier materials. At present, research on DPF
substrate material was mainly focused on structural parameters [32-36]. Attapulgite
(hereafter abbreviated as ATP) is a type of hydrated magnesium-aluminum silicate
mineral [(H,0)4(Mg,AlFe)s(OH),SigO5-4H,0] [22]. ATP has been widely used as
catalyst substrate material because of its larger surface area, pore volume and thermal
stability [37,38]. Cao et al. [39] demonstrated that the CuO catalyst doped over ATP
showed good catalytic activity and thermal stability for CO oxidation. Zhu et al. [40]
found that TiO, coated on ATP has been utilized to remove gaseous carbon disulfide
(CS,) from air. Larger surface area of ATP improved CS, removal efficiency.
Additionally, ATP was employed as a catalyst support to remove diesel engine NOx
emission, showing excellent performance [41].

The most direct influence on soot oxidation behavior is the contact point,
which is determined by substrate material. However, there is a lack of investigation on
structural changes of catalyst substrate material during thermal oxidation treatment.

The larger surface area and pore volume of ATP were favorable for soot particle
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89  deposition and catalytic reaction. Therefore, this study aimed to comprehensively

90 evaluate the effect of thermal oxidation on morphological characteristics of Cord and

91  ATP using various characterization techniques. Four types of ATP and Cord substrates

92  were tested by thermal oxidation. The results revealed the impact of thermal oxidation

93  on morphology, surface structure, crystalline structure and graphitization degree of

94  substrate material. Additionally, the catalytic performances of CeO, coated on ATP and

95  Cord were evaluated.

96 2. Experimental methodology

97 2.1 Experiment material

98 In present study, for thermal oxidation reaction, CeO, powder (99.99% purity,

99  Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) was selected as catalyst. It
100  was reported that the CeO, catalyst doped over Cord exhibited significant oxygen
101  storage capacity, appropriate porosity, flexural strength and thermal expansion
102 coefficient [42,43]. The ATP powder, characterized by an average crystal diameter of
103 40~50 nm and honeycomb pore dimension measuring 0.38 nm X 0.63 nm, was
104  produced from Gansu RongWan Science and Technology Co., Ltd. Cord powder was
105  produced from Henan Hengyang Refractory Materials Co., Ltd., Henan, China. The
106  ATP and Cord clays were used without any further purification, which were used as the
107  porous substrates in this study. The ATP and Cord powders were selected based on
108  their mesh sizes, specifically 200 mesh (particle diameter: 74 um) and 325 mesh
109  (particle diameter: 46 um), respectively. A series of ATP/CeO, or Cord/CeO, samples

110  were obtained so-called tight-contact mode by a pestle to grind carrier for 5 min, which
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111 was synthesized by mechanical grinding method. The mass ratio of substrate and CeO,
112 was prepared by 1/1 (100 mg/100 mg).

113 The most direct influence on soot oxidation behavior was the contact point
114  between soot particle, catalyst and substrate, which was difficult to research in molded
115  DPF filter [44,45]. Some researchers have evaluated catalyst activity towards soot
116  oxidation by powder form due to its superior dispersion [46,47]. The powdered Cord
117 and ATP as substrate material increased the effective contact area between soot
118  particles and catalyst. The interaction between the microstructure of catalyst substrate
119  and thermal oxidation could also be observed visually. In order to figure out the effect
120  of mechanical grinding on particle sizes of ATP and Cord, the effect of mechanical
121 grinding on particle size were analyzed by laser particle size distribution instrument
122 (BT-9300H), which has been listed in Fig. 1. It was shown that the volume mean
123 diameter of ATP/CeQO, and Cord/CeO, decreased by 1-2 pm after mechanical grinding.
124  The particle size of the Cord and ATP samples remained unchanged, which had little
125  effect on the experimental results. The substrate/CeO, samples are named as

126  ATP200/CeO,, ATP325/Ce0,, Cord200/CeO, and Cord 325/CeO,.
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40

- Before mechanical grinding
35 - After mechanical grinding

Volume mean diameter (um)

ATP200/CeO, Cord200/CeO, ATP325/CeO, Cord325/CeO,

127

128 Fig. 1. Volume diameter of substrate/catalyst samples before and after mechanical
129 grinding.

130 A heavy-duty diesel engine was employed to generate soot particles under steady-

131  state condition (1500 r/min and 200 Nm). A comprehensive description of engine setup
132 along with the sampling system is illustrated in Fig. 2. The engine specifications are
133 detailed in Table 1. Soot particles were collected from the raw exhaust using 47 mm
134  quartz fiber filters (2500QRT-UP, PALL) equipped with an automated filter support.
135  The quartz fiber filters exhibited a precision of 0.3 um with an aerosol retention rate of
136  99.9%. The sampling temperature was maintained at 55 + 3 °C, with sampling duration
137  of 90 min and sample flow rate of 1 L/s. In order to get enough samples for further
138  analysis, the sampling time was controlled at 2 hours or longer. Subsequently, the
139  particles attached to the filter paper surface were carefully scraped off from the paper
140 filters. During this process, the filter paper was guaranteed not to be damaged, and the

141  interference of filter paper could be removed. To prevent atmospheric moisture from
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142 affecting the samples, the soot particle samples were stored in a desiccator after each
143 measurement [48]. There pre-treatments like ultrasonic wave treatment and centrifugal
144  separation in dichloromethane solvent were not employed in this study [49].

145 In order to simulate soot oxidation real DPF channels, the powdered soot particle
146  and substrate/catalyst sample were mixed by gently shaking with a vortex mixer for 2
147  min at a weight ratio of 1:10 (10 mg of soot particle to 100 mg of substrate/catalyst),
148  which was named as loose-contact mode and be employed in many literatures [50-53].
149  When the soot particles trapped inside the DPF channels, the oxidation rate of soot was
150 related to the effective contact area of the catalyst [54,55]. The experimental method
151  employed in this study revealed the difference of contact conditions between Cord, ATP,
152 CeO; and soot particles. The key influencing the catalytic performance was the porosity
153  in the DPF substrate [56,57]. The powdered soot-substrate mixtures could provide the
154  influence of substrate material porous structure on intrinsic activity of catalyst materials.
155 The samples were labeled as ATP200/CeO,/Soot, ATP325/CeO,/Soot,

156  Cord200/CeO,/Soot and Cord 325/CeO,/Soot.
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158 Fig. 2. Schematic diagram of the engine set-up and sampling system
159 Table 1 Engine specifications

Categories Properties

Number of cylinders 4

Max speed 2800 r/min

Stroke 118 mm

Bore 102 mm

Compression ratio 17:1

Valves per cylinder 4

Displacement 3.865L

Fuel injection system  Common rail direct injection

160 2.2 Characterization methods

161 The morphological characteristics analyzed in this study mainly include
162  morphology, surface structure, crystalline structure and graphitization degree. The
163  morphology was characterized by scanning electron microscopy (SEM, Hitachi
164  Regulus 8100, Japan), coupled with energy dispersive spectroscopy (EDS, INCA-350,
165  Oxford, UK). EDS was employed to examine the elemental distribution on sample
166  surface. The surface area and total pore volume were determined through N,
167  physisorption under -196 °C using Micromeritics TriStar IT1 3030 (USA), in accordance
168  with the Brunauer-Emmett-Teller (BET) method for physical adsorption, as well as the
169  Barrett-Joyner-Halenda (BJH) method for pore diameter. The crystalline structure of
170  sample was analyzed using X-ray diffraction (XRD, Bruker AXS D8-Focus, Germany).
171 Standard Cu/Ka radiation (A = 0.154 nm) was utilized at 40 kV and 40 mA, covering a
172 scanning range of 3° to 90°. The standard compounds reported in the JCPDS database
173 were employed to identify the diffraction peaks corresponding to the crystalline phases,
174  which primarily facilitated the identification of mineral phases. Qualitative analysis

175  was performed by the MDI Jade 6.0 computer program.
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176 Table 2 The TGA specific heat-up program

Stages  Descriptions

0 Samples in nitrogen

1 Initial temperature 25 °C

2 Ramp 10 °C/min to 450 °C
3 Isothermal for 30 min

4 Air introduced

5 Ramp 2.5 °C/min to 650 °C

177 The soot graphitization degree was assessed by Raman analysis. The first-order
178  original spectrum of the substrate/catalyst sample was obtained through Raman
179  spectrometer with a wavelength of 514.5 nm and source power of 9.3 uW. The low-
180  pressure atomic line lamp was used to calibrate the spectral resolution of the Raman
181  spectrometer. The soot oxidation rate was analyzed using ZCT-A Simultaneous
182  Thermal Analyzer. The thermal treatment is listed in Table 2. The volatile organic
183  fraction, which was mainly consisted of organic carbon, could be removed by thermal
184  treatment [58,59]. To remove organic carbon, the soot particle sample was heated to
185 450 °C and then maintained for 30 min, utilizing high-purity nitrogen as protective gas.
186  During the oxidation stage, air was introduced as oxidizing gas with the temperature
187  increasing from 450 to 650 °C, ensuring complete oxidation during the regeneration
188  process [60]. Additionally, partially oxidized soot samples with a conversion rate of 50%
189  were obtained for further characterization, which were named as ATP200/CeQO,/Soot-
190  oxidized 50%, Cord200/CeO,/Soot-oxidized 50%, ATP325/CeO,/Soot-oxidized 50%
191  and Cord325/CeO,/Soot-oxidized 50%. All results were expected to provide

192  information about the morphological characteristics of Cord and ATP during the
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193  thermal oxidation.

194 3. Results and discussion

195 3.1 Characterization of substrate/catalyst

196 To better understand the changes of morphology and nanostructure during
197  oxidation thermal, the morphology and elemental composition of ATP/Cord doped over
198  CeO, were analyzed by SEM-EDS. The Fig. 3 illustrates the typical images of
199  ATP200/CeO,, ATP325/CeO,, Cord200/CeO, and Cord 325/CeO, without thermal
200 treatment. High magnification images were employed to analyze morphological
201  relationship between substrate and soot, revealing significant differences in texture, size
202 and dispersion. All samples exhibited numerous typical fibers approximately 0.5 to 2
203 um in length, arranged into bundles. The morphology of ATP clay confirmed the
204  fibrous or rod-like structure. The whisker-like surface was believed to enhance soot
205  particle filter. On the other hand, the Cord displayed a block-like structure with some
206 clumps and smooth surfaces, which was associated with its slipperiness. The

207  morphology of Cord showed varying degrees of micro-cracking.

ATP200/CeO2 Cord200/Ce0O2
k! #7° 5

208
209 Fig. 3. SEM images for substrate/catalyst samples.
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Fig. 4. Elemental mapping for catalyst/substrate samples.
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Fig. 5. The elemental mass fraction in catalyst/substrate samples.
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215 To identify and trace the clay and catalyst elements in the ATP/Cord, EDX
216  mappings were conducted for each sample. The Fig. 4 shows the elemental analysis
217  results of ATP200/CeO,, ATP325/Ce0,, Cord200/CeO, and Cord 325/CeO,. The mass
218  fractions of Ce, O, Si and Mg are listed in Fig. 5. The Ce (pink) was totally from CeO,
219  catalyst which was tightly contacted with ATP/Cord by grinding method. The electron
220 probe moved over the surface in raster fashion, and a map of surface composition was
221 conducted. The EDS could reveal the element distribution and concentration on the
222 sample surface. The fibrous or rod-like structure of ATP produced higher surface area
223 and pore volume, which promote the CeO, to enter the pores. However, due to the
224  block-like structure of Cord, the catalyst particles mainly distributed on Cord surface.
225  Therefore, the Cord might display higher relative content of Ce in EDS mapping. The
226 distribution of cerium was more compact and uniformly shaped, indicating higher
227  concentration and intensity. The CeO, coated on substrate external surface
228  demonstrated a better catalytic performance. The Si (blue) and Mg (yellow) signals
229  were generated by compositions presented in Cord and ATP substrates. As anticipated,
230  Si (blue) and O (green) elements were two dominant in ATP/Cord, which shared the
231 same spots in EDS mapping. For ATP and Cord silicate minerals, there were similar
232 distribution for these four elements. The O was the most abundant element for all
233 samples. It was clearly that the relative content of Ce element in Cord was bigger than

234 it in ATP due to smaller molecular mass of Cord material.

235 3.2 Thermal oxidation behavior

236 To analyze the change of morphology and nanostructure of ATP and Cord during
237  thermal treatment, the oxidation tests from 450 to 650 °C were conducted on TGA. The
238 normalized mass loss versus temperature curves of ATP200/CeO,/Soot,

239 Cord200/CeO,/Soot, ATP325/CeO,/Soot and Cord325/CeO,/Soot are presented in Fig.
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240 6. Comparing with Cord, the ATP resulted in notable leftward shift of mass loss curves,
241  indicating an enhancement on soot oxidation. The oxidation behavior of diesel soot was
242 also tested. Obviously, the Cord or ATP mixed with CeO, showed higher soot oxidation
243 reactivity than diesel soot.

244 The temperatures defined as T10, T50, and T90 corresponded to soot samples with
245  10%, 50%, and 90% mass loss, respectively. Lower characteristic temperature indicated
246  that higher oxidation rate [61,62]. As shown in Table 3, when the Cord was replaced
247 by ATP, the T10, T50, and T90 for 200 mesh samples decreased by 15.9 °C, 13.7 °C
248 and 13.1 °C, respectively. For 325 mesh samples, the T10, T50 and T90 decreased by
249 6.6 °C, 15.3 °C and 11.2 °C, respectively. In addition, to quantitatively evaluate the
250 oxidation reactivity of soot samples, activation energy (Ea) was derived from TGA
251  curve through the Arrhenius model in Eq. (1).

252 -dm/dt=A - exp(-Ea/RT) - m" - P’ (1)
253 where 7 is the reaction time; m is the instantaneous mass of soot sample; 4 is the
254  preexponential factor; Ea is the activation energy; R is gas constant; 7 is the reaction
255  temperature of soot sample; » is reaction order, which is considered as 1; P and r are
256  partial pressure and reaction order of oxygen, respectively. The reaction order of
257  oxygen is determined to be 1 by referring to the previous studies [63-65]. Eq. (1) can
258  be rearranged as:

259 In(-dm/mdt)=In(AP) - Ea/RT (2)
260 where the oxidation kinetic parameters, Ea and 4, are estimated from the slope

261 and intercept of In(-dm/mdt) against I/T, respectively. The calculations of soot-
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oxidation kinetic analysis were shown in Fig. 7. As shown in Table 3, for

ATP200/CeO,/Soot, the Ea value is 138.6 kJ/mol, and 152.6 kJ/mol for the

Cord200/CeO,/Soot, 134.4 kJ/mol for the ATP325/CeO,/Soot, 144.5 kJ/mol for the

Cord325/Ce0O,/Soot. The Ea value of diesel soot is 178.9 kJ/mol, indicating that the

lowest soot oxidation reactivity. It can be seen the Ea with the order: ATP < Cord.

Higher Ea indicated lower oxidation reactivity, indicating more resistance towards

oxidation. The soot oxidation mechanism primarily depended on the reactive oxygen

species at catalyst-soot contact points. The CeO, coated on ATP produced rich array of

active oxygen catalytic sites, along with sufficient reaction surface area. In addition, the

well-dispersed nanostructure of ATP produced more contact points between CeO, and

oxygen, allowing it to reversibly exchange oxygen through oxidation reaction.

Relative Thermal Gravity (%)

100 === ATP200/CeO,/Soot
ATP325/Ce0O,/Soot
"""""""""" Cord200/CeO,/Soot
80 F Cord325/Ce0O,/Soot
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Fig. 6. Thermogravimetric analysis for soot samples.
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Fig. 7. Soot-oxidation kinetic analysis based on an Arrhenius mode.

Table 3 Oxidation characteristic temperature and activation energy (Ea)

Samples T10°C T50°C T90°C Ea (kJ/mol)
Cord200/Ce0O,/Soot  501.6  576.6  609.8 152.6
Cord325/Ce0O,/Soot 4952 5757  608.8 144.5
ATP200/CeOy/Soot  485.7 562.9  596.7 138.6
ATP325/CeO,/Soot 488.6 5604  597.6 134.4

Diesel Soot 5229 583.7 6205 178.9

3.3 Morphology changes during thermal oxidation

3.3.1 SEM morphology

Shorter distance and more contact points between soot and catalyst represented

better catalytic performance of substrate porous material [66]. Consequently, it was

essential to investigate the morphology changes of ATP and Cord during thermal

oxidation process. The Fig. 8 shows typical SEM images of ATP200/CeO,/Soot,

Cord200/CeO,/Soot, ATP325/CeO,/Soot and Cord325/CeO,/Soot under different

oxidation degrees (0%, 50% and 100%).

In Fig. 8 (a) and (c), the enlarged images revealed that ATP was primarily

consisted of irregularly arranged rod-shaped structures. The yellow dotted lines were
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293  employed to completely circle the diesel soot particles in SEM images. The dispersed
294  soot particle aggregates were uniformly distributed within the ATP, ranging from 0.4-
295 1.2 um. A careful observation showed an important finding that most soot particle were
296  captured by the rod-like structure of ATP, which was favorable with the contact
297  between soot, CeO, and oxygen. At oxidation degree of 50%, ATP whiskers became
298  fewer in number and more scattered. Along with thermal oxidation, the diameter of soot
299  particle aggregate decreased to 0.2-0.6 pum. After thermal treatment, the morphology of
300 ATP was back to before its thermal oxidized, indicating better consistency of catalytic
301  performance. The change of fibrous or rod-like structure could be ignored. As shown
302 inFig. 8 (b) and (d), the soot particles on Cord displayed uniform and dense distribution.
303  Obviously, along with thermal oxidation, the dense soot particle distribution gradually
304  decreased obviously. Before oxidation, the diameter of soot particle aggregate was
305 above 3 um, completely covered by substrate material. At oxidation degree of 50%, the
306  surface soot particles were oxidized, the aggregate size decreased at least 1 pm.
307 Comparing with ATP, the block-like structure of Cord only acted as a substrate, and

308  did not promote the contact between soot, oxygen and CeO, catalyst.
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313 Fig. 8. SEM morphology for substrate/ catalyst samples

314 3.3.2 Surface structure

315 To better understand the correlation between surface structure and catalytic
316  performance, the surface structures of ATP200/CeO,/Soot, Cord200/CeO,/Soot,
317  ATP325/CeO,/Soot and Cord325/CeO,/Soot were analyzed by BET. As shown in Fig.
318 9, the surface area and total pore volume of ATP are significantly larger than Cord
319  before and after oxidation, respectively. The special fibrous or rod-like structure of ATP
320  produced more pores with the increase of surface area. The block-like structure of Cord
321  had arelatively poor pore-forming capacity. Along with thermal oxidation, for each of
322  sample, the pore diameter increased, but pore volume decreased. The clay mesh number
323  had no obvious effect on pore volume. The pore volume and surface area decreased
324  which was caused by the thermal sintering.

325 There was a clear correlation between soot thermal oxidation temperature and
326  specific surface area. The soot oxidation temperature of substrate/catalyst sample
327  decreased with increased surface area and pore volume, which were beneficial for
328  catalytic oxidation performance. Higher surface area increased the number of active
329  catalytic site, thereby enhancing the soot oxidation reaction. The CeO, catalyst
330 generated more active sites, oxygen species and a stronger dispersion of active
331 components by large surface area of ATP, which improved the residence time and
332 deposition rate of soot particle. The interaction between soot particle, active site and
333 active oxygen species was enhanced by the increased surface area, resulting in higher
334  oxidation activity. Consequently, a fine and uniform distribution of CeO, was achieved
335  due to the large specific surface area and smaller pore size. These results well explained

336  why soot particles coated on ATP had better oxidation reactivity.
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Fig. 9. Surface structure of substrate/catalyst samples before and after oxidation: (a)
Surface are, (b) Pore diameter and (c) Pore volume.

3.3.3 Crystalline structure

In order to analyze the impact of thermal oxidation on ATP and Cord structures,
quantitative crystalline information was obtained by XRD. The XRD patterns of
substrate/catalyst samples under oxidation degrees of 0% and 50% are depicted in Fig.
10. The characteristic peak positions observed at 8.5°, 19.9° and 26.6° correspond to
the (110), (040) and (400) planes of ATP clay, respectively [67]. Due to the high degree
of ATP crystallinity, the most intense peak was located at 26.6°. The diffraction peak
observed at 8.5° was attributed to the basal spacing of ATP framework. The peak at

8.5° nearly disappeared after 50% partial oxidation, as evidenced by its markedly low
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350 intensity. The diffraction peak at near 8.5° was a characteristic peak of ATP, which is
351  different from other minerals. The (110) diffraction peak of ATP at 8.31° weakened
352 after hydrothermal reaction with a more obvious decreasing of peak intensity, resulting
353  from the partial collapse of the crystal framework [68]. The decreased intensity of ATP
354  diffraction peak at 8.4° derived from the increase of calcination temperature. Therefore,
355 this reduction was attributed to the decrease of the basal distance between interlayers
356 of ATP by thermal oxidation. Diffraction peaks at 28.5°, 33.0°, 47.5° and 56.4°
357  corresponded to the (111), (200), (220), and (311) planes of CeO,, respectively. These
358  peaks exhibited a cubic fluorite structure, in accordance with the standard JCPDS card
359  number 34-0394 [69]. During the thermal oxidation, the XRD pattern of CeO, showed
360  no significant changes, indicating the stability of the ATP/CeO, catalytic performance.
361 As illustrated in Fig. 10 (b), peaks located at 10.5°, 21.8°, and 26.4° are associated
362  with (110), (112) and (132) planes of Cord clay, respectively, based on JCPDS card
363  number 12-0303 [70]. The characteristic peaks of Cord remained unchanged before and
364  after thermal oxidation, confirming the structural integrity of its crystalline framework.
365 The block-like structure of Cord was not affected by thermal oxidation reaction.
366  Notably, the CeO, exhibited the highest lattice strain, which correlated with its elevated
367  catalytic activity. The intensity of the CeO, diffraction peaks corresponding to (200)
368  and (311) slightly decreased after thermal treatment. When CeO: was doped onto Cord,

369  the particle size and crystal structure of CeO, were influenced by thermal oxidation.
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Fig. 10. XRD patterns of substrate/catalyst samples under 0% and 50% oxidation
degrees: (a) ATP and (b) Cord.
3.3.4 Graphitization degree
To supplement the nanostructure information of substrate/catalyst samples, the
graphitization degree was assessed by Raman analysis. As illustrated in Fig. 11, the

3L1G method is employed for Raman spectrum curves fitting, which includes three
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378  Lorentzian bands at approximately 1590 cm™ (G band), 1360 cm™ (D1 band) and 1200
379 cm' (D4 band), along with a Gaussian band near 1500 cm™. The peak intensity of G
380  band corresponds to the in-plane bond stretching vibrations of ideal graphite, whereas
381 the D band is related to lower or minimal symmetry in hexagonally structured crystals
382  [71]. The relative ratios of D1 and G band areas (Ap;/Ag) are presented in Table 4, with
383  standard errors derived from three repeated tests. Some researchers have demonstrated
384 that a lower Ap;/Ag ratio represented higher graphitization degree of sample
385  nanostructure [72,73].

386 With a conversion rate of 50%, all of the Ap;/Ag values significantly decreased,
387 indicating the increase of soot graphitization degree. During thermal oxidation, the
388  number of graphite carbon layer increased with typical shell/core shape, consisting of
389  inner-core region and outer shell formed by well-ordered carbon layer [60]. The certain
390  functional groups between the carbon layers were removed, resulting in a more ordered
391  graphitic lattice structure [74]. In this study, the difference of Ap;/Ag between 0% and
392 50% oxidation degrees represented the soot aging degree. Notably, the Ap/Ag
393  difference of ATP sample was bigger than that of Cord. This indicated that the CeO,
394  coated on ATP had better catalytic performance because of higher oxygen capacity and
395  more active sites. This results also verified the thermal oxidation behavior in Section

396 3.2.
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Fig. 11. Raman spectrum analysis and curve fit.

Table 4 Ratios of Ap/Ag for samples

Samples Api/Ag Std.
ATP200/CeO,/Soot-oxidized 0% 2.76 0.1

Cord200/CeO,/Soot-oxidized 0% 2.43 0.01
ATP325/CeO,/Soot-oxidized 0% 2.46 0.09
Cord325/CeQ,/Soot-oxidized 0% 2.5 0.04
ATP200/CeO,/Soot-oxidized 50%  2.22 0.03
Cord200/Ce0O,/Soot-oxidized 50%  2.33 0.01
ATP325/CeO,/Soot-oxidized 50%  2.08 0.04
Cord325/Ce0O2 /Soot-oxidized 50% 2.36 0.03
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Based on the above analysis of morphology characteristics, there was an efficient

heat recovery mechanism after thermal oxidation for ATP. The SEM analysis of ATP

revealed minor changes in the material's morphology microstructure. Before and after

thermal oxidation, the irregularly arranged rod-shaped structures were always presented

in ATP whiskers. Similarly, the block-like structure of Cord only acted as a substrate.

The effect of thermal oxidation on the block-like structure of Cord could almost be
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406  ignored. The XRD peak intensities of ATP characteristic peaks corresponding to (040)
407 and (400) planes and Cord characteristic peaks corresponding to (110), (112) and (132)
408 showed no changes after oxidized 50%, indicating better stability of crystalline
409  structure. Meanwhile, the peak intensities of CeO, characteristic peaks had no changes
410 before and after oxidation. To better evaluate the cyclic stability of substrate materials,
411  the BET analysis was performed before and after thermal oxidation. The change rates
412  of pore volume and pore diameter of Cord before and after thermal oxidation are less
413 than 15%. Although the surface area of ATP decreased from 81.9 to 44.2 m?/g, it is also
414  significantly bigger than that of Cord. Therefore, in present study, both substrate
415  materials of catalyst demonstrated superior stability.

416 In summary, the position relationship between soot particle, oxygen and CeO,
417  catalyst within the ATP and Cord substrates are illustrated in Fig. 12. The morphology
418  characteristics were critical factors in terms of catalytic performance. Comparing with
419  block-like structure of Cord, the fibrous or rod-like structure of ATP produced higher
420  surface area and pore volume, which could capture more soot particles because of its
421 higher specific surface area, pore volume, as well as higher capacity of CeO, catalyst
422 and oxygen molecules. On the other hand, the distances between soot, catalyst and
423 oxygen played a crucial role in catalytic reaction, which decreased by the fibrous or
424  rod-like structures of ATP, as well as higher catalytic activity. The fibrous morphology
425  was the best one for passive regeneration, which promoted solid—solid interaction. The
426  morphology of ATP showed special fibrous or rod-like structure. The solid—solid

427  interactions between CeO, catalyst and soot particles were enhanced by fibrous or rod-
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like structure of ATP, indicating more complete catalytic reaction.

(b) Cord/CeO,/Soot

. Soot particle @ CeO, catalyst ® O,

Fig. 12. Schematics of oxygen-soot-catalyst contact condition in different catalyst
substrates of (a) ATP and (b) Cord
4. Conclusion
Based on thermal oxidation test, the morphological characteristics of ATP and
Cord were measured. The main conclusions are as follows:
(1) The special fibrous or rod-like structure of ATP produced more pore volume and

surface area. There was a heat recovery mechanism that the morphology of ATP
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was back to what it was before thermal oxidation, indicating favorable consistency
of catalytic performance. However, the basal spacing of ATP framework was
reduced by thermal oxidation.

(2) Increasing the oxidation conversion led to the decrease of uniform and dense
distribution of soot particle on Cord surface. The block-like structure of Cord only
acted as a substrate, and does not promote the contact between soot, oxygen and
CeO, catalyst. The XRD diffraction peak of Cord exhibited no changes before and
after thermal oxidation, which confirmed that the crystalline structure of Cord
remained intact during thermal oxidation.

(3) The ATP provided more active sites of catalyst and sufficient reaction surface area
for the soot-O,-CeO, reaction, resulting in higher soot graphitization degree. The
oxidation reactivity of ATP/CeO,/Soot system was higher than Cord/CeO,/Soot
system, in which a certain decrease of activation energy and characteristic oxidation
temperatures.

The future research should focus on the comparison of structural stability and
particulate filter efficiency between ATP and Cord. The difference of soot oxidation
behavior between ATP and Cord in real DPF channels will be investigated.
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Dear editor and reviewers,
Thanks a lot for your time and valuable comments. We have now revised our
manuscript according to these comments item by item. Below is our detailed reply.

Reviewer #1: In this paper, the effect of thermal oxidation on the morphological
properties of cordierite (Cord) and attapulgite (ATP) was studied, and the results
showed that the special fibrous or rod-like structure of ATP produced more pore
volume and surface area, as well as a good heat recovery mechanism after thermal
oxidation, broadened its application range as a catalyst substrate. The study contains
some interesting findings that are valuable for understanding the structure of porous
substrate materials in diesel particulate filter (DPF). As such, it has the potential to
be published in the International Journal of Applied Ceramic Technology. However,
the authors have to carefully implement the following comments in the revised
manuscript before publication. | will give this paper a "minor revise". The specific
comments are as follows:

1. In the introduction, the effect of the morphology of CeO, is proposed, and
whether the CeO, used in this paper promotes solid-solid interaction.

Reply: As proposed in introduction, the fibrous morphology is the best one for passive
regeneration, which promoted solid—solid interaction [28]. In present study, the
morphology of ATP shows special fibrous or rod-like structure. The solid—solid
interactions between CeO, catalyst and soot particles are enhanced, promoting soot
thermal catalytic reaction. The supplementary analysis has been added in revised
manuscript (highlighted in red), which are listed below for your convenience. (line
426-428)

“The solid—solid interactions between CeO2 catalyst and soot particles were
enhanced by fibrous or rod-like structure of ATP, indicating more complete catalytic
reaction.”

[28] S. Bensaid, N. Russo, D. Fino, CeO, catalysts with fibrous morphology for soot
oxidation: The importance of the soot—catalyst contact conditions, Catal. Today. 216
(2013) 57-63.

2. The author has repeatedly suggested that this material can be recycled many
times. After several oxidation behaviors, does the structure and morphology of the
material in this paper change? What is the cyclic stability of the material and the
catalytic soot oxidation? Please add clarification.

Reply: As suggested by the reviewer, the analysis of ATP and Cord substrate material
cyclic stabilities and morphology changes are now added and listed below for the
reviewer’s convenience. (highlighted in red, line 401-415)

“The SEM analysis of ATP revealed minor changes in the material's morphology
microstructure. Before and after thermal oxidation, the irregularly arranged
rod-shaped structures were always presented in ATP whiskers. Similarly, the
block-like structure of Cord only acted as a substrate. The effect of thermal oxidation
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on the block-like structure of Cord could almost be ignored. The XRD peak intensities
of ATP characteristic peaks corresponding to (040) and (400) planes and Cord
characteristic peaks corresponding to (110), (112) and (132) showed no changes after
oxidized 50%, indicating better stability of crystalline structure. Meanwhile, the peak
intensities of CeO, characteristic peaks had no changes before and after oxidation.
To better evaluate the cyclic stability of substrate materials, the BET analysis was
performed before and after thermal oxidation. The change rates of pore volume
and pore diameter of Cord before and after thermal oxidation are less than 15%.
Although the surface area of ATP decreased from 81.9 to 44.2 m?/g, it is also
significantly bigger than that of Cord. Therefore, in present study, both substrate
materials of catalyst demonstrated superior stability. ”

3. How are the soot samples used for FTIR and Raman spectroscopy analysis
performed? Is there a pre-treatment process for particulate matter? How to
remove the interference of filter paper, how to reduce the error? The test part
needs to be explained.

Reply: For Raman, FTIR and TGA analysis, the PM samples were collected by quartz
fiber filters (2500QRT-UP, PALL,47 mm) with automized filter supporter. There were 2
hours or longer to get enough samples for further analysis. Subsequently, the
particles attached to the filter paper surface were carefully scraped off from the
paper filters. During this process, the filter paper was guaranteed not to be damaged,
and the interference of filter paper could be removed. For avoiding moisture
atmosphere, the samples were stored in a desiccator. There were no pre-treatment
processes for soot particles, like ultrasonic wave treatment and centrifugal
separation in dichloromethane solvent (removing VOF) [49]. This is because the
particle samples analyzed in this study are not dry soots, which is employed for
mimicking the real state of PM in DPF filter. This paragraph is added in revised
manuscript (highlighted in red), which are listed below for your convenience. (line
133-144)

“Soot particles were collected from the raw exhaust using 47 mm quartz fiber filters
(2500QRT-UP, PALL) equipped with an automated filter support. The quartz fiber
filters exhibited a precision of 0.3 um with an aerosol retention rate of 99.9%. The
sampling temperature was maintained at 55 + 3 °C, with sampling duration of 90 min
and sample flow rate of 1 L/s. In order to get enough samples for further analysis, the
sampling time was controlled at 2 hours or longer. Subsequently, the particles
attached to the filter paper surface were carefully scraped off from the paper filters.
During this process, the filter paper was guaranteed not to be damaged, and the
interference of filter paper could be removed. To prevent atmospheric moisture from
affecting the samples, the soot particle samples were stored in a desiccator after
each measurement [48]. There pre-treatments like ultrasonic wave treatment and
centrifugal separation in dichloromethane solvent were not employed in this study
[49].”
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[49] J. Wei, C. Fan, L. Qiu, Y. Qian, C. Wang, Q. Teng, M. Pan, Impact of methanol
alternative fuel on oxidation reactivity of soot emissions from a modern Cl engine,
Fuel. 268 (2020) 117352.

4. Why did thermal treatment program in Table 2 was chosen?

Reply: The VOF, which was mainly consisted of OC (organic carbon), could be
removed by thermal treatment [58,59]. In this study, soot particles were heated from
25 °C to 450 °C and keeping it adiabatic for 30 min by employing high-purity nitrogen
as protective gas. The mass loss was from organic thermal decomposition of organic
compounds. This explanation has been supplemented and highlighted in red which
are listed below for your convenience. (line 182-185)

“The volatile organic fraction, which was mainly consisted of organic carbon, could
be removed by thermal treatment [58,59]. To remove organic carbon, the soot
particle sample was heated to 450 °C and then maintained for 30 min, utilizing
high-purity nitrogen as protective gas.”

[58] Y. Wang, X. Liang, G. Tang, Y. Chen, L. Dong, G. Shu, Impact of lubricating oil
combustion on nanostructure, composition and graphitization of diesel particles, Fuel
190 (2017) 237-244.

[59] Y. Wang, X. Liang, K. Wang, Y. Wang, L. Dong, G. Shu, Effect of base oil on the
nanostructure and oxidation characteristics of diesel particulate matter, Appl. Therm.
Eng. 106 (2016) 1311-1318.

5. Can superposing Ce dispersion images onto their corresponding SEM images
provide more precise information?

Reply: The Ce dispersion of samples onto their corresponding SEM images have been
provided below. Obviously, comparing with Fig. 4, it is more difficult to find the
discrepancy in Ce dispersion. Therefore, the original figure of elemental mapping for

catalyst/substrate samples should be preserved.
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6. There are two legends of “Cord200/Ce02/Soot” in Fig.7 (c) and (d), please check.
Reply: The legend of Fig.7 (d) has been revised as follows.

(d) Cord325/Ce0O,/Soot

y=19-17380x R?=0.88

0.0011 0.0012 0.0013 0.0014

Reviewer #2: Comments to the Author

1. In the introduction section, please add some latest references, such as
(International Journal of Applied Ceramic Technology,
http://doi.org/10.1111/ijac.14994).

Reply: Thanks. The literatures suggested by reviewer are now added during the
discussion in revised manuscript (highlighted in red), which are listed below for your
convenience.

“Zeng et al. [26] found that CeO, nanoparticles could provide a higher surface area
without any heat treatment.” (line 62-63)

[26] S. Zeng, A. Shui, H. Yu, C. He, Sonochemical synthesis of CeO, nanoparticles with
high photocatalytic and antibacterial activities under visible light, Int J Appl Ceram
Technol. 21 (2024) 3141-3151.

“It was reported that the Cord is known to form at high temperature sintering
method, which has a dense microstructure with evenly distributed grains and few
small pores [17]. “(line 54-56)

[17] K. Laziri, I. Lamara, F.Z. Mezahi, F. Sahnoune, E. Dhahri, S.F. Hassan, N. Saheb,
Synthesis, microstructure, hardness, thermal expansion, and dielectric properties of
cordierite, Int J Appl Ceram Technol. (2025) e15173.

“The Cord had favorable thermal expansion coefficient and resistance to cracking
from material fatigue, and an excellent thermal shock resistance [17-21].” (line
56-57)

[20] T. Luo, P. Li W. Dong, Q. Zeng, X. Yu, X. Gu, G. Dong, Development of
cordierite-based low-expansion porcelain tiles with application potential in an
underfloor heating system, Int J Appl Ceram Technol. 22 (2025) e15031.

[21] G. Yan, L. Chen, Q. Jiang, L. Zhang, J. Wang, Y. Yang, Z Li, J. Feng,
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Thermal/mechanical properties of cordierite synthesized using coal gangue as a
refractory material, Int J Appl Ceram Technol. 22 (2025) e14987.

“Zhang er al. [29] suggested that aluminum borate whiskers with cilia-like
microstructure improved soot capture ability and low-temperature catalytic
oxidation ability of soot. “(line 69-71)

[29] M. Zhang, Y. Wang, M. Yu, M. He, L. Cao, X. Luo, W. Wang, Preparation of
aluminum borate whiskers/CoxCr3-xO4 catalysts on channel surface of cordierite
honeycomb ceramic for soot catalytic combustion, Int J Appl Ceram Technol. 22
(2025) e14994.

2. How is the cycling stability of the catalyst?

Reply: The cycling stability of the catalyst can be evaluated by analysis of SEM, XRD
and BET. The SEM analysis of ATP revealed minor changes in the material's
morphology microstructure. Before and after thermal oxidation, the irregularly
arranged rod-shaped structures were always presented in ATP whiskers. Similarly,
the block-like structure of Cord only acted as a substrate. The effect of thermal
oxidation on the block-like structure of Cord could almost be ignored. The XRD peak
intensities of ATP characteristic peaks corresponding to (040) and (400) planes and
Cord characteristic peaks corresponding to (110), (112) and (132) showed no changes
after oxidized 50%, indicating better stability of crystalline structure. Meanwhile, the
peak intensities of CeO, characteristic peaks had no changes before and after
oxidation. To better evaluate the cyclic stability of substrate materials, the BET
analysis was performed before and after thermal oxidation. The change rates of pore
volume and pore diameter of Cord before and after thermal oxidation are less than
15%. Although the surface area of ATP decreased from 81.9 to 44.2 m?/g, it is also
significantly bigger than that of Cord. Therefore, in present study, both substrate
materials of catalyst demonstrated superior stability. The supplementary analysis has
been added in revised manuscript (highlighted in red), which are listed below for your
convenience. (line 401-415)



