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Abstract

This work is based on the development of a stacked AISI 304 stainless steel wire meshes structure with
oxidizing and filtering capacity, where the Co and Ce oxide catalysts were deposited on the surface of the
metallic fibres as a novel alternative to the current DOC — DPF system. The system was scaled up
encouraged by the results obtained at lab scale, going from 16 mm filter diameter to 130 mm. The coated
meshes were stacked inside a metallic case in order to conform a catalysed diesel particulate filter
(CDPF). A Fiat Palio diesel engine mounted on a test bench was used to evaluate the filtering capacity of
the scaled-up wire mesh cartridge. The systems developed were able to reduce particulate matter emitted
by diesel engines below limits restrained by laws. The good activity, pressure drop, robustness, versatility
and low cost of the designed structures, along with the good adhesion of the catalytic coating, makes them

very promising for the development of catalytic filters.
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1. Introduction

Diesel engines are commonly used as mechanical engines, power generators and in mobile drives. They
find wide spread use in locomotives, construction equipment, automobiles and countless industrial
applications, such as marine, mining, telecommunications, underground, agricultural applications, etc.
[1]. Their highly thermal efficiency results in less maintenance and low CO, emission compared with
petrol engines. However, they are being called into question because of their pollutant emissions from the
incomplete combustion. Nitrogen oxides (NO,), unburned hydrocarbon (HC) and carbon monoxide (CO)
emitted not only produce well-known impacts on the environment, but also have a negative impact on the
human body. Another by-product is particulate matter (PM), which needs to be measured, since carbon-
based soot particles are relatively small in size with a large surface and with high potential for adherence
that may have adverse health effects. These include the risk of developing asthma and cancer [2].
Moreover, there is growing evidence that exposure to black carbon particles could increase the
susceptibility and severity of the coronavirus symptoms by weakening the respiratory system [3-5].
Therefore, more stringent emissions regulations on both PM and particulate number (PN) have been

proposed. In order to meet these emissions standards, many strategies like after-treatment systems have



been developed to reduce the engine-out NO, and PM emissions while maintaining relatively high

thermal efficiency [6].

Nowadays, complex and thus expensive systems are used to control the various types of pollutants
present in diesel engine exhausts, which include a diesel oxidation catalyst (DOC), a diesel particulate
filter (DPF), a selective catalytic reduction unit (SCR) that works with urea injection and an ammonia slip
catalyst (ASC) [7]. The combination of a DPF with soot oxidation catalysts, that is, catalytic diesel
particulate filter (CDPF), is known as one of the most efficient techniques for soot removal, and highly
active oxidation catalysts play a key role in CDPF [8]. This catalytic filter is an alternative that allows
particles to be trapped and burned, not requiring fuel post-injections (active filter regeneration). This is
based on the fact that catalytic oxidation allows the removal of PM at lower temperatures, which impacts
on lower fuel consumption, as the soot particles can be burned in situ in the first units of the purification

train (DOC and DPF).

For particulate filters, it is essential to use a structured support resistant to the severe operating engine
conditions: high gas flows, thermal shocks and vibrations, and the selected substrate must have filtering
characteristics with low pressure drop and high specific surface area to be able to deposit the catalyst [9].
Monoliths have been shown to be useful for gas exhaust treatment [10-12], selective catalytic NO,
reduction [13] and catalytic combustion [14-16]. Wall-flow DPFs are the most common, where the PM
removal is achieved by forcing exhaust through porous walls separating adjacent channels in a monolithic
substrate. However, the accumulation of soot in the filter walls induces a significant back pressure on the
diesel engine, which can cause diesel vehicles to consume more fuel and under worse case scenarios
render the engine/vehicle un-operable [17]. Also, the PM growing layer produces narrow channels where
laminar flow takes place, thus a mass transfer limitation from the gas phase to the catalytic layer

deposited on the channel wall [18].

Alternatively, deep bed filters can be used, constructed with relatively open structure materials compared
to surface filters. In these particulate traps, soot is retained in the structure by three well-known
mechanisms: inertial interception, Brownian diffusion and flow line interception [19]. The main
advantage in using deep bed filters is the enhanced contact soot-catalyst, promoting its continuous
regeneration. Deep bed systems can be made from sponges [20] and ceramic papers [12,21], to which the
PM is trapped by their tortuosity, as would stacked wire mesh structures [18]. The latter are worth
highlighting because of their combination of excellent mass and heat transfer characteristics with low
construction costs [22]. Radial mixing of gases occurs through the porous structure of metal meshes,
which leads to a more uniform distribution of fluids across the bed diameter [23]. Another advantage of
these metallic fibres is their easy scalability. The geometrical flexibility of wire mesh catalysts makes
them suitable for adapting to any required shape making them applicable to several industrial and
environmental processes. In particular, AISI 304 stainless steel wire mesh is widely used, both for its

advantageous mechanical and physical properties, and also for its low cost.

Moreover, CeQ,-based catalysts are probably the most efficient catalysts for diesel soot combustion, used
alone or in combination with other materials such as noble metals [24]. The CeO, support combines

exceptional redox and acid-base properties with oxygen storage capacity, which can be controlled by
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appropriate preparation and treatment [25,26]. The presence of cobalt can enhance the reduction of ceria
surface oxygen species, resulting in an improvement in the catalytic activity of Co-Ce for NO oxidation
and its ability to store NO, as surface nitrates [27]. The high NO oxidation activity and high NO, storage
capacity make the Co-Ce catalyst efficient for NO,-assisted soot oxidation [28-30]. The suitability of
CeO,-based wire mesh monoliths for the soot treatment has been demonstrated at lab-scale [18,31,32]. In
this vein, in a previous work promising results using Co,Ce catalysts deposited on wire mesh monoliths

for the simultaneous oxidation of diesel soot and VOCs were reported [33].

The objective of this work is to go further in the study of wire mesh monoliths for the abatement of soot
coming from the exhausts of a Fiat Palio engine. To this aim, both laboratory and bench scale filters were
developed and a test bench was used to evaluate their performance. The Co,Ce catalytic system was
selected for the scaled monolith due to the good activity for the combustion of soot in the laboratory
samples. Additionally, the PM retention capacity of different configurations of the bench-scale structure
was investigated: with 40 stacked meshes and with the addition of a ceramic paper disc between the last
two meshes inside the metal casing. Also, the pressure drop of the scaled monolith was studied, with and
without the ceramic paper. The activity of the lab-scale substrates was evaluated by means of TPO
experiments, both for the burning of collected bench soot and also for the combustion of soot
incorporated through a PM suspension, which was previously obtained by burning commercial diesel
fuel. Chemical and morphological characterisation of the structured catalysts was carried out by means of
SEM/EDS, LRS, XRD. The soot collected on the ceramic paper after the bench tests was characterised by
TGA/DSC.

2. Experimental
2.1. Design and construction of the stacked wire mesh structures
2.1.1. Laboratory scale monolith

Lab-scale structures were prepared according to Montes and co-workers [18,34], 16 mm diameter and 30
mm height, with 30 stacked meshes. AISI 304 stainless steel wire meshes were used, with 500 pm mesh
opening and 250 um wire diameter (wire mesh size: 34), 44% front void fraction and 21 cm®/g geometric
surface area [33]. The wire meshes were stacked inside a stainless steel cartridge [31]. The stacked wire
mesh monoliths were first washed in water — detergent in an ultrasonic bath during 30 min, and then in
acetone under the same conditions, drying them at 130 °C for 2 h in an oven after each washing step.

After that, the samples were calcined at 900 °C — 1 h, as described in a previous work [31].
2.1.2. Bench scale monolith

Wire mesh preparation: The same wire mesh type mentioned above was used to prepare 130 mm
diameter discs. For this reason, a stainless-steel punching device was built. The piece was tempered and
coated with antioxidant paint. After that, the wire mesh discs were cut employing a hydraulic press
(Figure 1S). Once the meshes were cut, four holes 7 mm diameter were made in each one with a punch

(Figure 1), and then stacked inside the cartridge, as it will be shown below.



Next, the meshes were first washed with detergent — water and then in acetone in ultrasonic bath. They
were dried at 130 °C, then stacked in the muffle and calcined at 900 °C — 1 h. The samples were weighed

after cooling down to room temperature.

Metal housing construction: A metal casing was designed in a way it can allow the stacking of 40 wire
mesh discs. Figure 2 shows a cylindrical metal chamber 140 mm diameter and 310 mm length,
constructed from the recycling of two air dryer cases (Figures 28 and 3S). Wire meshes were arranged
inside the casing by piling them through four steel bars (20 meshes placed on each side). As the meshes
must have a slight separation between them to generate a tortuous path and thus avoiding preferential
paths, four washers were placed when stacked inside the metal casing. The complete bench scale
monolith can be seen in Fig. 2. Additionally, a ceramic paper disc was placed at the bottom of the casing
in order to help collecting soot particles (Fig. 2¢). This sheet was prepared by the papermaking technique
and consisted in a disc of silica-alumina fibres (130 mm diameter and 5 mm height — see Fig. 4S in
Supplementary Data). A thorough description of the paper preparation and its properties are described

elsewhere [35].
2.2. Catalyst preparation and washcoating of the structures

The catalytic system selected was Co,Ce, therefore 400 ml of an equimolar suspension was prepared
according to a previous work [33]. The Co,Ce suspension was composed of CeO, nanoparticles (Sigma—
Aldrich®), CeO, commercial colloidal suspension (Nyacol®, 20 w/wt %, dparile = 10-20 nm, pH = 3),
PVA (Poly vinyl alcohol, Sigma-Aldrich®, P1763 — Av. mol. wt. = 70.000 g/mol) and Co;0,
nanoparticles (Sigrna—Aldrich®, dparticte < 50 nm). Briefly, 8 mg of PVA were dissolved in 400 ml of
deionized water, previously heated at 70 °C under magnetic stirring. Afterwards, 50 g of CeO, colloidal
suspension, 10 g of CeO; and 9.32 g of Co;0,4 nanoparticles were slowly added to the aqueous solution at
room temperature. The suspension remained under stirring during 24 h. The mass ratio between the
components (H,O:PVA:CeO, nanop.:colloidal CeO,:C030, nanop.) was 40:0.8:1:5:0.9, so as to achieve a

Ce:Co molar ratio = 1:1.

2.2.1. Lab scale monolith

Before the coating procedure, the external surface of the structures was masked with Teflon® tape and
heat-shrinkable tape to favour the catalyst anchoring preferentially on the wire meshes and the internal
area of the cylinder. The washcoating technique was applied by immersing the metallic substrates in the
Co,Ce suspension during 1 min. The excess of slurry was removed by centrifugation (600 rpm — 3 min).
After this, the structures were dried at 130 °C — 1 h and then weighted. The immersion, centrifugation,
drying and weighing process was repeated until 220 mg of total catalyst (Co + Ce) was loaded. Finally,
the coated substrates were calcined at 600 °C for 2 h (heating rate: 1 °C/min) [33]. The coated monoliths

obtained were named as Co, Ce-m.

In addition to the structured system, the Co,Ce powder formulation was prepared from drying the
suspension used for the immersion of the monolith and calcining the powder at 600 °C for 2 h (heating

rate: 1 °C/min). The catalyst thus obtained was named Co, Ce-P.



2.2.2. Bench scale monolith

The wire mesh discs were immersed horizontally in the Co,Ce suspension for 1 min and most of the
supernatant was removed by air blowing with a hair dryer. An air gun connected to a synthetic air tube
was used to remove the remaining suspension retained in the spaces between the wires. The meshes were
placed in the oven at 130 °C — 1 h and then weighed. The immersion cycle was repeated until = 250 mg
of total catalyst per mesh was loaded. It should be mentioned that the amount of catalyst incorporated in
the wire mesh discs per geometric area is similar in both lab (16 mm diameter) and bench (130 mm
diameter) scales. Finally, the coated discs were calcined at 600 °C. The bench scale monolith with 40
stacked catalytic meshes inside the case was denominated Co,Ce-MC (or MC, when containing 40 bare

stacked meshes).
2.3. Catalyst characterisation

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS) were
taken on a Phenom World Pro X equipment (10 kV and 20 kV acceleration voltage, respectively). The
wire mesh samples were previously gold-covered by sputtering. It was necessary to break and open the
lab scale structures to obtain the metallic samples and evaluate the homogeneity of the coating along the

monolith.

The adherence between the catalyst coating and the metallic substrate was evaluated by ultrasonication
tests. The coated wire mesh (130 mm diameter) was immersed in acetone and subjected to ultrasonication
for different times. Then, the sample was dried for 1 h at 130 °C and weighed after each step. Following,
a mechanical stress test of the coated wire mesh was performed, which consisted of repeatedly mesh

twisting and weighing to study the detachment of the catalytic layer.

The X-Ray diffraction (XRD) patterns of the powdered and structured catalysts were recorded with a
PANalytican Empyrean instrument with Cu Ko radiation (40 kV, 45 mA) over a 28 range of 20-80°, at a

scan rate of 2°/min.

Raman spectra were collected using a Horiba Jobin Ybon LabRAM HR instrument. The excitation

wavelength was 532.13 nm and the laser power, 30 mW.

Pressure drop measurements of the bench scale monolith were performed in a Flujo Tech 600 flowmeter
(Horacio Resio Devices), which is used for flow analysis in real engines [36], so that it was necessary to
build a device to hold the monolithic sample. The software program of the equipment displayed the flow
curves for different air pressure values. Pressure drop tests of the lab scale monoliths were published in a

previous work [33].

Thermogravimetric analysis was performed to measure the mass variation of the sample during
controlling atmosphere. A sample of 10 mg was used in all experiments and conducted in a
TGA/SDTAS851e Mettler Toledo® instrument. Measurements were carried out in circulating N, or

industrial grade air with a flow rate of 30 cm®/min.



DSC experiments were conducted in the TGA/DSC instrument mentioned above, in an air atmosphere
with a flow rate of 30 ¢cm’/min. Samples of 10 mg were used. TGA/DSC analysis were performed at a
temperature range from 25 °C to 600 °C, with a heating ramp of 10 °C/min. Then, it was kept at 600 °C

for 10 min.
2.4. Filtration capability

The scaled-up monolith filtration capability, which refers to the ability of retaining soot particles
throughout the filter, was studied by means of opacity measurements carried out in a test bench with or
without the filter. The test bench (Fig. 3) consisted of a four stoke, indirect injection turbocharged FIAT
diesel engine (number of cylinders = 4, displacement = 1910 cm’, bore = 82.6 mm, stroke = 90 mm,
compression ratio = 19.2:1, maximum power = 82 CV at 4000 rpm, maximum torque = 173 Nm at 2800
rpm). The opacity of the exhaust smoke was measured with an OPABOX Autopower Smokemeter and
the protocol followed was provided by the Emission Test Software (ETS), which interacts automatically
with the opacity meter and the Revolution Counter 3 (RC3) tools. This test consisted in a series of rapid
engine accelerations from idle to governed speed, whereas the relative opacity (% or m™") was displayed
by the software program. So as to study the filtration capacity of the scaled-up system, measures have
been made before and after the addition of the wire mesh monolith to the engine exhaust pipe. Besides,
the system was tested with 40 stacked wire meshes (MC) and with 40 discs plus the addition of a silica-
alumina paper disc between the last two stacked meshes (MC + paper). The role of the ceramic paper was
to help collecting soot particles generated under normal diesel engine operating conditions for further

characterization studies (thermogravimetric analysis and TPO experiments, Section 3.4.1).
2.5. Diesel soot combustion experiments

Diesel soot was obtained either at bench or laboratory scale, the first one generated by the diesel engine,
and the second one by combustion of diesel fuel inside a glass flask. Euro V diesel fuel containing less

than 10 ppm-wt. sulphur was used in this study.
2.5.1. Bench scale (bench soot)

The samples Co,Ce-m and silica-alumina paper (ceramic paper without catalyst) with soot obtained from
the bench test under the real operating conditions of a diesel engine were studied in the laboratory by

means of TPO experiments.

Ceramic paper: Samples of the ceramic paper with particulate from the test bench were taken and
characterised by TGA and DSC experiments in order to study thermal evolutions in oxidising atmosphere

(air). Also, 16 mm diameter discs were cut with a punch and evaluated in the TPO equipment.

Wire mesh monolith: In order to collect soot particles from the test bench in aerosol form, the
construction of an AISI 316 stainless steel device was necessary to hold the laboratory-scale stacked wire
mesh monolith. This adaptor was located in an outlet of the exhaust pipe, and has an exit that allows the
connection to a vacuum system to force the flow of gases emitted through the cartridge (see Figure 4).

Hence, soot particles were accumulated in the wire mesh sample after 75 min of engine ignition



2.5.2. Laboratory scale (lab soot)

Soot particles were collected from the vessel walls after the burning of commercial diesel fuel (YPF,
Argentina). Then, they were dried at 120 °C for 72 h [37] and dispersed in »#-hexane using an ultrasonic
bath. This 3000-ppm suspension was used to incorporate particulate matter to both Co,Ce-m and silica-

alumina paper.

Ceramic paper: Three discs 16 mm diameter were impregnated with the soot suspension by dripping over

the surface, then were dried overnight at room temperature.
Wire mesh monolith: The lab-scale cartridges were loaded with soot according to a previous work [31].
2.5.3. TPO experiments

The tubular quartz reactor (16 mm diameter) was fed with 20 ml/min of a mixture of O, (18%) and NO
(0.1%), He balance, and heated from room temperature to 600 °C (5 °C/min). The CO, produced by the
combustion was analysed using a Shimadzu GC-2014 gas chromatograph equipped with a Porapak Q

column.

3. Results and discussion
3.1. Catalytic coating

The pre-treatment at 900 °C applied to the lab and bench scale metal structures generated a rough layer
composed of oxide spinels, allowing the subsequent anchoring of the Co,Ce catalyst to the substrate [38].
In Fig. 5 is shown the number of coating cycles (immersion — centrifugation — drying — weighing) needed
to load the desired catalyst mass per em” of mesh in the lab-scale monoliths (Co,Ce-m) (Fig. 5a) and in
the wire mesh discs (Co,Ce-M) (Fig. 5b). It should be noted that Fig. 5b shows the average of 40 meshes
impregnated with catalyst. Whereas two impregnation steps were necessary to load 250 mg catalyst per
cm’” wire mesh for the Co,Ce-lab scale monoliths (Fig. 5a), four cycles per mesh were required to coat the
bench scale wire meshes (Fig. 5b). This difference can be attributed to the different methods used to
remove the excess of suspension in each sample. The Co,Ce mass loaded per mesh area in both samples

increased almost linearly with successive coatings.

The morphology of the catalyst coating was studied by SEM, as it is shown in Fig. 6. The upper and
intermediate meshes of the Co,Ce-m cartridge were analysed to study the homogeneity of the coating
along the monolith. The images obtained show a homogeneous film covering the AISI 304 stainless steel
mesh, revealing the formation of micrometric aggregates of Co;0, and CeO, particles. Moreover, Fig. 6
also presents EDS mapping pictures of the different meshes, suggesting a uniform distribution of the
elements along the metallic fibres. Atomic ratios of the components detected in the EDS mapping studies

were considered in a previous work [33].

The stability of the catalyst coating has been evaluated via ultrasound method, as described previously.
Both a Co,Ce-monolith (Co,Ce-m) and a Co,Ce coated mesh (130 mm diameter — Co,Ce-M) were
immersed in acetone during 4 h and submitted to ultrasound, showing a retention of the catalytic layer of

over 75.9 and 97.6%, respectively (Fig. 7). As observed, the scaled-up catalytic mesh (Co,Ce-M) showed
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a very good retention of the catalytic coating, whereas the small meshes stacked into the small monolith
(Co,Ce-m) showed lower retention. As studied in a previous work, the adherence of the catalytic layer
depended on the number of wire-mesh discs. The higher the number of wire-mesh discs, the higher the
adherence of the catalytic layer. However, after the structure coatings, some catalyst accumulations were
observed in the internal surface of the cartridge and on the external part of the mesh cover welded to the
cartridge, which disappeared after the adherence test [18]. According to this, the Co,Ce-m cartridge loses
these accumulated fractions of catalyst during the first part of the stability test, showing a stable coating
on wire meshes after 150 min. Furthermore, the Co,Ce-M treated mesh was folded several times, as
depicted in Fig. 8, in order to analyse the possible detachment of the catalytic layer. Nevertheless, the

weight remained unchanged.

In order to identify the crystalline phases present, XRD patterns were obtained for Co,Ce powdered, lab
and bench scale structured catalysts (Fig. 9). In the case of the lab scale monoliths, the cartridges were
dismantled to analyse the first two meshes (meshes 2 and 3) and the two intermediate meshes (meshes 15
and 16). However, Fig. 9b shows the diffractograms of a single sample per structure, since the results
obtained were identical. For bench scale samples, individual 130 mm diameter wire meshes were studied.
In the diffractogram corresponding to the catalytic powder Co,Ce-P (Fig. 9a), the signals at 20 = 31.3°,
36.9°, 38.5°, 44.8°, 59.4° and 65.3° were detected, belonging to the crystalline phases Co;0Q, of the cubic
spinel type (JCPDS 42-1467) [39] and CeO; of the cubic fluorite type (JCPDS 34-394) at 26 = 28.6°,
33.1°, 47.6°, 56.4°, 59.2°, 69.5°, 76.8° and 79.2° [40]. Figs. 9b and ¢ show the corresponding XRD
patterns of both the catalytic and bare calcined lab scale monoliths (Co,Ce-m and Calcined m) and
individual catalytic and bare scaled-up calcined wire meshes (Co,Ce-M and Calcined M). It can be
observed that the pre-treatment at 900 °C produces a surface of similar composition and roughness both
on the laboratory-scale monolith (Fig. 9b — Calcined m) and the scaled-up metal mesh (Fig. 9¢ — Calcined
M). For which the calcination of the complete lab scale monolith produces surface characteristics similar
to those obtained when calcining individual scaled-up wire meshes. For both samples, the phases present
in the oxide layer were attributed to chromium III oxide (Cr,O;, JCPDS 38-1479), manganese-chromium
spinel (Mn+,Cr; 04, JCPDS 33-892), chromium-iron spinel (FeCr,O4, JCPDS-34-140) and iron III
oxide (Fe,0;, JICPDS 33-664) [38,41,42]. When the catalyst was incorporated in the structured substrates,
in the diffractograms appeared not only the signals of the Co,Ce catalyst (not marked in Figs. 9b and c),
but also those corresponding to the stainless steel AISI 304 [43] for both the lab scale monolith (Fig. 9b —
Co,Ce-m) and the scaled-up wire mesh (Fig. 9¢ — Co,Ce-M). The crystalline structure of the stainless

steel consists of a mixture of austenite (y) and martensite (), as indicated in Figs. 9b and c.

The results of the structural characterisation of powdered and structured catalysts obtained by Raman
spectroscopy are shown elsewhere [33]. In the case of the Co,Ce-P sample, Raman spectra revealed bands
corresponding to CeO, and Co;0, [44]. These signals could also be seen in the upper and intermediate

meshes of the Co,Ce-m monolith, and in the Co,Ce-M sample, in accordance with the characterisation by

XRD.

3.2. Pressure drop



Pressure drop measurements were carried out with the empty housing (blank), and with 40 stacked wire
meshes (20 on each side) with and without catalyst (Co,Ce-MC and MC, respectively). In addition,
experiments with MC and Co,Ce-MC configurations were made with the addition of an Al,O; ceramic
paper disc at the end of the bed, between the last two metallic meshes, as shown in Fig. 10. In the results
obtained for different air velocities, it can be seen the curves obtained when graphing AP/L (Pa/m) as a
function of u (m/s), where L is the bed height (120 mm for the configuration with 40 stacked meshes, or
120.5 mm when the ceramic paper is also present — see Fig. 2c). The pressure drop values increase
slightly after the addition of the Co,Ce catalyst (Co,Ce-MC) due to the flow area decrease. Furthermore,
the ceramic paper disc added between the last two stacked wire meshes of the monolith resulted in an
increase of AP. However, the high u-values obtained in all cases indicate a low resistance to gas flow of
the wire mesh structures. Additionally, in Supplementary Data (Fig. 5S) the verification of the Payri
equation for diesel particulate filters [45] is observed as straight lines were obtained when plotting AP/Q
vs Q. It should be mentioned that these stacked wire mesh filters generate similar or lower pressure drop

than commercial systems (SiC, aluminium or cordierite filters) [46].
3.3. Opacity measurements

The experiences were carried out on the same day, to guarantee identical environmental conditions, so as

to ensure repeatability and comparability of the results obtained from the experiments.

The testing was performed at an engine speed of 3000 rpm, without load, with and without the addition of
the filter in the exhaust pipe. In the first case it was not possible to obtain opacity values due to the
saturation of the opacimeter lens. Fig. 11 shows the results obtained from the 20 experiments when the
filter had 40 stacked meshes (MC) and another 20 when the ceramic paper was added (MC + paper). It
can be seen that the average opacity for the M configuration (Table 1) decreases when the ceramic paper
is present. In Argentina, the opacity limit value for diesel fumes allowed is 2.62 m™ (65% on a linear
scale) (in opacimeter with an effective optical path length of 0.41 m) for 1994 model vehicles and later
[47]. In Table 1 it can be seen that the opacity values obtained for both configurations comply with

current regulations, being the opacity of the MC system ten times lower than the established limit value.
3.4. Study of the bench soot

The samples Co,Ce-m and silica-alumina paper (without catalyst) with soot obtained from the test bench

under the real operating conditions of a diesel engine were studied in the laboratory.
3.4.1. Soot collected on the ceramic paper disc

Samples of the ceramic paper with bench soot (Fig. 12) were taken and characterised by
thermogravimetric (TGA) and DSC experiments in order to study thermal evolutions in oxidising

atmosphere (air). Also 16 mm diameter discs were cut with a punch and evaluated in the TPO equipment.

TGA and DSC characterisation: When analysing the bench soot (Fig. 13), a decrease in mass between
200 and 400 °C was found in the thermogram (red curve), accompanied by an exothermic evolution with
the maximum at 333.6 °C observed in the corresponding DSC profile (blue curve). Another mass loss in

the range of 400 — 600 °C was observed in the TGA curve, associated with an exothermal peak with a
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maximum at 566 °C in the DSC profile. According to the TGA profile, the peak at 333.6 °C of the DSC
curve would correspond to the oxidation of the hydrocarbons adsorbed on the diesel soot particles, while
the peak observed at higher temperature corresponds to the non-catalytic oxidation of the carbonaceous

core of the soot particles.

Catalytic activity: Fig. 14 shows the TPO profiles of the non-catalytic combustion of soot deposited in
aerosol form on the ceramic paper (bench soot, colour red), and of the discs impregnated with soot from a
3000-ppm suspension by dripping (lab soot, colour blue). It can be seen that lab soot and bench soot
samples show maxima at 551 °C and 570 °C respectively, which would correspond to the non-catalytic
soot burning temperature. The test bench sample also shows a wide signal at lower temperature (250 —
400 °C), which would be associated with the burning of the adsorbed hydrocarbons around the
carbonaceous nucleus of the soot particle. Similar results of the non-catalytic combustion of soot were
reported in the literature: Tso = 575 °C for engine soot and 610 °C for both Printex-U carbon black and
flame soot (FS100) [48].

3.4.2. Soot collected on the wire mesh monolith

The soot loaded cartridge extracted from the test bench after the 75 min run (see Experimental 2.5.1) was
evaluated by a TPO experiment. Fig. 15 shows the catalytic curves obtained for the monolith Co,Ce-m

with bench soot (Fig. 15a) and with soot incorporated from a 7-hexane suspension (lab soot — Fig. 15b).

The deconvolution of the peaks in Fig. 15 shows four contributions, which from lower to higher
temperatures would correspond to the burning of adsorbed hydrocarbons (VOCs), the combustion of
hydrocarbons which compose soot structure (SOF fraction of soot), the burning of amorphous carbon and
the combustion of graphitic carbon. These contributions appear at 260, 253, 400 and 440 °C, respectively
for lab soot, whereas they appear at 269, 335, 440 and 500 °C for bench soot. The shift to higher
temperatures observed for bench soot could be ascribed to a less intimate contact between the soot
particles and the catalyst (looser contact). Additionally, lab soot exhibits a lower amount of SOF fraction

due to the higher temperature reached during the soot obtention process.

In order to further insight into the assignments of the deconvoluted peaks, it is convenient to take into
account that soot particles from a diesel engine exhaust pipe are mainly composed of carbon, whose
constituent spheres adsorb unburned hydrocarbons and other combustion products (nitrogen and sulphur
oxides). A soluble organic fraction (SOF) of a wide range of hydrocarbons is also present in soot [49,50].
Setiabudi et al. compared the TPO profiles of soot produced under normal operating conditions of a diesel
engine and a model soot (Printex U), and found that the profile corresponding to real soot had a shoulder
at about 227 °C (500 K), which is assigned to the adsorbed hydrocarbons that increase the reactivity [51].
Taking this into consideration, the two lower temperature peaks (269 and 335 °C) of the bench soot
sample correspond to the combustion of adsorbed hydrocarbons (SOF) around the soot particle, as

previously considered. For the lab soot, the peak at 260 °C corresponds to the burning of the »-hexane.

The contributions of two types of carbon were detected by Raman laser spectroscopy in both samples

[52]: graphite and amorphous, whereas amorphous carbon burns easier than graphite carbon, which

11



influences the TPO assessments. Lab soot was found to have a higher proportion of graphitic carbon, and

bench soot a higher content of amorphous carbon.

In this way, the Co,Ce catalyst deposited on the metallic cartridges showed to be efficient both for the
combustion of the carbonaceous and hydrocarbon fractions of soot. This encourages us to carry out

further studies at bench scale.

4. Conclusions

Catalytic monoliths were developed by coating AISI 304 stainless steel wire meshes with a CeO; and
Co030, catalytic film, housed in a steel casing. The bench scale system is easy to manufacture in the
country and cheaper than an imported filter. Also, the good catalytic activity for soot combustion would
allow passive regeneration of the filter under real conditions. This is encouraging to continue studying the
self-regeneration of the system with the operating and under load engine. Regarding pressure drop, the
close or lower values generated by stacked wire mesh filters compared to commercial systems (SiC,
aluminium titanate or cordierite filters) and the versatility of the structure make it easily adaptable to
different housing geometries, and therefore to different vehicles. This is a crucial point for the design of
exhaust systems, as space in the vehicle is limited. The robustness, versatility and low cost of the
designed structures, together with the excellent adhesion of the catalytic coating, allow to extend its

application spectrum for the removal of PM from stationary sources.
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Figure 3.

1 — Air filter

2 — Radiator

3 — Electric fan

4 — Expansion tank

5 — RC3 revolution counter

6 — Opacity meter

7 — Opacimeter sensor

8 — Muffler

9 — Section for the bench-scale monolith

10 — Bypass for the laboratory-scale samples

11 — Turbocharger
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Figure 6.
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Figure 12.
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Figure 14.
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Figure 15.
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Tables

Table 1.

Configuration of the Opacity

scaled-up monolith N (%) " (m-l)

ne 485 0247

MC + paper 3,30 0,168
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Figure captions

Figure 1. (a) Cut wire mesh discs (b) with four holes made with a punch.

Figure 2. Housing with stacked wire meshes inside — bench scale structure: (a) Structure assembled and
set up on the test bench, (b) and (c¢) detail of the stacked meshes and ceramic paper disc that are placed in

the casing.
Figure 3. Components of the diesel engine bench test.
Figure 4. Exhaust pipe bypass for laboratory-scale wire mesh monoliths.

Figure 5. Co,Ce catalyst incorporation per cm” of mesh into the metallic samples: (a) laboratory scale

monolith (Co,Ce-m) and (b) wire meshes 130 mm diameter (average of 40 mesh discs, Co,Ce-M).

Figure 6. SEM micrographs and EDS mapping images obtained from the upper and intermediate meshes

of the catalytic monolith Co,Ce-m.

Figure 7. Adherence test carried out on a wire mesh Co,Ce-monolith (Co,Ce-m — red curve) and on a 130

mm diameter Co,Ce-mesh (Co,Ce-M — blue curve).
Figure 8. Images of the Co,Ce-M wire mesh subjected to mechanical stress after the ultrasonic treatment.

Figure 9. XRD patterns obtained for (a) Co,Ce-P powdered catalyst, (b) Co,Ce-m and bare calcined
monolith (Calcined m), and (¢) Co,Ce-M and bare calcined scaled-up wire mesh (Calcined M). @: AISI

304 stainless steel, y: austenite, @’: martensite, A: Cr,03, *: Mn;.,Cr| (O, ¥: FeCr,0,, ¢: Fe,0;.
¥

Figure 10. Pressure drop tests for different arrangements of the scaled-up monolith: without meshes
(Blank); with 40 stacked mesh discs (20 meshes in each side of the housing) — with and without catalyst
(Co,Ce-MC and MC, respectively) and with the adding of a ceramic paper at the end of the bed (Co,Ce-
MC + paper and MC + paper).

Figure 11. Opacity values obtained at different accelerations of the diesel engine for different
arrangements of the wire mesh filter: with 40 stacked meshes (MC) and with the addition of the silica-

alumina paper (MC + paper)
Figure 12. Ceramic paper with particulate matter from the bench test.

Figure 13. Thermogravimetric analysis (TGA — red curve) and DSC profile (blue curve) of bench soot in

air atmosphere.

Figure 14. Non-catalytic combustion of soot obtained from the test bench (bench soot) and that

incorporated by means of n-hexane suspension (lab soot).

Figure 15. Soot combustion from the Co,Ce-m monolith with soot (a) from the test bench (bench soot)

and (b) incorporated by way of a n-hexane suspension (lab soot).
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Joumnal Pre-prool

Table 1. Measuring of the filtering capacity of the scaled-up cartridge with the test bench opacimeter.

Average of measurements shown in Fig. 11.
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Highlights

e Bench scale wire mesh filter was developed by stacking 130 mm diameter mesh

discs.
e (o and Ce oxide catalysts were deposited on the surface of the metallic fibers.
e The good catalytic activity would allow passive regeneration of the filter.

e Close or lower pressure drop values compared to commercial systems (SiC,

ceramic).

e Robustness, versatility, low cost and excellent adhesion of the catalytic coating.
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