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Abstract 
 
 
Given the amount of diesel vehicles worldwide and their overall environmental impact, 
particulate emission control is an increasingly important issue. Particles control systems based on 
improvements of the combustion process or on the design of the engines are not sufficient to 
comply with current regulations. Therefore, the use of aftertreatment systems has become 
necessary. The most popular aftertreatment device for the abatement of particles, the wall-flow 
Diesel Particulate Filter (wall-flow DPF), still has a considerable scope for improvement. The 
high backpressure they introduce in the exhaust pipe, and the technical issues associated with the 
on-board regeneration process are some of the most concerning aspects. 

The aim of this work is to develop a new substrate for wall-flow Diesel Particulate Filters based 
on a novel porous ceramic material: biomorphic silicon carbide (bioSiC). BioSiC is a particular 
type of silicon carbide obtained from the pyrolysis of wood and its subsequent infiltration with 
silicon. It is characterized by having a porous microstructure that replicates the cellular biological 
tissue of the wood precursor used for its manufacture. The main advantage of this material is the 
possibility of manipulating its microstructural features through the adequate selection of the 
precursor. With a suitable combination of porosity, pore size, and microstructural arrangement, 
the resulting filter could have enough filtration efficiency, with lower pressure drop, and better 
response to regeneration.  

In the first part of this research work, bioSiC is characterized in terms of its suitability as substrate 
for particle filter. A filtration-focused characterization study was carried out in which the main 
physical and microstructural features involved in a proper behaviour in a particulate filter for 
automotive applications were measured. Up to five different wood precursors were chosen to 
make the laboratory bioSiC samples. In the case of natural woods, the anisotropy of the material 
was also taken into account; in this sense, the two possible cutting directions were considered and 
analyzed. As a result, measurements of density, porosity, pore size distribution, thermal 
expansion coefficient, thermal conductivity, compression strength, permeability and intrinsic 
filtration efficiency were provided for the nine bioSiC specimens.  

The characterization study was complemented with a deeper study on the relationships between 
the different functional properties of bioSiC and its microstructure. Crucial parameters in the 
filtration performance of a DPF substrate such as permeability, thermal conductivity or 
compressive strength, were correlated with relevant microstructural features. The purpose of this 
analysis is to extrapolate the measurements obtained in this thesis with the nine selected 
specimens to any other bioSiC sample, and to foresee the potential of other wood precursors with 
different microstructure for their use as substrate in DPFs for the same application.  
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After selecting a suitable precursor for the target application, small bioSiC wall-flow DPF 
prototypes were manufactured. The chosen precursor was MDF. A complete and customized 
procedure for the manufacturing of these systems is proposed including the mechanization of the 
channels, the sticking of the sections, and the plugging of the channels. The resulting prototypes 
were tested at laboratory scale under real operating conditions similar to those produced by an 
internal combustion engine. Their performance in terms of efficiency and pressured drop was 
measured through accurate and repeatable tests. 

Then, the experimental results were scaled up to a real-size MDF-bioSiC wall-flow DPF by means 
of a renowned and validated numerical model. A possible geometry was proposed for the full 
scale DPF in terms of length, diameter, cell density and wall-thickness, and it was simulated under 
real driving operating conditions, but implementing the physical and microstructural measured 
features of MDF-bioSiC in the definition of the substrate. The results were promising and 
encouraging. The resulting system widely complies with the current European standards in terms 
of number and mass of released particles. Furthermore, a comparative study was carried out with 
other commercial DPFs, and the results show that bioSiC DPFs may be clearly competitive in 
the aftertreatment systems industry for the automotive sector.  
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Notation 
 
 

𝛼 Thermal diffusivity m2 s 

𝑏(𝑤) Effective width  m 

𝐶ா Forchheimer’s coefficient  m-1 

𝐶௣ Specific heat J·m-1K -1 

𝐶௥ Parameter in the direct interception efficiency - 

𝑑 Diameter m 

𝑑଴ Primary particle diameter m 

𝐷௙ Fractal dimension - 

𝐷௣ Particle diameter m 

𝐷௣௔௥௧ Particle diffusion coefficient m2·s-1 

∆𝑃 Pressure drop Pa 

𝜀 Porosity - 

𝐹଴ Forchheimer’s number - 

𝑘 Thermal conductivity W·m-1K -1 

𝑘ଵ Darcian (inertial) permeability m2 

𝑘ଶ Viscous permeability m 

𝑘௣ Inertial permeability of the soot layer m2 

𝑘௪ Inertial permeability of the substrate m2 

𝐾𝑛 Knudsen number - 

𝐾𝑢 Kubawara’s hydrodynamic factor - 

𝐿 Length m 

𝐿𝑚𝑑 Logarithmic mean diameter m 

𝜆 Wavelength m 

𝑀 Molecular mass kg·mol 

𝑚 Mass kg 

𝑁 Number - 

𝑛𝑃𝑒 Exponent of Peclet number - 

𝜂 Dynamic viscosity Pa·s 

𝜂஽ Diffusional filtration efficiency - 
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𝜂௠ Mass filtration efficiency - 

𝜂ே Number filtration efficiency - 

𝜂ோ Interception filtration efficiency - 

𝑃 Pressure Pa 

𝑃଴ Saturation pressure Pa 

𝑃𝑒 Peclet number - 

𝑄 Volume flow rate m3·s-1 

𝑞 Volume flow rate per unit area (velocity) m·s-1 

𝑅 Interception parameter  

𝑅௖ Maximum radius of the cluster m 

𝑟଴ Primary particle radius m 

𝑟௣ Particle radius m 

ℜ Gases constant J·mol-1K-1 

𝑅𝑒 Reynolds number  

𝜌 Density kg·m-3 

𝜌଴ Primary particle density kg·m-3 

𝜌ௗ Effective density kg·m-3 

𝑆 Surface m2 

𝜎 Surface tension and compressive strength N·m-1  and  Pa  

𝑡 Time s 

𝑇 Temperature K 

𝜃 angle rad 

𝑣 Velocity m·s-1 

𝑣௜  Interstitial fluid velocity m·s-1 

𝑉 volume m3 

𝑤 Thickness/Intralayer dimension m 

𝑧 Axial dimension m 

 
 
Subscripts 
 

0 initial/clean state 

𝑎𝑑𝑠 adsorbate 

𝑏 boiler 

𝑐 convection 

𝑑 downstream 
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𝑒 effective 

𝜀 pores 

𝑔 gas 

𝑓𝑖𝑏 fibre 

𝑖 initial/input 

𝑚 mobility 

𝑜 output 

𝑝 particle/soot layer 

𝑟 radiation 

𝑟𝑒𝑡 retained 

𝑠 solid 

𝑢 upstream 

𝑣 volume 

𝑤 Substrate/wall 
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Chapter 1 
Introduction 
 
 
 
 
 
 
 
 
 
This thesis deals with the use of biomorphic Silicon Carbide (bioSiC) as substrate for wall-flow 
Diesel Particulate Filters (DPF). This thesis has been developed within the project Bio-ceramics 
for diesel engine particulate filters (FIL-BIO-DIESEL), a three-years-long project supported by the 
Spanish Ministerio de Economía y Competitividad and by the European Regional Development 
Fund (ERDF). The project addresses the issue of sustainable transport by developing a 
regenerative particulate filter for diesel engines based on a new generation of bio-derived 
ceramic materials. 
 
In this first Chapter, the main objectives of the thesis are presented, the scope of the study is 
demarcated, and the whole structure of the document is explained. 
 
 

1.1. Background 
 
Emission levels for new automotive engines are submitted to increasingly stringent limits. The 
European Monitoring and Evaluation Programme (EMEP) estimates at 1897 Gg the total 
emissions of particles smaller than 10 microns (PM10) that were emitted in 2015 in the European 
Union, of which approximately 205 Gg, an 11%, are associated with the road transport sector 
[1]. While particulate emissions PM10 have been reduced by around 25% between 2000 and 
2015 (>35% since 1990), current emission levels are still not sufficient to meet the limit of 40 
mg/m3 of annual mean concentration [2] that dictates the European Directive 2008/50/EC on 
air quality [3]. Thus, the European Union continues to maintain and narrow the emission 
thresholds for automotive engines, particularly for diesel engines, which are the ones that emit 
the most particles. 
 
From September 2015, all new European diesel cars must be compliant with the Euro 6 
emission standards, which set a particle number emission limit of 6 × 1011 particles/km and a 
limit of 4,5 mg/km for the mass of particulate. In the short future new standards will be 
developed for even stricter emissions. Developments in the design of the engines contribute to 
lessen particle emissions, but they are no longer sufficient to ensure compliance of these 
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thresholds. Therefore, the use of more efficient Diesel Particle Filters is becoming increasingly 
necessary in diesel vehicles.   
 
Nowadays, the most popular aftertreatment system for the abatement of particulate emissions in 
diesel engines is the wall-flow Diesel Particulate Filter (wall-flow DPF). Given their well-known 
filtration efficiency and their potential to meet more and more strict emission standards [4], 
wall-flow DPFs have the longest track record in the market. The main drawbacks of current 
wall-flow DPFs are the high backpressure they introduce in the exhaust pipe, and the technical 
issues associated with the on-board regeneration process. The backpressure induced by the 
system increases the mechanical losses, the fuel consumption, and the CO2 emissions [5]. 
Therefore, reducing the pressure drop of the particulate filters is a recurring objective in current 
research in the field of DPFs. On the other hand, the quick saturation of the filter, and the 
difficulties that many drivers experience to achieve its regeneration (if they make only short 
drives, or they don’t usually drive on highways), are becoming a problem for some users, some 
of which decide to dispend with it after a short period of use.  
 
For these reasons, the search of new materials that could improve permeability, thermal 
properties and filtration performance of Diesel Particulate Filters is a current topic, boosted 
among scientists in the recent time. The development and optimization of particulate filters is 
certainly one the biggest matters of concern in the field of sustainable transport, as the number 
of annually registered patents evidences.  
 
The behaviour of a wall-flow DPF is given by its geometry (diameter, length, wall thickness, cell 
density) at the macroscopic scale [6], and by the properties of the material used as substrate 
(permeability, porosity, pore size, tortuosity) at the microscopic scale [7]. For a given geometry, 
the microstructural properties of the substrate define the filtration efficiency and the pressure 
drop of the filter. The problem is that filtration efficiency and pressure drop are generally closely 
related; an increase in filtration efficiency brings an increase in pressure drop and vice versa. 
One of the main challenges nowadays is designing substrates that reduce the pressure drop 
without penalizing the filtration efficiency. 
 
On the other hand, filters should have a proper regeneration behaviour. A slow regeneration 
process (low combustion velocity) would be safer for the filter but would entail a higher penalty 
in fuel consumption. The most common way of regenerating the filter is through the drop-to-idle 
process. This process involves rapidly reducing the gas flux just after starting the regeneration, 
so that a peak of temperature is induced and the soot combustion is accelerated. The problem is 
that this process produces a high thermal stress in the material which, in some cases, may lead 
to crack formation and its eventual collapse [8]. A possible way to alleviate this problem is using 
a porous substrate with higher susceptibility to regeneration, that is, a substrate capable of 
inducing the soot combustion at a lower temperature. 
 
Possible candidate materials for being used as DPF substrate must fulfil the following 
requirements: high filtration efficiency, low pressure drop, high thermal and chemical stability, 
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and high capability to resist the severe and frequent heating cycles associated to the regeneration 
processes [9]. In that sense, currently, the majority of the DPFs are made with substrates of 
Cordierite (2MgO·2Al2O3·5SiO2) and Silicon Carbide (SiC); and, in a few cases, they may also 
be made of Mullite (ACM, Al2SiO5), Aluminum Titanate (AT, Al2TiO5), and alloy foams (AF) 
[10]. Silicon carbide is one of the most reliable materials used as substrate [11]. It presents some 
advantages and disadvantages [12]: on the one hand, during the regeneration, silicon carbide 
presents lower temperature peaks for the same soot load, which leads to a higher soot limit; 
while on the other hand, it has higher thermal losses, which may reduce the thermal levels and, 
hence, the efficiency of selective catalytic reduction systems. 
 
Biomorphic Silicon Carbide (bioSiC) is a particular type of silicon carbide obtained from the 
pyrolysis of wood and its subsequent infiltration with silicon. It is characterized by having a 
porous microstructure that replicates the cellular biological tissue of the wood precursor used for 
its manufacture. The main advantage of this material is the possibility of manipulating its 
microstructural features through the adequate selection of the precursor. With a suitable 
combination of porosity, pore size, and microstructural arrangement, the resulting filter could 
have enough filtration efficiency with lower pressure drop, and better response to regeneration.  
 
Some recent studies have demonstrated that bioSiC has real potential to be used in high 
temperature gas filtration applications [13,14]. BioSiC may have permeabilities of around 10−11–
10−12 m2 [15], and thermal conductivities in the range of 4-88 W/mK [16]. Besides, the 
manufacturing process of bioSiC [17] differs considerably from that of other granular ceramic 
materials [18]. According to De Arellano-López et al. [19] and Singh et al. [20], bioSiC is a low-
cost, environmentally friendly material. For all these reasons, the possibility of developing a 
bioSiC-DPF is an attractive research topic and an appropriate response to the needs of the 
automotive market.  
 
 

1.2. Aim and objectives of the study 
 
This research work is aimed at exploring the possibility of using biomorphic Silicon carbide as 
substrate for Diesel Particulate Filters. The main goal of this thesis is to afford a final overview 
of the potential of this novel material to be used as substrate in wall-flow DPFs. Accordingly, 
the initial proposal includes two main objectives:  
 
First of all, bioSiC material is characterized as automotive DPF substrate. On this purpose, a 
review on the main specifications of current aftertreatment systems is conducted, so that a first 
approach to the physical and microstructural requirements of a possible wood precursor can be 
made. Then, a number of precursors are chosen and a comprehensive characterization study on 
their properties is carried out. The characterization study shall include the most influencing 
properties in the functional performance of a DPF, which are porosity, pore size, permeability, 
thermal expansion coefficient, thermal conductivity and compressive strength. The results 
should allow to make a decision on the most suitable precursor for the considered application. 
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The second objective is manufacturing a real bioSiC wall-flow DPF prototype and evaluating its 
potential for automotive applications. This implies setting the manufacturing process and testing 
the prototype under real conditions. For this purpose, the general manufacturing process of 
bioSiC will be adjusted and optimized. The substrate will be made of the most suitable 
candidate among the characterized precursors. Filtration tests on the prototype shall measure 
two main parameters: filtration efficiency (capability of retaining particles) and exhaust back-
pressure, under real operating conditions (exhaust gas composition, mass flow, temperature, 
particle size distribution). The tests shall offer measurements for the clean state and also for the 
transient soot-loading process.  
  
The obtained results will be used to stablish a comparison with the state of the art in automotive 
DPFs. Numeric simulation tools will be used to extrapolate the results of the experimental 
campaign to the diversity of configurations and operating conditions found in the literature. 
Practical conclusions shall be obtained that allow to predict the performance of other precursors 
based on their microstructural characteristics, and that provide a criterion for selecting an 
optimal wood precursor for the application.   
 
 

1.3. Scope 
 
This thesis revolves around biomorphic Silicon Carbide as an alternative substrate for DPFs. It 
takes into consideration the influence of the vegetal precursor in the final properties of the 
material, and so it starts with the selection of several wood candidates covering a wide range of 
densities and microstructural arrangements to later determine the most desirable properties for 
the application under study. 
 
The general fabrication process for bioSiC has been recurrently described in the literature with 
different nuances. It consists mainly of three stages: pyrolysis, silicon infiltration, and excess 
silicon removal. In this work, stages one and two have been applied as previously reported by 
other authors; but the third stage has been applied with a substantial modification. In this case, 
the excess silicon has been removed by evaporation at high temperature, instead of by chemical 
etching with acids, which is considered an improvement in terms of safety and efficacy. As a 
result, slight differences in the final properties of the material may be obtained, but they are not 
expected to affect negatively its performance for the application under study.  
 
This thesis is focused on the filtration performance of the bioceramic filters from a physical 
point of view; that is, through the physical interactions between the porous ceramic substrate 
and the soot particles. Since these interactions take place at the micro and nano-scale, the 
characterization study is focused on two main aspects: the microstructural features of the 
material, and the physical aspects that characterize the interaction substrate-particle at the pore-
scale. The characterization techniques were selected accordingly. The microstructural 
characterization is made through the measurement of the density, the porosity and the pore size 
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distribution. The physical characterization is focused mainly on the measurement of the 
permeability and the intrinsic filtration efficiency of the porous substrate, which are the most 
influential parameters on the behaviour of a filter. However, other aspects such as the thermal 
conductivity, the thermal expansion coefficient, and the mechanical strength, are also measured 
since they directly affect the regeneration behaviour of an automotive DPF. 
 
The particular geometry of wall-flow DPFs affects its filtration performance as much as its 
substrate does. Length, cell density, or wall thickness, are some of the geometrical aspects that 
may significantly influence the pressure drop or the efficiency of a DPF. In this thesis, the 
potential of a bioSiC wall-flow DPF for automotive applications is studied through the 
manufacture and testing of a real prototype, the geometrical design of which is set in advance 
based on the current trends. That is, the prototype design was unique and carefully made paying 
attention to the most influential aspects (cell density and wall thickness). The length and the 
front area of the prototype were adjusted to fit the sample-carrier of the test rig. As a result, the 
resulting prototype was smaller than a real DPF, so it was later scaled up through 
computational techniques.  
 
The bioSiC wall-flow DPF prototype was tested at lab-scale with the aid of a soot generator. 
Through this device, operating conditions similar to those of a real diesel exhaust were 
simulated in terms of mass flow and particle size distribution. Besides, the prototype was 
studied in both the clean state and during the soot load. The testing conditions were controlled 
and repeatable, so that they could be easily implemented in the numerical model to validate the 
results and to scale up the system to a real-size DPF. This allows to simulate the performance of 
the bioSiC wall-flow DPF under any operating conditions; and, in particular, under standard 
European driving cycles (NEDC) to predict its particle abatement potential for current and 
future emissions regulations. 
 
 

1.4. Outline of the Thesis 
 
This thesis is structured in seven main chapters, the contents of which are summarized below. 
 
Chapter 2. Review of the state of the art on automotive Diesel Particulate Filters. 
 
As stated in its title, this chapter intends to serve as a background for the rest of the text. The 
main topics appraised in this introductory chapter are: a description of the particulate emissions 
produced by diesel engines, an overview of the filtration process in DPFs, a broad revision of 
the state-of-the-art in aftertreatment systems for the abatement of particles in diesel vehicles, an 
exhaustive description of the wall-flow DPF and its main physical and microstructural features, 
and an in-depth review on the most recent studies about efficiency and pressure drop in these 
particular filtration systems. At the end of Chapter 2, the possibilities that the current state of 
the art offers are summarized as motivations for the development of this thesis, and the main 
sought contributions to the development of the sector are presented.  
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Chapter 3. Materials and methods. 
 
Chapter 3 sets the bases of this thesis in several well-differentiated parts. In the first part, the 
selection criteria for the wood precursors is stated, and a description of the laboratory samples 
and their manufacturing procedure is provided. Then, Section 3.3 describes in detail the basic 
working principles of all the characterization techniques used in this work. The second part of 
the chapter is devoted to the final prototype and the main experimental campaign. In Section 
3.4 the procedure developed for manufacturing bioSiC wall-flow filters is described. Then the 
experimental work carried out to determine the filtration performance of the prototype is 
described in Section 3.5. And finally, the last section of the chapter is focused on the numerical 
tools used to model the bioSiC filter, and to extrapolate the experimental results to any 
hypothetical situation that allows to compare with other filters. 
 
For the sake of clarity, the results of this thesis are structured in three chapters. Chapters 4 and 5 
present the measurements and results down to the material level obtained from the lab-scale 
samples. While Chapter 6 presents the results at a system level obtained with the prototype. 
 
Chapter 4. Microstructural and physical characterization of biomorphic Silicon Carbide. 
 
Chapter 4 presents the main results of the material characterization study, including all the 
representative data obtained through each technique. All results presented in this chapter 
correspond to the lab-scale samples that were manufactured during the first part of the research. 
The results are structured into four main sections according to the purpose of the employed 
characterization technique. In the first section, Section 4.1, the results of the microstructural 
study are presented. Section 4.2 is focused on the physical properties (thermal and mechanical). 
The third section presents additional measurements that were made to detect possible deviations 
in the material from the sought composition. And finally, in Section 4.4, measurements on the 
permeability and the intrinsic filtration efficiency of the specimens are presented as specific 
parameters for an optimal filtration performance. 
 
Chapter 5. General applicability of bioSiC as filter material.    
 
In Chapter 5, the results of the characterization study presented in Chapter 4 are analysed in 
detail in order to draw significant relationships between different functional parameters. The 
purpose of this chapter is to predict the potential of other types of bioSiC made with other wood 
precursors for their use as substrate in any particle filtration application, and especially in 
automotive DPFs.  
 
Chapter 6. Filtration performance of wall-flow MDF-bioSiC DPFs. 
 
Chapter 6 deals with the results of the experimental campaign with the prototypes, and with the 
results of the numerical study. It is divided into two main sections. In Section 6.2 the 
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measurements on filtration efficiency and pressure drop of the bioSiC wall-flow prototypes are 
presented, while Section 6.3 presents the results of applying the numerical model to the 
biomorphic filter. This section gathers some of the most representative results about the filter 
system in global terms, and stablishes the competitiveness of bioSiC wall-flow DPFs within the 
aftertreatment systems market.  
 
Chapter 7. Conclusions and future work. 
 
Finally, in the last chapter, the main contributions of the thesis are presented, the main 
conclusions of the research are summarized, and some possible future research lines are 
presented.  
 
 

1.5. List of publications supporting this Thesis 
 
The following papers are derived from this thesis. They are original and fully developed by the 
author and her co-authors during the research period associated to the development of the same. 
The author has express authorization by all her co-authors to use their content as part of this 
thesis, which was certainly used recurrently along the text to present results and considerations. 
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Chapter 2 
Review of the state of the art on automotive Diesel 
Particulate Filters 
 
 
 
 
 
 
 
 
In this chapter the background and framework for the development of this thesis is provided. In 
this context, a review of the main trends in the design of modern wall-flow Diesel Particulate 
Filters (DPF) for automotive engines is presented, focusing mainly on the two main filtration 
parameters: the pressure drop and the filtration efficiency. There is plenty of literature on 
aftertreatment systems for diesel engines. In 2015, Guan et al. [1] published a comprehensive 
review of the state-of-the-art technology in diesel particles filtration, which sets out in detail all 
aspects of the DPFs: the diverse materials used as substrate, new catalyst formulations, 
regeneration control strategies, soot load prediction models, etc. Other review articles or books 
published earlier, but with information about DPFs just as complete and comprehensive are: 
Khair 2003 [2], Konstandopoulos 2008 [3], Prasad 2010 [4] or Somiya 2013 [5].  
 
This thesis deals with the use of biomorphic Silicon Carbide (bioSiC) as substrate for wall-flow 
DPFs. Thus, this literature review will be specifically focused on the physical and microstructural 
description of current wall-flow DPFs. The chapter is structured as follows. First, Section 2.1 
describes briefly the particulate emissions produced by diesel engines. In Section 2.2, an overview 
of the filtration process is presented. Section 2.3 presents an introduction to DPFs and provides a 
summary of the design conditions depending on the engine and its application. In Section 2.4, an 
in-depth physical description of wall-flow DPFs is provided. The most recent research activities 
in their development and improvement are summarized; and the main technological advances 
are presented. Section 2.5 gathers the main results and conclusions of the most recent studies 
about the efficiency and the pressure drop. These results taken from the state-of-the-art literature 
about DPFs were the starting point for the design of a bioSiC wall-flow DFP, and served as 
reference for the development of a competitive filtration system in the market. Finally, in Section 
2.6, a quick review on the regeneration processes is presented. 
 
Related publications 
 

M.P. Orihuela, R. Chacartegui, A. Gómez-Martín, J. Ramírez-Rico, J.A. Becerra-
Villanueva. Current trends in wall-flow Diesel Particulate Filters. Journal of hazardous 
materials (under review) 
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2.1. Particulate emissions of diesel engines 
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2.2. Overview of the filtration process in DPFs 
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2.3. Aftertreatment systems for the abatement of PM  
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2.4. Wall-flow Diesel Particulate Filters (wall-flow DPFs) 
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2.5. DPF performance parameters 
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2.5.1. Filtration efficiency 
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2.5.2. Pressure drop 
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2.6. Regeneration process in a DPF 
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2.7. Motivations, research opportunities and expected contribution 
 
From the frenzied past and present research activity, it can be clearly seen that there is a great 
concern in the society about particulate emissions coming from the transport sector and, in 
particular from diesel engines. Not only research agencies are involved, but also private 
companies from the automotive industry are actively participating in this joint effort to improve 
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the performance of current DPFs and to develop new and better particles control systems. Apart 
from other specific interest, three main causes are pushing the research activity in this field. 
 

- First, the legal restrictions imposed by the environmental policies. The majority of the 
developed countries have legislative committees controlling the emission limits for the 
main pollutants. This affects directly the automotive market due to the approval system 
(homologation process). Vehicle manufacturing companies and other companies of the 
transport sector need type-approval certificates to introduce their products in the market, 
so they are forced to continuously update their quality standards. 

- Second, the magnitude of the automotive market and the amount of money involved in 
this sector. Gasoline and diesel cars have become almost staple items in many countries 
and this is reflected in the business volume they generate. The level of sales in the global 
automotive industry is over 70 million vehicles a year. The manufacturers are highly 
encouraged to offer competitive vehicles with the best features for the drivers. 

- And finally, the impulse of the increasingly social awareness regarding the environmental 
issue and the actual trend towards a sustainable transport. Customers do care not only 
about getting an economic product anymore, but they also care about their environmental 
impact, their ecologic dimension. The way of purchasing products has experienced a 
substantial change in recent years, and the cars manufacturers are sensitive to this change.  

 
This situation is an exceptional opportunity for the development of new research projects on 
emission control technologies. Sustainable transport is actually one of the most important target 
in the Horizon 2020 Work Programme. But also a considerable part of the manufacturers budget 
is devoted to the development of more environmentally-friendly vehicles.  
 
Despite their long track record in the market, particulate filters still pose several shortcomings. 
DPFs are physical obstacles for the passage of soot particles. The mere placement of a filter in the 
exhaust pipe of an engine introduces an additional pressure drop to the gases circuit that the 
engine must overcome with a penalty in its performance and in the fuel consumption. Current 
DPFs are usually made with homogeneous substrates (granular, foamed or fibre-based), which 
leads to a direct relationship between particles abatement capacity and pressure drop. The more 
a filter hinders the passage of particles, the more it hinders the passage of gases too. From the 
author’s point of view, the particular hierarchical microstructure of biomorphic silicon carbide is 
an opportunity to overcome this relationship between efficiency and pressure drop. The possibility 
of using so many different precursors to tailor the most influential microstructural features (such 
as porosity or pore size distribution), provides bioSiC with a great potential to optimize separately 
both performance parameters.  
 
Furthermore, the accumulation of particles in the porous substrate of the filter increases in turn 
the backpressure in the system. DPFs must be periodically regenerated to eliminate this 
accumulation of soot. But the regeneration process is both a challenge for the designer of the 
aftertreatment system, and a nuisance for the user. Nowadays, still more resistant materials are 
needed to deal with the frequent regeneration cycles that take place on board the vehicle. Silicon 
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carbide is the most popular material for the manufacture of DPFs for light-duty engines (passenger 
vehicles). It has a high heat capacity and a high thermal conductivity, apart from a high 
mechanical strength and chemical stability. These are suitable properties for an appropriate 
regeneration behaviour. Nevertheless, silicon carbide has one important drawback: its high 
thermal expansion coefficient forces to make the filter in several segments stuck by a cement layer. 
 
Apart from these technical issues, silicon carbide poses another drawback: the high price of the 
raw materials and, sometimes, of the post-processing.  
 
By using bioSiC as a substrate, a reduction in the cost of the raw material is foreseeable, since a 
considerable part of the starting material is ordinary wood. A deeper analysis may show if the 
silicon consumption and the differences in the manufacturing process yield similar or lower costs.  
This thesis analyses the potential of bioSiC as automotive DPF substrate. On this purpose the 
major contributions to knowledge expected from this research are listed below: 
 

- A physical and microstructural characterization study focused on the most influential 
features on the filtration performance. A first selection of precursors based on a 
preliminary analysis of current DPF substrates. The consideration of the material 
anisotropy, and the differentiated study on the two possible cutting directions of the wood, 
which eventually turned out to be a crucial factor in the filtration performance of the 
material. 

- An analysis on possible relationships between functional parameters of the material, useful 
for future predictions on the performance of other bioSiC made from different wood 
precursors. At this point, the dependency of the permeability and the thermal conductivity 
on the microstructure are worth noting. A relationship between permeability and initial 
filtration efficiency is also provided, that provides with an initial criterion for selecting 
suitable candidates for particle filtration applications.  

- An optimization of the general manufacturing process of bioSiC based in the improvement 
of the last stage. In this work, the elimination of the excess silicon was done by means of 
a thermal treatment that eliminates the risks associated with the chemical etching and 
assures the complete reaction of the carbon matrix regardless its thickness. 

- A new proposal for the manufacture of wall-flow bioSiC DPFs. A complete and 
customized procedure for the manufacturing of these systems is proposed including the 
mechanization of the channels, the sticking of the sections, and the plugging of the 
channels. 

- Experimental measurements of the filtration performance of a bioSiC wall-flow DPF in 
both the initial state and during the soot load. Accurate measurement of the filtration 
efficiency and the pressure drop with specialized equipment. A first approximation to the 
regeneration process. 

- The utilization of a validated numerical model to simulate the behaviour of a bioSiC wall-
flow DPF that includes the main microstructural features of the biomorphic substrate. The 
prediction of the behaviour of a real-scale bioSiC DPF under real operating conditions in 
both the initial state and during the soot load. A comparative study of the filtration 
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performance of the bioSiC wall-flow DPF and that of a number of other commercial filters 
in the market. 
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Chapter 3 
Materials and methods 
 
 
 
 
 
 
 
 
 
In this chapter, a detailed description of the methodology followed in this thesis is presented. The 
research was planned in two main stages.  
 

- The first stage was devoted to studying the bioSiC filters at the material level. Small 
laboratory samples were manufactured from different precursors, and a comprehensive 
characterization study was carried out to obtain a physical and microstructural description 
representative for the target application.  

- In the second stage, a more specific study up to the system level was carried out. After 
developing a customized fabrication procedure, a real MDF-bioSiC wall-flow prototype 
was made, and a specific experimental campaign to determine its filtration performance 
was developed. Then, with the aid of a validated numerical model, the experimental 
results were scaled up to a real-size DPF and the potential of the system to comply with 
the current European regulation was analysed. 

 
Accordingly, the first half of the chapter will be dedicated to the fabrication of the laboratory 
samples and to the characterization study at the material level, while the second half will be 
dedicated to the fabrication of the prototypes and to the experimental measurements at a system 
level. Chapter 3 is structured in six sections. Section 3.1 provides a general description of the 
standard manufacturing process for bioSiC elements. In Section 3.2 the selection criteria for the 
initial precursors is stated, and a description of the laboratory samples and their manufacturing 
procedure is provided. Section 3.3 presents all the techniques used to characterize the samples, 
the theory in which they are based, and the equipment used for the analyses. Then, Section 3.4 
presents the customized procedure developed to manufacture bioSiC wall-flow DPFs. Section 3.5 
describes the test rig in which the experimental campaign with the prototypes was carried out and 
the test parameters. Finally, in Section 3.6 the numerical tools used to model the bioSiC wall-
flow DPF are presented, and the calibration and validation procedures are described. 
 
The manufacturing processes at both levels are an important focus of attention in this thesis. 
Unlike granular silicon carbide commercially used in DPFs, bioSiC cannot be manufactured from 
sludge by a sintering process. BioSiC is manufactured from the pyrolysis of wood blocks and it 
passes through different stages, but always in solid state. Furthermore, wall-flow DPFs are 
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systems with complex geometry, not easy to shape. Consequently, the manufacturing strategy is 
as important as the choice of the precursor, and so sections 3.2 and 3.4 are specifically focused 
on this issue. 
 
A significant part of the work reported in this thesis is experimental. The characterization study 
was mainly performed in the Central Services of the University of Seville (CITIUS), except the 
efficiency tests which were carried out in the Laboratory of Thermal Engines. The experimental 
campaign with the MDF-bioSiC wall-flow DPF prototypes was carried out in the Laboratory of 
Environmental Catalysis of the Polytechnic of Torino. 
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3.1. Standard manufacturing process of bioSiC elements 
 
The standard fabrication process of bioSiC has been extensively described in the literature [1–3]. 
It consists of three main steps as presented in Figure 3.1. The raw material is a vegetal precursor 
(e.g. wood). The only requirement to manufacture a bioSiC piece and to assure a complete 
reaction between the carbon preform and the melted silicon, is to have an open porosity with a 
minimum pore size of about 5 µm [4]. Prior to pyrolyzation, the precursor material is pre-shaped 
with preliminary dimensions close to the final design and it is dried in a stove. Then it is pyrolyzed 
in an inert atmosphere at around 1000 ºC. During this process, the organic matter is decomposed, 
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and water and other volatile compounds evaporate. As a result, a carbon block is obtained with 
a volume reduction of around 60 ± 5% [2]. This carbon preform keeps the basic microstructure 
of the departing natural material. 
 

 
Figure 3.1. Scheme of the bioSiC manufacuting process 

 
Since carbon is softer than silicon carbide, the carbon blocks are now mechanized into near net 
shape pieces. Next, the carbon matrixes are infiltrated with silicon in order to provoke the SiC 
forming reaction (C + Si  SiC). To this end, the typical standard procedure is infiltrating the 
carbon pieces with molten silicon in vacuum over the melting temperature 1550 ºC during at least 
30 mn. According to chemical proportions, to perform a stoichiometric reaction, 2.33 grams of 
silicon are needed for each gram of carbon. Nevertheless, previous studies have demonstrated 
that the stoichiometric process leaves non-reacted carbon parts due to the preform porosity. Thus, 
an excess of Si is generally needed to complete the SiC formation. Bautista et al. stated that, using 
a 50% of silicon in excess, there were no unreacted carbon parts, and no big silicon lumps 
appeared in the outside [5]. This leads to a Si/C weight ratio of around 3.5.  
 
After the infiltration process, the small pores become filled with residual Si, so the resulting 
material is a Si/SiC composite. No bulk volume increase is observed after the infiltration step. 
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To obtain porous biomorphic SiC the unconsumed Si has to be removed. In the methodologies 
used before this research project, the most commonly used methods to remove the residual Si 
were based on chemical etching with a solution of hydrofluoric (HF) and nitric acids (HNO3) 
[6,7]. Nevertheless, the risks associated with the manipulation of high concentration acids, long 
etching times and waste disposal, make chemical etching impractical for producing large batches 
of material. Moreover, the reaction volume of the acid solution is limited by its penetration 
capacity through the pores. If the carbon matrix is too thick, the acid solution does not penetrate 
into the core and part of the carbon remains unreacted. As an alternative to this manufacturing 
process, in this work a different route was proposed which involves removing the excess silicon 
by capillary extraction and evaporation at high temperature. 
 
In this process bioSiC specimens placed on top of porous carbon slabs are heat-treated up to 1800 
°C in vacuum during 4 h. Remnant Silicon evaporates due to the high temperature and gets out 
of the pores via capillary forces towards the carbons slabs. The final material obtained after the 
heat-treatment consists of a highly porous silicon carbide scaffold that reproduces the cellular 
morphology of natural precursor. 
 
 

3.2. Laboratory scale disk-shaped samples 
 
For characterization purposes, simple geometry samples were proposed. The characterization 
techniques used in this work require small amounts of material; and to make permeability and 
filtration tests, samples should rather have a small thickness. Thus, disk-shaped samples with 1 
inch in diameter and 3 mm thick were finally used. 
 
Precursors selection 
 
With the manufacturing process presented in Section 3.1 it is possible to tailor the porous 
microstructure of the final bioSiC. By using an appropriate precursor, its final properties can be 
adjusted. There are two main differences between the initial biological microstructure of the wood 
precursor and the final microstructure of the biomorphic ceramic material: 
 

- The tissue constriction produced during the pyrolysis process. Approximately 74% of the 
starting weight of the wood is lost during the pyrolysis due to the decomposition of the 
organic matter and the evaporation of water [4]. This leads to a length shrinkage of around 
30%, and thus, to a volume reduction of around 60% [2].  

- The disappearance of the smallest pores due to the infiltration process with silicon and the 
impossibility of overcoming the surface tension later in the evaporation process.  

 
Wood has a honeycomb-type microstructure consisting of long pores arranged parallel to the axis 
of the tree (axial direction). In Section 4.1, SEM micrographs of the microstructure of the carbon 
matrixes after the pyrolysis process are presented. Although in this stage the organic compounds 
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have already been decomposed and only carbon remains, the micrographs show that the 
specimens preserve the microstructure of the biological tissue with its cells and vessels.  
 
Wood can be classified as either softwood or hardwood. Softwoods have one type of pore in the 
plane perpendicular to the growth direction, while hardwoods tend to have two types of pores in 
this plane in different size ranges and with different wall thicknesses [8]. On the other hand, wood 
may also present growth rings and rays. Plants exposed to changing climates and clearly 
differentiated seasons develop growth rings, in which sequentially growing cells can be observed. 
Hence, this also affects to the microstructure [8].  
 
In this work, the selection of wood precursors for the characterization study was made trying to 
encompass a wide range of porosities, pore sizes and densities. Four natural wood precursors and 
one processed wood were selected: Ayous (Triplochiton scleroxylon), Pine (Pinus sylvestris), Iroko 
(Chlorophora excelsa), and Oak (Quercus rubra); and Medium Density Fibreboard (MDF). Densities 
range from 0.3 to 0.8 g/cm3. Ayous and Pine are low density woods, while Iroko and Oak are 
high density woods. Ayous and Iroko are tropical woods so they don’t have growth rings, while 
Pine and Oak do.  
 
Cutting direction 
 
Natural wood is an anisotropic material; it has two well differentiated microstructural planes. In 
the axial plane (perpendicular to the axis of the tree), wood presents small round or square pores 
due to the cross-cutting of the cells. In the radial plane (or any other vertical plane parallel to the 
axis of the tree), wood presents a distribution of long pores due to the lengthwise-cutting of the 
cells. From the point of view of filtration processes, this is a critical factor [9]. In any type of filter, 
there are four main filtration mechanisms: sieving, inertial impaction, interception, and Brownian 
diffusion. The arrangement of the pores affects directly the result of these mechanisms. 
 
In this work, natural woods were tested in both cross-cutting and lengthwise-cutting. Half of the 
samples were made cutting the carbon blocks in the axial direction, and the other half of the 
samples were made cutting the carbon blocks in transverse direction. The resulting samples show 
a completely different surface aspect despite coming from the same precursor; it can be seen in 
Figure 3.7 in the following epigraph.  
 
Fabrication process 
 
As previously commented, the samples for the characterization study at laboratory scale were 
designed with disk-shaped geometry of 1 inch in diameter and 3 mm thick. Their manufacturing 
process was as follows.  
 
First, the wood was cut into cubic blocks and dried in a stove for 24 hours at 70 ºC to remove the 
moisture. The wood blocks were pyrolyzed in an inert atmosphere using two successive heating 
ramps: first, a slow heating ramp of 0.5 °C min−1 up to 500 °C to avoid crack formation; and then 
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a higher heating ramp of 1 °C min−1 up to a peak temperature of 900 °C, followed by a soak time 
of 30 min to complete the pyrolysis process. The time-based pyrolyzation heating programme is 
represented in Figure 3.2. 
 

 
Figure 3.2. Pyrolyzation heating programme 

 
As a result of the process, a number of porous carbon templates were obtained. Figure 3.3 on the 
left shows the furnace were the controlled pyrolysis process was carried out, and on the right hand 
side shows the pyrolyzed blocks after the process. 
 

  

Figure 3.3. Pyrolysis furnace on the left hand side. On the right hand side, inside view of the 
furnace with the carbon blocks obtained after the pyrolysis 

 
These carbon blocks were then mechanized into disks with the design dimensions. A hollow drill 
was first used to make cylinders of 1 inch in diameter. Except for the MDF carbon blocks, the 
drilling direction was set for each block taking into account the arrangement of the cells. Axial 
samples were drilled in the direction of the cells, that is, parallel to the axis of the tree. Radial 
samples were drilled perpendicular to the direction of the cells, that is, perpendicular to the axis 
of the tree. Then, the cylinders were sliced into 3 mm thick disks with the aid of a precision slicer 
machine (Figure 3.4). MDF samples were all cut in the same direction (the cylinders in the 
compression direction, and the slices perpendicularly), due to the limited thickness of the MDF 
panels. Later, in the final analysis at the global system level, a critical revision is done on this 



CHAPTER 3.  MATERIALS AND METHODS 

 

M. Pilar Orihuela Espina 
 

89 

choice since the characteristic geometry of wall-flow DPFs forces the gas flux to flow in the 
direction perpendicular to the axis of the monolith.  
 

 

Figure 3.4. Cutting of the carbon cylinders into disks in the precision slicing machine 
 
As a result of the mechanization process, near-net-shape carbon preforms were obtained. These 
carbon preforms were then placed in a crucible and infiltrated with molten silicon (Silgrain HQ-
99.7% purity; Eljem Silicon, Oslo, Norway) using a Si:C weight ratio of 3.5, as previously said. 
The infiltration process was carried out in a high-temperature furnace (Nabertherm VHT 8/16-
MO) at 1550 °C for 30 min in vacuum. Figure 3.5 shows, on the left hand side, the carbon disks 
covered with Silicon powder before the infiltration process; and, on the right hand side, the same 
disks converted to SiC after the infiltration process. The furnace is shown in Figure 3.6. 
 

  

Figure 3.5. Specimens inside the crucible before (left) and after (right) the infiltration process  

After the infiltration process, the pores become filled with residual Si, so the resulting material is 
a Si/SiC composite. Besides, although the process does not modify the size of the samples, it is 
frequent to find silicon lumps on their outside surface. All this silicon in excess must be removed 
to obtain the porous material. In this work, the unconsumed Si was removed by capillary 
extraction and evaporation at high temperature. The specimens, placed on top of porous carbon 
slabs, were heat treated up to 1800 °C in vacuum at a heating rate of 8 °C min−1 followed by a 
soaking time of 4 h. This process is carried out in the same furnace as the infiltration (Figure 3.6).  
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Figure 3.6. High-temperature furnace used for the infiltration and the evaporation processes 

During the manufacturing period, more than 100 samples were made. At least 12 samples of each 
type of natural precursor and each cutting direction, and at least 20 from MDF. Hereafter, 
samples will be identified with the following nomenclature: the first letter indicating the cutting 
direction; and the second letter indicating the wood precursor (Table 3.1). For instance, RI will 
stand for Radial Iroko, and AA will stand for Axial Ayous. 
 

Table 3.1. Samples identification nomenclature 

First letter Second letter 
  A:  Ayous 

A: Axial P: Pine 
R: Radial I: Iroko 
  O: Oak 

 
Figure 3.7 shows the final aspect of the Oak samples: the axial (left) and the radial (right) one. As 
can be seen, differences between them can be clearly appreciated: the axial sample has well-
differentiated frontal pores, while the radial one does not have visible crossing pores but bunches 
of lengthwise grooves. 
 

   
 

Figure 3.7. Final aspect of the Oak samples: AO (left) and RO (right) 
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3.3. Characterization techniques 
 
The suitability of a material to be used as substrate in DPFs is determined mainly by its filtration 
efficiency and by the pressure drop it introduces in the flow. At a microstructural level, these 
properties, filtration efficiency and pressure drop, depend on several parameters: porosity, pore 
size distribution, specific surface, tortuosity. These microstructural parameters determine the level 
of hindrance that the material presents against the passage of particles (filtration efficiency). At 
the same time, they also determine the gas flow resistance or permeability (pressure drop). Thus, 
a successful combination of these microstructural parameters must be found to keep a good 
filtration efficiency while reducing/controlling the pressure drop induced in the flow. Apart from 
the filtration efficiency and the pressure drop, there are also some other physical properties which 
are desirable to assure the durability of the filter during its lifespan, specially due to the hard 
conditions that take place during the regeneration process. These are: high thermal conductivity, 
low thermal expansion coefficient (CTE), and high mechanical resistance. Some of them are 
especially relevant in automotive applications with variable thermal and mechanical loads (i.e. in 
engine cold starts, and vibrations derived from road). 
 
This research work features biomorphic silicon carbide as a possible alternative to traditional 
ceramic granular media. However, the wide variety of vegetal species that can be used for its 
manufacture, make it difficult to test them all experimentally. In order to identify the most 
appropriate precursors for developing DPFs, nine options were proposed (4 natural precursors in 
2 cutting directions, and one processed precursor), and a comprehensive characterization study 
was carried out. Functional characterization studies can be done over small simple samples, don’t 
require much time, and provide with abundant information about the material, its microstructure 
and its physical and chemical properties. Manufacturing wall-flow DPFs with all the precursors 
would have been time-consuming and it would have only provided information about their 
filtration performance. Through a previous characterization study, not only all the precursors can 
be characterized simultaneously in a relatively short time, but also direct relationships between 
the filtration parameters and the microstructure and properties of the specimens can be drawn as 
will be shown in Chapter 5. 
 
The study comprises a considerable number of techniques that are described below. In addition 
to the physical and microstructural parameters previously mentioned, the permeability of the 
samples was determined with a laboratory-made permeameter in order to get a direct 
measurement of the pressure drop with an air stream at ambient temperature. Besides, a phase 
analysis and a thermogravimetry analysis were performed to determine the crystalline 
composition of the resulting materials, and to identify if residual carbon remains in the material 
after the manufacturing process.  
 
The different characterization techniques used in this work are explained below. Tests were 
performed at the General Research Services of the University of Seville (Centro de Investigación, 
Tecnología e Innovación, CITIUS), at the laboratory of Multifunctional Biomimetic Materials, and 
the laboratory of Thermal Engines of the University of Seville. 
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3.3.1. Microstructural characterization 
 
In order to observe the microstructure of the samples, to stablish visual differences between 
precursors, and to identify the features of the filtration surface depending on the cutting direction, 
a scanning electron microscope (SEM, Jeol 6460-LV) equipped with secondary electron (SE) and 
backscattered electron (BSE) detectors was used.  
 
Density based porosity 
 
BioSiC is a highly porous material and so it is necessary to differentiate between bulk (apparent) 
density and real density. The bulk density does not take into account the pores of the material; it 
is easily calculated by weighting the samples and dividing their weight by their volume, but it 
does not provide information about the porosity. To estimate the porosity, the real density of the 
material must be also measured. From both densities, the porosity of the sample may be 
calculated by comparing them as presented in Eq. 3.1.  
 

𝜀 = 1 −
𝜌௕௨௟௞

𝜌௥௘௔௟
 

 

Eq. 3.1 
 

The real density of a porous material can be measured by pycnometry techniques, in which the 
real volume occupied by the solid is calculated based on the displacement of a gas. For this work, 
a helium pycnometer Pentapycnometer 5200 (Quantachrome Instruments) has been used. If there 
are not closed pores in the material, this real density should be similar to the theoretical density 
of solid (non-porous) silicon carbide, considering that biomorphic silicon carbide is just a sort of 
porous silicon carbide. Thus, an alternative way to estimate the porosity of a bioSiC sample is to 
compare its real density with the density of pure non-porous SiC. The theoretical density of 
monolithic fully dense SiC has been reported to be 3.21 g/cm3 [10]. 
 
Porosity and pore size distribution 
 
To get a more detailed information about the porosity but especially about the pore size 
distribution, the samples were characterized by mercury intrusion porosimetry. This technique is 
based upon the physical principle that a non-reactive, non-wetting liquid such as mercury will not 
penetrate the fine pores of a solid absorbent until sufficient pressure is applied to force its entry. 
The relationship between the applied pressure and the pore diameter into which mercury will 
intrude is given by the Washburn equation [11].  
 

𝑟௣ =
−2𝜎 cos 𝜃

𝑃
 

 

Eq. 3.2 
 

where 𝑃 is the applied pressure, 𝑟௣ is the pore radius, 𝜎 is the surface tension of the mercury (480 

dyne/cm) and 𝜃 is the contact angle between mercury and the pore wall, usually taken as 140º. 
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By applying this technique to a sample, several characteristic textural parameters such as the pore 
size, the pore volume distribution, and the total porosity of the sample, can be obtained. The 
porous ceramic samples made in this research work were characterized with a Mercury 
porosimeter Pore Master 60 GT (Quantachrome Instruments). To measure pore sizes above 7 
µm, the low pressure system was used (0.2-50 psi), where mercury is pushed into the pores of the 
material through air injection. To measure smaller pores, a higher pressure is needed (20-60000 
psi), so the high pressure hydraulic system was activated. 
 
Specific surface 
 
The technique of physisorption is based on the adsorption phenomenon, and it describes the 
interaction between the surface of a solid and the molecules of a gas or a fluid when they get in 
contact. The adsorbate (gas or liquid) gets in contact with the adsorbent (solid) and become 
weakly bonded by Van der Waals forces. In the process of adsorption, a known amount of a gas 
such as N2, CO2, or Kr is injected in a cell containing the material under study, and the amount 
of gas adsorbed by the sample is determined as a function of the equilibrium pressure of the solid-
gas system at constant temperature.  
 
The adsorption isotherm curve is the most direct way to log the adsorption experimental data, 
and it consists of a representation of the pressure of the adsorbable gas versus the amount of 
adsorbate gas sticked to the solid. The pressure is usually expressed as relative pressure (the ratio 
between the absolute pressure P and the gas saturation pressure P0). 
 
By using Kr at 77 K as adsorbate gas, and by applying the BET (Brunauer, Emmett and Teller) 
theory [12], the specific surface of the bioSiC samples was determined from the adsorption 
isotherm curves and from the amount of adsorbed gas. Kr was used as adsorbate instead of N2 
due to the low specific surface of the samples.  
 
The equipment used in this work to make the measurements was an analyser Micromeritics 
ASAP 2420, which has twelve ports and allows to degasify the samples by heating the glass 
containers with thermal jackets up to 450 ºC. The degasification was made at 450 ºC during 4 
hours to eliminate the absorbed water and other environmental pollutants. This way, a 
satisfactory cleaning of the surface of the samples was accomplished, and therefore optimal and 
reproducible results in the adsorption isotherm curves were obtained. 
 
3.3.2. Thermal and mechanical characterization 
 
Diesel filters are exposed to variable thermal and mechanical loads. During a normal drive, 
variations in the engine temperature affect the thermal loads in the exhaust system, while the 
contact with the ground transmits mechanical vibrations to the whole vehicle. If a DPF is installed 
in the exhaust pipe, the regeneration cycles will produce an even higher thermal stress. 
Consequently, substrates should have high thermal stability and low thermal expansion 
coefficient. Current SiC DPFs are fabricated in segments and joined together through bonding 
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layers so that the thermal expansion of the whole DPF is absorbed by these layers. Nevertheless, 
the manufacturing cost of these segment-type DPFs is high and the material loss is significant as 
compared to monolith-type DPFs [13]. This problem is intensified when the material is exposed 
to an additional mechanical stress as happens with the vibrations in a vehicle. 
 
In this work, the thermal expansion coefficient of bioSiC has been determined and compared to 
that of traditional SiC or cordierite in order to compare their performance under variable thermal 
loads. This study is required to evaluate the necessity of segmentation in a full-scale filter under 
variable thermal load operating conditions as those that appear in automotive applications. 
 
The use of bioSiC at high operating temperatures takes advantage of properties such as high 
thermal conductivity and thermal diffusivity and, due to its controllable microstructure, bioSiC 
could be a promising candidate in high temperature applications. Heat dissipation is an important 
property in those scenarios, and a high thermal conductivity provides a more homogeneous 
temperature distribution in the material, leading to a better thermal shock resistance.  
 
Investigation of thermal conductivity has attracted attention for wood-derived carbon preforms 
and for biomorphic SiC ceramics with excess of silicon [14–16]; but thus far, these studies have 
been basically performed at temperatures not much greater than room temperature. Due to the 
potential applications of these materials at higher temperatures and their low processing cost, 
some recent studies have analysed the thermal conductivity of carbon and ceramic composites 
and of porous wood-derived ceramics at temperatures near 1000 °C [17–19]. Some authors have 
assessed the thermal properties of biotemplated SiC materials removing the excess of silicon by 
chemical etching. For instance, Pappacena et al. [17] investigated the dependence between 
thermal conductivity and microstructure of porous bioSiC at temperatures ranged from room 
temperature to 1100 °C. Nevertheless, as previously mentioned, they used chemical etching to 
remove the residual silicon after the infiltration while, in this work, the excess silicon has been 
removed through thermal means. In this work, the thermal conductivity of porous bioSiC from 
different precursors have been determined for both the axial and the radial directions, at 
temperatures ranging from room temperature to 700 °C.  
 
To cope with the large pressure gradients that take place during the filtration process, DPFs must 
also have good mechanical properties. Much attention has also been paid to this issue. Some 
previous studies have already explored the mechanical properties of bioSiC-Si composites [20–
22], and bioSiC porous ceramics [4,23] at high temperatures. At this point, the microstructure, 
the porosity and the residual carbon play an important role in the resulting mechanical strength 
[8], so in this work a specific study on the mechanical behaviour of bioSiC made with the chosen 
precursors has been carried out. 
 
Thermal expansion coefficient 
 
The thermal expansion coefficient (CTE) defines the relative change in length that one material 
experiments when it is subjected to a change in temperature. In this work, to measure the CTE of 
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the bioSiC samples, a TMA PT1000 dilatometer (Linseis) was used. Small parallelepiped blocks 
of (3 × 3 × 5) mm3 were cut from each sample and placed inside a quartz sample-carrier. A contact 
force was applied between the upper surface of the sample and a quartz cylindrical piston to be 
able to evaluate the change in length. The tests were carried out in inert atmosphere (Ar) to avoid 
the oxidation of the samples with a heating ramp of 10 ºC min-1 up to 1000 ºC. Besides, to take 
into consideration the thermal expansion of the pistons during the heating process, a blank test 
with a quartz pattern in the same conditions was performed. 
 
Thermal conductivity 
 
The thermal conductivity (𝑘) can be determined from the sample thermal diffusivity (𝛼), the 
specific heat (𝐶௣) and the density (𝜌) by using the following equation:   

 
𝑘(𝑇) = 𝐶௣(𝑇) 𝛼(𝑇) 𝜌 

 
Eq. 3.3 

 
The thermal diffusivity of the bioSiC specimens was measured by the Laser Flash method [24]. 
In this method one side of a plane-parallel sample was heated by a laser pulse. The energy of the 
pulse was absorbed on the front surface of the specimen and the resulting rear face temperature 
rise was recorded by an InSb infrared (IR) detector. The thermal diffusivity value was calculated 
from the specimen thickness and the time required for the rear face temperature rise to reach a 
certain percentage of its maximum value [25] as follows:   
 

𝛼(𝑇) =
𝜔 𝐿ଶ

𝜋ଶ 𝑡ଵ/ଶ
 

 

Eq. 3.4 
 

where 𝛼 is the thermal diffusivity in cm2/s, 𝐿 is the sample thickness, 𝜔 is a constant determined 
by the Clark and Taylor approximation [26] and 𝑡ଵ ଶ⁄  is the half time, which is the time it takes 
for the temperature on the back of the sample to reach half of its maximum value. 
 
Thermal diffusivity in both axial and radial orientations was measured by the Laser Flash method 
in vacuum to avoid oxidation of the samples (Linseis LFA1600). Measurements were performed 
from room temperature to 700 °C in intervals of 100 °C [25]. The reported diffusivity corresponds 
to the mean of three measurements at each temperature for each precursor. One sample from 
each wood precursor type and orientation was tested. The laser pulse was applied both parallel 
(axial samples) and perpendicular (radial samples) to the direction of the channels in order to 
consider the anisotropy in the microstructure. Before testing, samples were spray coated with a 
thin layer of colloidal graphite (10 mm nominal thickness) for an increase in the absorption 
efficiency of the laser pulse and to prevent the direct laser radiation from reaching the infrared 
detector [25]. 
 
Once the thermal diffusivity was measured, the thermal conductivity was calculated from the 
experimental values of thermal diffusivity, specific heat capacity and density according to Eq. 3.3. 
The bulk densities used to obtain the value of thermal conductivity were assumed constant due 
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to the very small thermal expansion of SiC over the measured temperature range [10]. For the 
specific heat capacity, reference values for SiC from the literature were considered [10]. The 
specific heat 𝐶௣ (J/kg K) can be calculated with an approximated correlation for standard silicon 

carbide as follows: 
 

𝐶௣(𝑇) = 925.65 + 0.3772 𝑇 − 7.9259 · 10ିହ 𝑇ଶ −
3.1946 · 10଻

𝑇ଶ
 

 

Eq. 3.5 
 

where the temperature is in K. It has been shown that SiC materials show very similar heat 
capacities regardless the microstructure, the grain size, or the α to β SiC content [25]. 
 
Compressive-strength 
 
For the study of the mechanical robustness of the samples, compressive-strength tests were 
performed [27]. Diesel particulate filters in automotive applications will be used under severe 
vibration conditions. This study is oriented to identify the mechanical behaviour of bioSiC as 
DPF substrate.  
 
The mechanical characterization was made in terms of compressive strength because a majority 
of compressive loads are foreseen. The monolith filter is enclosed in a metal housing, so pressure 
loads may appear due to thermal expansion. On the other hand, due to the channel geometry, no 
bending or shear loads are expected. Apart from that, compressive strength values can offer an 
estimation of the resistance to vibrations required for this application. 
 
Parallelepipeds with dimensions of (3 × 3 × 5) mm3 were cut with a diamond saw and then tested 
in compression up to failure at a constant strain rate of 2·10−4 s−1 at room temperature, using a 
screw-driven universal testing machine (Microtest EM1/20/FR, Madrid, Spain). The 
compressive load was applied along the long axis of the samples using alumina rods. The reported 
maximum compressive strength was the average of a minimum of five measurements for each 
wood-bioSiC and loading conditions in both directions (axial and radial). 
 
3.3.3. Phase and TGA-DSC analysis 
 
During the manufacturing process of bioSiC elements, the conversion of the carbon matrix into 
silicon carbide is promoted by the reaction with molten silicon at temperatures above 1500 ºC. 
At this temperature the silicon melts and is able to permeate trough the pores of the solid carbon 
structure. The wood precursors used to make the filter samples were all chosen with open 
porosity; so in general, the silicon reaches the whole internal structure of the carbon matrix. 
However, the presence of some inaccessible pores, or the insufficient time for reaction in some 
points, may leave some zones in the carbon matrix unreacted. To check if the structure has reacted 
completely, or if there is some unreacted carbon, a thermogravimetric analysis has been 
performed over the bioSiC samples. 
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On the other hand, to obtain porous biomorphic SiC, the excess Si has to be removed. In this 
work, the silicon in excess has been removed by capillary extraction and evaporation at high 
temperature, which means heating the Si/SiC piece up to 1800 ºC. Above 1700 ºC, silicon carbide 
is susceptible to suffer phase changes in its crystalline structure, from the cubic 3C β-SiC to the 
high temperature hexagonal 6H α-SiC [28]. This may affect the specific surface of the porous 
material and to the filtration behaviour. Thus, a phase analysis has been also performed over the 
samples to identify all major phases present in terms of their crystal structure. 
 
This study is important as long as the elementary composition of the material and its phase 
structure directly affects its properties. The presence of amorphous carbon for instance reduce the 
strength and the hardness of the ceramic composite, while the different crystalline phases of 
silicon carbide present different melting points or stability ranges. 
 
X-Ray diffraction  
 
The X-ray diffraction is based on the scattering that a monochromatic X-ray beam undergoes 
when it interacts with the atoms of a crystalline material. The interaction of an incident beam 
with the sample produces a bunch radiation peaks, with different positions and intensities, 
characteristic of each crystalline substance. By comparing the obtained peaks with the available 
patterns in the data bases, the crystalline phases can be identified and quantified [29]. The 
interpretation of XRD is based on Brag law. When an X-Ray beam with a known wavelength is 
incident to a crystalline solid, the crystalline planes may produce constructive interference or a 
diffracted ray. According to Bragg`s Law the deflected waves will not be in phase except when 
the following relationship is satisfied:   
 

𝑛𝜆 = 2𝐿 sin 𝜃 
 

Eq. 3.6 
 

where n is a positive integer, 𝜃 is the diffraction angle (Bragg angle) for a lattice spacing 𝐿 and 𝜆 
is the wavelength of the X-rays. In this work, phase analysis was performed by X-ray diffraction 
(XRD) employing an X-ray diffractometer (Bruker D8 advance), fitted with a Cu cathode using 
monochromated Cu Kα radiation (λ = 1.5406 Å). Analyses were carried out in samples before 
and after the heating process used to remove the excess of silicon. 
 
TGA (Thermogravimetry) + DSC (Differential scanning calorimetry) analysis 
 
To determine the percentage of residual unreacted carbon present in the samples after the 
infiltration process, thermogravimetry (TGA) and differential scanning calorimetry (DSC) have 
been used. Thermogravimetry measures the mass change of a sample over time as the temperature 
evolves. Differential scanning calorimetry, in turn, measures the amount of energy absorbed or 
released by the sample when it is heated. Both techniques can be applied simultaneously as they 
use identical test conditions (same atmosphere, gas flow rate, vapor pressure of the sample, 
heating rate, etc.), and they offer more information applied together than when they are applied 
in separated tests. 
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To make these measurements a Q-600 SDT analyser from TA Instruments was used. The 
equipment was first calibrated with a standard sapphire sample. The bioSiC samples were heated 
in an oxidizing air atmosphere with a heating rate of 10 ºC min-1 up to 1000 ºC (temperature 
above the combustion temperature of carbon). The residual amount of carbon was estimated from 
the weight loss associated to the carbon oxidation.  
 
3.3.4. Permeability and intrinsic filtration efficiency 
 
For filtration applications, the permeability is one of the most important properties because it is 
directly related to the pressure losses in the flow [30]. Recent studies have been conducted on 
some ceramic materials to determine their permeability and to assess the influence of their 
microstructure on the resulting pressure drop and capture efficiency [31,32]. These parameters 
have been demonstrated to depend on volume fraction of porosity as a first approximation, but 
also on the pore size and connectivity [33]. If the permeability is known as a function of the 
microstructure, then the pressure drop can be predicted under a given flow rate and the 
microstructure can be improved by tailoring pore characteristics [34]. However, high values of 
porosity cause lower mechanical strength and stability [6,8,23], despite the high permeability [35], 
and thus finding the balance between the two parameters is one of the main challenges in making 
a suitable material for filtering applications.  
 
Permeability 
 
The pressure drop of a gas flowing through a porous material is described as follows through the 
Forchheimer's equation [36], determined by the Darcy's law and Forchheimer's extension:   
 

∆𝑃

𝐿
=

𝜂

𝑘ଵ
𝑣 +

𝜌

𝑘ଶ
𝑣ଶ 

 

Eq. 3.7 
 

where ∆𝑃 is the pressure drop (Pa), 𝐿 is the thickness of the sample (m), 𝜂 is the dynamic viscosity 
(Pa·s), 𝑣 is the gas velocity (m·s−1), 𝜌 the gas density (kg·m−3) and 𝑘ଵ and 𝑘ଶ are the Darcian (m2) 
and inertial (m) permeabilities respectively. In the case of compressible fluids, the pressure is 
determined by the difference in the squares of input (𝑃௜) and output (𝑃௢) pressure, and is 
determined as follows:   
 

∆𝑃 =
𝑃௜

ଶ − 𝑃௢
ଶ

2𝑃௢
ଶ

 

 

Eq. 3.8 
 

A laboratory-made gas permeameter device was designed and built within this research work to 
characterize the permeability of the bioSiC specimens. Figure 3.8 shows a photo of the 
manufactured apparatus and Figure 3.9 presents its basic operating diagram. This experimental 
apparatus has been described in [23,37].  
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Figure 3.8. Laboratory-made permeameter built for this work 

 

Figure 3.9. Design sketch of the sample carrier and operating diagram of the permeameter 

The disk-shaped samples were inserted in this permeameter in sealed clamps, and a gas flow was 
forced to cross them while the pressure and the gas flow were being measured. The gas flow 
through the sample was measured with a rotameter, while the pressure drop was measured with 
a gas manometer with measurement range from 1 to 9 kPa. Compressed air at room temperature 
was used as working fluid. The density and the dynamic viscosity for the room temperature were 
taken from the general literature (𝜂 = 1.8 · 10ିହ Pa·s, 𝜌 = 1.17 kg·m-3) [38]. The system 
calibration was made measuring the pressure drop without any sample. The gas-flow velocity ν 
was determined by the measured volumetric flow rate Q per unit of cross-sectional area A (m2) 
perpendicular to the flow direction (ν = Q/A). 
 

Manometer 

Flowmeter 

Sample-
carrier 

Thermometer 
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The experimental curves of pressure drop as a function of flow velocity were fitted according to 
Forchheimer's equation for compressible fluids. From these quadratic fits, permeability constants, 
k1 and k2, were determined according to Eq. 3.7. Both parameters were considered constant and 
independent of the flow conditions because they have been found to depend only on the relevant 
microstructural parameters, such as morphology, pore-size distribution, porosity fraction or 
connectivity [32]. Darcy's law considers only the pressure drop associated with laminar viscous 
effects at very low flow velocities, reflecting a linear behaviour between the pressure drop and the 
air-flow velocity in a porous medium. However, also considering Forchheimer's extension for 
higher velocities, the pressure gradient shows a more realistic parabolic trend due to turbulence 
and inertial effects [39]. The permeability values reported in the following chapter (Chapter 4) are 
the average of the measurement of three samples for each type of wood precursor and orientation. 
 
Intrinsic filtration efficiency 
 
Before tackling the manufacture of the final filter prototypes with the complex geometry of an 
automotive wall-flow DPF, it was convenient to get a first idea of the filtration performance of 
the different bioSiC specimens included in this characterization study (made from different 
precursors and with different cutting directions). The filtration efficiency of a filter depends on its 
thickness and on the flow velocity [40], which in turn depends on the filtration area. Hence, 
despite being made from the same material, the filtration efficiency of a wall-flow DPF differs 
from that of a simple disk-shaped filter. Nevertheless, to make a comparative analysis between 
the different bioSiC specimens, and to help in making a decision on which precursor to use for 
manufacturing the final prototypes, a preliminary study on the filtration efficiency of the disk-
shaped samples has been carried out. 
 
The study was carried out taking advantage of the facilities already operating in the Laboratory 
of Thermal Engines of the University of Seville. An experimental test bench was designed and 
built in order to extract a fraction of the exhaust gases coming from a diesel boiler, and to direct 
it towards the measurement section of the rig, where the filtering performance of the bioSiC disk-
shaped specimens was tested under controlled conditions, suitable for the size of the samples.  
 
For this study, a small industrial diesel-fuelled boiler was used. This thermal system integration 
is considered suitable to evaluate the filtering performance of simple disk-shaped samples. At the 
Laboratory of Thermal Engines, this boiler is used to heat thermal oil up. This thermal oil flows 
through a closed loop: it comes from a storage tank, it is heated up in the boiler, then it is cooled 
down in a heat exchanger, and finally it returns to the tank. The boiler doesn't operate constantly 
but through temperature regulated start-stop cycles as a function of the oil temperature. Therefore, 
the system performance is characterized by frequent start-stop cycles where certain amount diesel 
soot is generated. Table 3.2 shows the main technical specifications of the boiler. 
 

Table 3.2. Technical specifications of the boiler 

SOGECAL Thermal Oil Boiler [41] 
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Manufacturer SOGECAL 
Model  ORK KONUS-ORBUS 
Type CL-100 
Power  116 kW 
Thermal fluid  Oil 
Oil Max. Temperature  400 °C 
Oil Max. Pressure 20 bar 

 
In this work an experimental test bench has been designed and built to extract a fraction of the 
boiler exhaust flow and filter it under controlled conditions, adequate for the samples size and for 
the integrity of the measurement equipment. The bench was integrated with the boiler by 
connecting the sampling pipe to the boiler exhaust. Figure 3.10 depicts the general scheme of the 
test bench, with the sampling point located in the centre of the flue gases pipe. In Figure 3.11 two 
images of the experimental facility are presented. On the left hand side, a photograph of the boiler 
is presented; and in the right hand side, a detail of the test rig. 
 

 
Figure 3.10. Test bench layout for the measurement of the intrinsic filtration efficiency of  

the lab-scale bioSiC samples (tests in a diesel boiler) 
 
First checks included measuring the temperature of the exhaust gases as a function of the oil target 
temperature in order to ensure that the gas sample didn't exceed the thermal limit of the 
components downstream. When the target temperature of the oil was set to 50 ºC, the 
temperature of the flue gases was up to 190 ºC in the sampling point, and up to 65 ºC at the end 
of the flexible metal pipe. To maintain the integrity of the particles measurement equipment, a 
plate water-cooled heat exchanger was placed just between the connection flexible pipe and the 
measuring space. It assures a safe 35 ºC temperature at the inlet of the particle counter. 
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Figure 3.11. Experimental facility for the preliminary measurement of the filtration efficiency: 
diesel boiler (left) and test rig (right). 

The thermo-couple located just after the heat exchanger provided a live measurement of the 
sample temperature. To compensate the pressure losses produced by the heat exchanger, a small 
blower was placed at its outlet. Both, thermocouple and blower, were attached to a metal tube 
(Figure 3.12) with an ending conical section manufactured to adapt the section of the heat 
exchanger to the section of the remaining piping. All metal components in this first area of the 
bench were provided with an earth connection to avoid particulates to stick due to accumulated 
static charge. Right after it, in the measuring space of the bench, all the piping was designed with 
antistatic tubes. 

 
Figure 3.12. Attachment of the thermocouple (K-TC) and the fan to the heat exchanger 

From this point, gases may be carried directly to the measuring area if the original particulate 
concentration produced by the boiler is going to be measured, or forced to pass through the filter 
when testing any sample. The sample-carrier used for these test was the same sample-carrier used 
for the permeability tests, which consisted of an airtight chamber with a junction-sealed support 
(see Figure 3.9). Both inlet and outlet sections of the chamber were turned and provided with 
smooth conical shapes to improve its aerodynamics. The sample is placed in the carrier laying 
between two o-rings in order to force the gas to pass through it. 
 
To measure the number and the distribution of particles in the gas stream an Optical Particle Sizer 
has been used (TSI Optical Particle Sizer, OPS 3330). The general specifications of the particle 
meter may be seen in Table 3.3. To avoid surpassing the limit of 3000 particles/cm3 imposed by 
the OPS, a stream dilutor was placed upstream the measuring device. Eventually, this dilutor 
might be detached if the concentration of particles was low enough. The flow rate that enters the 
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OPS is governed by an internal pump and is set to 1 LPM. To check the correct performance of 
the pump and to be able to calibrate the flow, an analogic rotameter was placed between the 
dilutor and the OPS. 
 

Table 3.3. Technical specifications of the optical particle sizer 

OPS 3330 Optical Particle Sizer [42] 

Manufacturer  TSI 
Model  OPS 3330 
Measurement Principle  120° light scatter 
Flow rate  1 LPM ± 5% 
Sampling time  ≥ 1 s 
Particle size range 0.3-10 μm 
Channels no.  16 
Size resolution 5% at 0.5 µm 
Particle concentration limit  3000 particle/cm3 

 
 

3.4. Small-scale prototypes of wall-flow DPFs made of bioSiC 
 
As explained at the beginning of this chapter, this thesis was developed in two main stages. 
 
The first stage was devoted to manufacture the laboratory samples and to perform the complete 
material characterization study. This study allows a better understanding of the material 
properties and the potential of the different bioSiC specimens for their integration in a real DPF 
prototype. 
 
The second stage was focused on manufacturing a wall-flow DPF prototype with real geometry 
and evaluating its filtration performance through an experimental campaign. The prototypes were 
characterized at lab-scale by means of a Soot Generator (SG). A SG produces a controlled 
concentration of particles in terms of mass and distribution. They are frequently used for 
characterizing automotive filters as they can generate particles distributions similar to the ones 
produced by a diesel engine. Their use facilitates the control of the test conditions, provides a 
higher accuracy in the results, and assures the repeatability of the experiments allowing a better 
understanding of the effect of different factors in the filters performance.  
 
The SG test bench could not hold large-scale filters, so the prototypes had to be designed at a 
smaller scale. The final size of the prototypes was 9.2 mm x 9.2 mm x 31 mm. They were made 
with a total of 45 channels: 21 inlet and 24 outlet channels, which results in a cell density of 57.59 
cell/cm2 (371.6 cpsi). The results of the experimental study were scaled up to a full-size DPF by 
means of a validated numerical model, adapted to the specific microstructural features of bioSiC, 
as will be explained in Section 3.6. 
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Precursor selection 
 
The wall-flow prototypes were manufactured from MDF. This decision was based on the results 
of the precursors characterization study, which will be presented in the following chapter (see 
Section 4.5). Results revealed that MDF had, along with Axial Pine, one of the best filtration 
efficiencies among all studied precursors. The precursor selection for the manufacture of a pilot-
scale prototype was based mainly on efficiency criteria. The reason for this is because the only 
objective limitation over these systems is imposed by the regulations and it affects the number 
and the mass of particles they can retain. However, the choice of the precursor was in this case 
due to both technical and practical reasons. MDF-bioSiC is easier to process than natural 
precursors: it is a transversely isotropic material with homogeneous microstructure, that remains 
homogeneously soft after the pyrolysis. This in practice eased the mechanizing process. In 
contrast, the densest fringes of the growth rings of Pine wood became too hard in the resulting 
carbon pieces, and they could not be mechanized with the same fine tools. 
 
Cutting direction 
 
From the initial characterization study, it was determined that, when an MDF-bioSiC filter is 
arranged with the compression direction parallel to the gas flow (perpendicular to the fibres), its 
permeability is around 1·10-12 m2 [27], and an initial (clean) filtration efficiency higher than 80% 
may be expected [9] (the values of permeability and intrinsic filtration efficiency obtained from 
the characterization study are presented in Section 4.4).  
 
In a wall-flow DPF, the crossing direction of the gases through the porous substrate is 
perpendicular to the direction of the channels. In a bioSiC DPF this fact is especially significative 
due to its natural anisotropy. In particular, in a MDF-bioSiC filter, if the channels are mechanized 
in the compression direction, then the gas flows perpendicular to the compression direction. In 
this work, the mechanizing direction was chosen based on manufacturing criteria. MDF is 
generally served in thin panels (no thicker than 2-3 cm); and taking into account the mechanizing 
process followed in this work (described below in the text) this resulted the simplest way.  
 
No data have been found about its behaviour in the other direction, with the compression 
direction perpendicular to the gas flow, but the homogeneity in the arrangement of the fibres leads 
to think that maybe a lower permeability and a higher filtration efficiency can be expected. As a 
part of this study, the permeability of MDF-bioSiC in the direction perpendicular to the 
compression one has been determined.   
 
Fabrication process 
 
After selecting the most appropriate precursor, and upgrading the manufacturing process, the real 
prototypes of wall-flow DPFs were manufactured. The prototypes were manufactured following 
the manufacturing procedure described in Section 3.2, but adapting the process to the complex 
geometry of wall-flow DPFs and paying special attention in the mechanizing stage to the 
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geometry and optimal design of the honeycomb structure required for diesel engine applications. 
Figure 3.13 shows a diagram with the main stages of the process after the adaptation. 
  

 
Figure 3.13. Main stages of the manufacturing process of bioSiC 

 
The starting material was a panel of MDF. It was at this stage of the research when the 
implications of the wall-flow DPF geometry and the direction of the gas flux within were 
assumed. Due to the limited thickness of the MDF panels, during the characterization study, 
MDF samples were cut and tested in only one direction. The lab-scale disk-shaped samples were 
cut with the axis parallel to the compression direction; and all the tests were performed as if the 
gas flux was going to cross the MDF porous substrate in this same direction. Nevertheless, in a 
wall-flow DPF, the gas flows across the walls of the channels. Depending on how the MDF panels 
are cut and arranged to make the prototype, the final crossing direction of the gas may result 
perpendicular to the compression direction of the fibres instead of parallel. In order to take this 
into consideration, the permeability study of the MDF-bioSiC specimens was complemented with 
additional permeability tests over the final prototypes. 
 
The MDF panels were pyrolyzed heating them up to 900 °C in an oxygen-poor atmosphere using 
a slow heating ramp in order to obtain carbon plates. The main novelty of the process followed 
in this work is the way the wall-flow samples were mechanized from the carbon plate. In this 

PYROLYSIS.                                                  
Pyrolysis of wood blocks to obtain a 

carbon matrix. 900ºC in inert atmosphere 

MACHINING.                                                   
CNC machining of cross-sectional slices. 

INFILTRATION WITH Si.             
Heating in vacuum at 1550ºC to melt the 

silicon powder. Reaction between C and Si 
producing SiC

REMOVAL OF THE EXCESS Si.                                                 
Heating in vacuum at 1800ºC to evaporate 

the non-reacted Silicon.

SLICES BONDING.                       
Polishing and facing of the sides. Sticking 

with high temperature sealing glue.

CHANNELS PLUGGING.               
With castable SiC
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work the wall-flow filters were constructed by manufacturing a number of cross-sectional slices 
and sticking them later with high temperature sealing glue. The cross-sectional slices were 
mechanized in a Computer Numerical Control (CNC) milling machine (EMCO Concept Mill 
105). Figure 3.14 shows one of the mechanized slices, and the aspect of the samples, still made of 
carbon and not stuck. 
 

      

Figure 3.14. One of the mechanized slices (left) and final aspect of the whole prototypes before 
the infiltration with silicon 

 
These carbon slices were then infiltrated with silicon in order to get the final product of silicon 
carbide. For this purpose, they were placed in a crucible, covered with silicon powder (Silgrain 
HQ-99.7% purity; Eljem Silicon) with a Si:C mass ratio of 3.5, and then heated up to 1550 °C for 
30 minutes in vacuum (Figure 3.15).  
 

 

Figure 3.15. Carbon slices of the prototype in the crucible covered with silicon 
 
After the infiltration process, the initial carbon structure has turned into silicon carbide and the 
unconsumed silicon is filling and blocking the pores. This excess silicon is removed by 
evaporation at high temperature. The pieces were placed again in crucibles surrounded by carbon 
pieces and heated up to 1800 °C in vacuum. After this process, the cross-sectional slices of the 
wall-flow filter are already made of porous bioSiC. 
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To assure a perfect joint between them, their sides are first faced and polished. The slices were 
stuck with high temperature sealing glue (Nural 30, Pattex) paying special attention to cover the 
whole surface of the channels, but without blocking the path for the gas. The microstructure of 
the resulting biomorphic SiC filter from MDF wood was analysed by X-ray computed 
tomography (XCT) in order to check the reliability of the bonding stage. Measurements were 
carried out using a tomographic scan model Y.Cougar SMT (YXLON), which consisted of a 
cone-beam system with a total rotational angle of 360º equipped with a microfocus tube and a 
target transmissive of Tungsten. While the sample was rotating, 1024 radiographic projections of 
the internal structure of the material were collected by a CCD camera. The data output from XCT 
was processed (filtered and segmented into two phases: pores and the ceramic phase of SiC) using 
the software Avizo Fire 8.1. which allows to render and visualize the full three- dimensional 
features of the biomorphic wall-flow filter. A three-dimensional rendering of the X-ray Computed 
Tomography analysis is shown in Figure 3.16 to illustrate the structure of the bioSiC filter, where 
it can be observed the appearance and interconnection of the square parallel cells characteristic 
of honey-comb structures. As can be appreciated in Figure 3.16, the bonding was made 
successfully since all the slices were sticked without leakages and none of the channels was 
blocked. 
 

 

Figure 3.16. Three-dimensional rendering of the XCT analysis carried out over the wall-flow 
bioSiC filter prototype 

 
The last stage of the manufacturing process is plugging the ends of the channels. To make this, a 
Castable Refractary Alumina (Rescor castable ceramics 780, Cotronics) was used mixing 1 part 
of activator with 4 part of powder and putting the resulting slurry in the end of the channel 
carefully with a needle. After 1 hour at ambient temperature the mixture sets hard. The aspect of 
the plugged channels can be seen in Figure 3.19.  
 
Following the procedure described above, up to six MDF-bioSiC wall-flow DPF prototypes were 
manufactured. The manufacturing process was challenging and it involved mainly manual work 
procedures. After an inspection of final products, the two best prototypes were chosen for the final 
tests and the rest was disregarded. Throughout the text, these samples will be referred as to S1 
and S2. Table 3.4 summarizes the main geometrical specifications of the samples. In principle, 
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both samples were made equally, so that no difference in behaviour between them might be 
expected except for the arbitrariness of the microstructure in the wooden precursor and 
manufacturing accuracy and tolerances.  
 

Table 3.4. Geometrical specifications of the prototypes 

MDF-bioSiC wall-flow DPF prototypes 

External dimensions  9.2 mm x 9.2 mm x 31 mm 
Frontal area 7.814·10-5 m2 
Volume  2.422·10-6 m3 
Number of channels 45 
    Inlet channels  21 
    Outlet channels  24 
Cell density  57.59 cell/cm2 (371.6 cpsi) 

 
 

3.5. Experimental measurement of filtration efficiency and pressure 
drop 

 
The prototypes described above, were characterized at lab-scale by means of a Soot Generator 
(SG). The SG produces a gas stream with a controlled emission of particles. They can generate 
particles concentrations and distributions similar to those produced by internal combustion 
engines, but they have several advantages. Their use facilitates the control of the test conditions, 
provides a higher accuracy in the results, and assures the repeatability of the experiments allowing 
a better understanding of the effect of different factors in the filters performance.  Each prototype 
was subject to three filtration tests and regenerated after each one to remove the deposited soot 
and start over again with the clean filter. A Scanning Mobility Particle Sizer (SMPS) was used to 
measure the concentration of particles upstream and downstream the filter, so that the filtration 
efficiency of the samples could be calculated. At the same time, a differential pressure sensor was 
used during the tests in order to determine the pressure drop introduced by the filter and to 
monitor it as a function of the soot load. Tests were performed at constant flow rate, setting a 
value of Space Velocity that the author considered illustrative for the application as explained 
below.  
 
Experimental setup 
 
The test bench was designed to carry out filtration tests but included a reactor to regenerate the 
samples too. The experimental layout is shown in Figure 3.17.  
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Figure 3.17. Test bench layout 

 
The SG (PALAS GFG 1000) generates a condensation aerosol from monolithic graphite within 
an argon stream. Each sample was subject to three successive filtration tests. The tests were 
performed setting the argon volume flow to 5 LPM (1.2 bar). Taking into account the volume of 
the samples, this implies a Space Velocity of around 120000 h-1. According to the specifications 
of the SG, a spark frequency of 200 sparks/s leads in those conditions of pressure to a production 
of 4 mg of soot per hour. This value was checked afterwards with the measurements of the SMPS 
and the CPC (Condensation Particle Counter). Table 3.5 summarizes all the experimental 
procedure followed with the samples. 
 

 

Figure 3.18. Photograph of the test bench 
 
A by-pass loop was mounted in order to measure the distribution of particles upstream the filter 
samples, just as it comes from the SG. The filter samples were placed inside a canning, where two 
k-type thermocouples and a differential pressure sensor were connected. The thermocouples, 
which were not necessary during the filtration tests, since they were performed at ambient 
temperature, were used to register the evolution in temperature during the regeneration processes.  
 

SG 

Air and O2 supply 

Reactor 

Flowmeter 
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Table 3.5. Summary of the experimental procedure 

Number of samples  2 (S1, S2) 
Number of filtration tests 3 for each sample 
     Test conditions  5 LPM Argon ; 200 sparks/s 
     Space velocity  120000 h-1 
     Test length  > 5 h 
     Measured parameters  ΔP, Nin, Nout 
Regeneration 2.5 LPM air + 2.5 LPM N2  

5 ºC/min up to 650 ºC 
3 hours dwell 

 
Downstream the reactor, a flow-meter was used to check the correct gas flow. After that, a valve 
leads the exhaust gases towards the measuring area where the SMPS (TSI 3080 SMPS), consisting 
of an impactor (0.0508 cm), an electrostatic classifier, a differential mobility analyser (TSI 3081), 
and a condensation particle counter (TSI 3025A), was used to count and measure the distribution 
of particles at the outflow. The length of the filtration tests was around 5 hours to assure the 
formation of the cake on the surface of the substrate. In the SMPS, a scan length of 135 s is set. 
The filtration tests were carried out without dilution since the reduction in particles concentration 
due to the filters was enough to fit the requirements of the SMPS. However, during the 
measurement of the original particles distribution of the SG, a dilution system was used consisting 
of two ejector diluters in series (Dekati Ltd.). Each stage provided a dilution factor of about 8, so 
an overall dilution factor of 64 was obtained.  
 

  

Figure 3.19. Final aspect of the samples in the cordierite adaptor (left) and fitting of the samples 
inside the canning (right) 

 
In order to fit the samples inside the canning and assure that there were not any leakages, a 
cordierite holder and a vermiculite mop were used, both covered with a sealant layer of Castable 
Refractary Alumina as the one used to plug the ends of the channels. Usage of the adaptor has 
been necessary since we wanted a little DPF, with great possibility of ranging in special velocities, 
to be tested in cylindrical canning with enough space for thermocouples and pressure sensors. 
The result can be seen in Figure 3.19.  



CHAPTER 3.  MATERIALS AND METHODS 

 

M. Pilar Orihuela Espina 
 

111 

 
The position of the thermocouples was also meticulously controlled. Since the canning was long 
and opaque, two guides were manufactured to guide the thermocouples along the axis of the 
canning and place their tips just next to the filter surfaces. Being aware of the extra pressure drop 
that all these devices (the holder for the sample and the guides for the thermocouples) may 
produce, it was decided to perform a zero test with all the elements except the samples. The results 
of this zero test are presented in Chapter 4 along with the rest of the results of the experimental 
campaign. 
 
After each filtration test, the samples were regenerated with a heating rate of 5 °C/min up to 650 
°C followed by a soak time of 3 hours. A gas stream with 50% nitrogen and 50% air was used. 
This makes a mixture with 10% oxygen, according to the standard testing procedure described by 
Miceli et al. [43], which recreates the same air mixture of a real scale DPF regenerating. This gas 
stream was connected to the bench through a valve before the canning. The flow rates of nitrogen 
and air are set with the aid of two flow-meters.  
 
The heat for the regeneration is supplied in the reactor. The reactor encloses the canning of the 
filter and acts as a furnace by means of a number of electrical resistances. Finally, in order to vent 
the dirty gases out of the room, a venting pipe was connected that carried the gases directly to the 
exterior. Before starting the experimental campaign, all flow-meters and analysers were calibrated 
and a characterization of the SG was done as presented in Chapter 6 (Section  6.2.2). 
 
 

3.6. Numerical model 
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3.7. Summary of the methodology 

 
This chapter gathers all the experimental and numerical procedures used for the development of 
this thesis. As recurrently commented, the research was planned in two well differentiated stages. 
In the first stage, laboratory samples were manufactured from different precursors, and a 
comprehensive characterization study was carried out to obtain a physical and microstructural 
description representative for the target application, which is the use of this material as substrate 
for DPFs in automotive engines. In the second stage, a more specific study up to the system level 
was carried out. An MDF-bioSiC wall-flow DPF prototype with real geometry was 
manufactured, tested under real operating conditions, and numerically scaled up to a real-scale 
system. 
 
This chapter has provided a detailed description of the manufacturing processes at both scales, 
but specially for the wall-flow prototypes since it differs considerably from the manufacturing 
process of the extruded ceramic monoliths currently used in commercial DPFs, and it was 
specifically designed for the development of this thesis. 
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In this chapter, the techniques used to characterize the material have been presented with an 
explanation of the theory that support them, and specific information about the equipment used 
for the analyses has been provided. In the following chapter, Chapter 4, the results of the 
characterization study are shown with a preliminary analysis, which is further extended in 
Chapter 5. This chapter has also described the experimental procedure to test the prototypes and 
the numerical model used to simulate their performance. The results corresponding to this part 
of the research are presented in Chapter 6.   
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Chapter 4 
Microstructural and physical characterization of 
biomorphic Silicon Carbide 
 
 
 
 
 
 
 
 
Chapter 3 dealt with Materials and Methods. It covered the theory and experimental bases 
applied in the different experimental tests and numerical simulations performed in this thesis. 
The first part of the chapter was dedicated to relating and describing all the experimental 
techniques used to characterize the small lab-scale samples. While in the second part, the 
manufacturing of the DPF prototypes, the experimental measurement of their filtration 
performance, and the additional numerical study, were addressed. Both parts can be considered 
relatively independent, and both yield a great deal of data and results.  
 
Chapter 4 presents the main results of the characterization study, including all the representative 
data obtained through each technique. All results presented in this chapter correspond to the 
disk-shaped lab-scale samples that were manufactured during the first part of the research. In 
some tests (density, permeability, thermal conductivity), samples were tested entire; although in 
other tests (porosity, mechanical strength) they had to be cut into smaller pieces.  
 
As shown in Chapter 3 (Section 3.2), up to five precursors were chosen for this research study 
and, in the case of natural ones, two possible cutting directions were considered: axial and 
radial. The characterization techniques were applied over the nine resulting typologies of 
bioSiC. For the sake of clarity, many figures of this chapter will be presented in two parts: the 
left side for the axial samples, and the right one for the radial ones. Besides, when necessary, the 
same nomenclature than in Chapter 3 will be used to identify with short acronyms the samples 
through their precursor and their cutting direction (see Table 3.1 in Chapter 3). 
 
This chapter is divided into four sections following with the same structure of Section 3.3 in 
Chapter 3. The first section (Section 4.1) presents the results of the microstructural 
characterization, while the second one (Section 4.2) presents the thermal and mechanical 
behaviour. The third section (Section 4.3) presents the results of crystallography, thermo-
gravimetry and differential scanning calorimetry; that is, those techniques aimed at identifying 
possible compositional deviations derived from the manufacturing process. And finally, Section 
4.4 will present the results of the permeability and filtration tests. The results presented in this 
chapter are directly linked to the analyses presented in Chapter 5, where practical relationships 
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between functional and microstructural parameters are presented. Later, Chapter 6 will deal 
exclusively with the results of the experimental campaign with the prototypes, and with the 
results of the numerical study 
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4.1. Microstructural characterization 
 
In this section the different bioSiC specimens are characterized in terms of microstructural 
arrangement, density, porosity and pore size distribution. In the following figures, micrographs 
of carbon preforms obtained by pyrolysis (prior to infiltration) are shown. Figure 4.1 shows two 
images, with two different magnification levels, of the carbon preform obtained from Medium 
Density Fibreboard (MDF) for a section perpendicular to the direction of compacting fibres 
(radial).  
 

      

Figure 4.1. SEM images of the carbon matrix obtained from the pyrolysis of MDF 
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Figure 4.2 shows SEM images of the carbon matrixes obtained from the natural precursors, for 
sections perpendicular to the growth direction (axial).  
 

  

  
Figure 4.2. SEM images of the carbon matrixes obtained from the pyrolysis of natural woods 

 
Carbon preforms of all types of natural wood studied (Figure 4.2) show high porosities which 
reproduce the structure of the original wood with channels aligned with the tree growth 
direction [1]. Small pores are generally located where the wood density is higher and the carbon 
wall is thicker; this happens usually in the growth rings of the tree. On the other hand, the 
microstructure of the carbon preforms made from processed fibreboards (Figure 4.1) consists of 
an agglomeration of cellulose fibres. It shows a large amount of short pores delimited by the 
fibres and interconnected according to the particular accommodation that the fibres experience 
during the compaction process. Above all, is remarkable that the microstructure of this carbon 
preforms made from artificial wood is more homogeneous than that of natural wood precursors, 
which sometimes presents local variations due to the presence of growth rings. 
 

Axial Ayous Axial Pine 

Axial Iroko Axial Oak 
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The microstructure of the resulting porous SiC specimens obtained after the reactive infiltration 
with molten silicon and the evaporation treatment to remove the excess of silicon from the 
pores, are shown in the following figures.  
 

      

Figure 4.3. SEM image of the MDF-bioSiC specimen 
 

  

  

Figure 4.4. SEM images of the bioSiC specimens (axial samples) 
 

Axial Ayous Axial Pine 

Axial Iroko Axial Oak 
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Figure 4.5. SEM images of the bioSiC specimens (radial samples) 
 
Figure 4.3 shows a micrograph of the bioSiC specimen made from MDF. Figure 4.4 and Figure 
4.5 show micrographs of the other bioSiC specimens made from natural precursors. Figure 4.4 
presents the axial samples, while Figure 4.5 presents the radial ones. SEM images in Figures 4.3 
to 4.5 show that most of the remaining silicon has been removed, at least in the large pores, 
resulting in a continuous SiC scaffold with elongated channels and highly interconnected 
porosity that resembles the morphology of the original wood precursor. Some of the smallest 
pores still present some residual silicon. The resulting material is clearly anisotropic, just like the 
original wood material, but still with long interconnected channels. The connection between the 
channels can be observed more clearly in the micrographs of the radial samples (Figure 4.5), 
where they are mainly arranged in the visible cutting plane (upper surface) of the samples. 
 
In the case of bioSiC specimens made from MDF, the micrographs were taken in a section 
perpendicular to the direction of fibre compaction. Also in this case, the microstructure presents 
an anisotropic character [2] determined by the manufacturing and compaction process. Due to 
their microstructure of oriented fibres and their visual similarities with bioSiC specimens made 
from natural precursors, MDF-bioSiC samples (sections perpendicular to the direction of 
compacting fibres) were classified as “radial” samples. At the earliest stages of the research, the 
limited thickness of the fibreboards supposed a limitation for the fabrication of samples in a 

Radial Ayous Radial Pine 

Radial Iroko Radial Oak 
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different direction and, consequently, the functional characterization of the MDF-bioSiC was 
only made for one kind of samples. Later, with the development of the prototypes, the 
consideration of the alternative direction was, not only possible, but necessary. 
 
4.1.1. Density based porosity 
 
This section gathers the results of the direct weighing of the samples, the measurement of their 
density by pycnometry, and the calculated porosity from the relationship between bulk and real 
density. The density-based porosity can be calculated as follows:  
 

𝜀 =
𝜌௣௬௖ − 𝜌௕௨௟௞

𝜌௣௬௖
· 100 

 

Eq. 4.1 
 

in case of using the measured density of the pycnometer 𝜌௣௬௖. Or:  

 

𝜀 =
𝜌௧௛ − 𝜌௕௨௟௞

𝜌௧௛
· 100 

 

Eq. 4.2 
 

in case of using the theoretical real density of Silicon Carbide 𝜌௧௛. 
 
If there is no closed porosity, the density measured by pycnometry should be similar to the 
theoretical real density of silicon carbide (3.21 g/cm3 for β-SiC [3]). In Table 4.1 the results of 
the measurements and the calculated density-based porosities are presented. In all cases, the 
difference between the two calculated porosities is smaller than 3%.  
 

Table 4.1. Bulk density, real density and density-based porosity of the bioSiC samples 

Sample Bulk density 
(g/cm3) 

Real density 
(g/cm3) 

Density-based porosity 
𝜌௣௬௖-based  

(%) 
𝜌௧௛-based  

(%) 

Ayous Axial 0.87 3.37 74.2 73.0 
 Radial 0.91 3.32 72.6 71.7 
Pine Axial 1.43 3.19 55.2 55.4 

 Radial 1.35 3.27 58.7 57.8 
Iroko Axial 1.73 3.25 46.8 46.2 
 Radial 1.57 3.28 52.1 51.2 
Oak Axial 1.87 3.26 42.6 41.8 
 Radial 1.66 3.26 49.1 48.3 
MDF Radial 1.73 3.32 47.9 49.1 

 
As can be appreciated, despite the blocking of the smallest pores due to the silicon infiltration, 
the resulting bioSiC specimens still preserve porosities over 40%, even in the least porous 
samples. Besides, with the chosen precursors, a wide range of densities and porosities is 
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obtained, which may be of great interest to effectively evaluate the influence of some 
microstructural parameters on the thermal and mechanical properties under study. 
 
4.1.2. Porosity and pore size distribution 
 
For further understanding of the porosity for each bioSiC sample, mercury intrusion 
porosimetry was used. Figure 4.6 shows the pore distribution curves, where the volume of pores 
is plotted as a function of the diameter.  
 

 
Figure 4.6. Pore size distributions of bioSiC specimens from different wood precursors 

 
Commonly, pores with diameter lower than 30 μm are completely filled up with silicon after the 
infiltration process [4]. However, after removing the excess silicon by evaporation in the last 
stage of the manufacturing process, multi-modal pore volume distributions with pore sizes in a 
wide range are obtained. BioSiC specimens show multi-modal pore distributions, where the 
pores are irregularly distributed in a range from 0.1 to 400 μm depending on the wood 
precursor. The pore size range and peak pore size for each sample are detailed in Table 4.2. 
 

Table 4.2. Porosities and pore size ranges of the bioSiC samples 

Sample Porosity 
(%) 

Pore size range 
(μm) 

Peak pore size  
(μm) 

Ayous Axial 70.8 0.1,  2-40,  40-300 ~17,  ~105 

 Radial 68.9 0.1-2,  2-40,  40-440 ~0.3,  ~20,  ~150 

Pine Axial 56.0 2-50 ~21 

 Radial 57.6 8-60 ~25 

Iroko Axial 44.4 1-15,  15-40,  40-300 ~10,  ~25,  ~150 

 Radial 48.5 1-8,  9-35,  40-300 ~5,  ~18,  ~120 

Oak Axial 43.7 5-20,  20-50,  50-350 ~15,  ~25,  ~100 

 Radial 45.1 2-15,  15-30,  30-100 ~8,  ~20,  ~40 

MDF Radial 44.2 3-30 ~18 
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Despite the slight differences between them, the results in the mercury intrusion porosimetry 
measurements of axial and radial samples have been presented separately in this work. The 
reason is that the processes of mechanizing and cutting prior to pyrolysis and infiltration may 
have not been applied in zones with similar porosity distributions, causing a deviation in the 
results depending on the sample and the cut section. 
 
As shown in Table 4.2, pore size distributions of Ayous, Iroko and Oak-bioSiC samples present 
different pore size ranges where the sample has porosity. In this sense, it is noted that Pine and 
MDF-bioSiC showed narrower pore distributions than the other wood precursors. 
 
The pore size distribution of Ayous-derived bioSiC shows three ranges of pore size: small pores 
with sizes ranging from 0.1 to 2 μm, pores with sizes ranging from 2 to 40 μm, and a third 
interval of very large pores with size between 40 and 440 μm. Pine-derived bioSiC shows a 
unimodal distribution with pores size depending on the growth ring of the tree but 
approximately 20-25 μm in size (Figure 4.6). Iroko-derived bioSiC presents a trimodal 
distribution with small pores ranging from 1 to 15 μm, medium pores ranging between 10 and 
40 μm, and large pores ranging between 40 and 300 μm. Oak-bioSiC shows a trimodal 
distribution too, with small pores ranging from 2 to 20 μm, medium sized pores from 15 to 50 
μm, and large pores from 30 to 350 μm. Finally, MDF-bioSiC shows a characteristic pore size 
of around 20 μm. 
 
4.1.3. Specific surface 
 
The specific surface was determined from the adsorption isotherm curves through the technique 
of physisorption. Due to the low specific surface of the samples, it was not possible to use N2 as 
adsorbate gas; instead Kr was used at 77 K. The resulting adsorption isotherm curves are 
presented in Figure 4.7, where the adsorbed amount of gas (at standard temperature and 
pressure, STP) is plotted as a function of the ratio between the equilibrium pressure 𝑃 and the 
saturation pressure 𝑃଴ for the different bioSiC samples.  
 

 
Figure 4.7. Adsorption isotherm curves of bioSiC specimens from different wood precursors 
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The specific surface is obtained from the adsorption curves by means of the BET model, which 

is based in the lineal dependence of the term 
ଵ

௪ ቀ
ುబ
ು

ିଵቁ
 with the ratio of pressures ቀ

௉

௉బ
ቁ.  

 
1

𝑤 ቀ
𝑃଴

𝑃
− 1ቁ

=
𝑐 − 1

𝑐 𝑤௠
 ൬

𝑃

𝑃଴
൰ +

1

𝑐 𝑤௠
 

 

Eq. 4.3 
 

In this linear relationship, 𝑤 is the adsorbed gas weight, 𝑤௠ is the weight of adsorbate as 
monolayer, and 𝑐 is the BET constant. 
 
The value of the slope (𝐴) and the y-intercept (𝑌) of the line are used to calculate the monolayer 
adsorbed gas quantity and the BET constant.  
 

𝑤௠ =
1

𝐴 + 𝑌
 

 

Eq. 4.4 
 

𝑐 = 1 +
𝐴

𝑌
 

 

Eq. 4.5 
 

And once the monolayer adsorbed gas quantity 𝑤௠ has been determined, the total surface area 
𝑆௧௢௧ and the specific surface area 𝑆஻ா் are calculated as follows:  
 

𝑆௧௢௧ =
𝑤௠ 𝑁 𝑠

𝑉
 

 

Eq. 4.6 
 

𝑆஻ா் =
𝑆௧௢௧

𝑎
 

 

Eq. 4.7 
 

Where 𝑁 is Avogadro's number, 𝑠 the adsorption cross section of the adsorbing species, 𝑉 the 
molar volume of the adsorbate gas, and 𝑎 the mass of the solid sample or adsorbent. 
 

Table 4.3. Specific surface of the bioSiC samples 

Sample Specific surface 
(m2/g) 

Ayous 0.13 

Pine 0.08 

Iroko 0.04 

Oak 0.05 

MDF 0.07 
 
In Table 4.3 the mean values of the specific surface are shown depending on the wood precursor 
but not on the cutting direction due to the negligible influence of this latter on the specific 
surface. In general, it can be observed that the resulting specific surface is low in all the cases. 
Compared to other advanced materials such as activated carbons, this specific surface is very 
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reduced, which might be in principle a negative influence in the abatement capacity of 
nanoparticles.  
 
 

4.2. Thermal and mechanical characterization 
 
The ceramic materials studied in this work are expected to be used as filtering materials at high 
temperature and, in particular, as substrate in DPFs. During the regeneration process, DPFs are 
exposed to sudden and severe temperature fluctuations, so there is a higher risk of crack 
formation and propagation. Failure in the material due to thermal shock can be prevented by 
increasing the thermal conductivity, by reducing the coefficient of thermal expansion, or by 
increasing its strength among others. In the following epigraphs, the results of the thermal and 
mechanical tests are presented. When possible, these properties have been measured at high 
temperature.  
 
4.2.1. Thermal expansion coefficient 
 
Along with thermal conductivity and mechanical strength, the thermal expansion coefficient is 
especially important due to its influence in the thermal shock resistance (TSR). Silicon Carbide 
is known to have higher thermal conductivity and tensile strength than Cordierite. However, its 
high coefficient of thermal expansion usually affects negatively its TSR [5,6]. In Figure 4.8, the 
thermal expansion coefficient is presented as a function of the temperature for the different 
bioSiC specimens made from each precursor. Temperature ranges from 200 to 1000 ºC. The 
thermal expansion coefficient of monolithic β-SiC is also shown.  

 
Figure 4.8. Thermal expansion coefficient of bioSiC specimens from different wood precursors 

 
Due to small impurities of carbon in the final composition, or to the presence of residual silicon 
in the ceramic samples, the thermal expansion coefficient of bioSiC is in all cases lower than 
that of β-SiC. The smaller expansion that bioSiC experiences with a variation in temperature is 
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a positive effect in the final behaviour of the filter respect to a traditional SiC substrate, due to 
the reduction in the thermal stresses. 
 
4.2.2. Thermal conductivity 
 
The thermal conductivity of the different bioSiC samples has been characterized from ambient 
temperature to 700 ºC from experimental measurements of the thermal diffusivity and the 
calculation of the specific heat. It is calculated by means of the following expression:  
 

𝑘(𝑇) = 𝐶௣(𝑇) 𝛼(𝑇) 𝜌 
 

Eq. 4.8 
 

where 𝜌 is the bulk density of the samples, 𝛼 the thermal diffusivity, and 𝐶௣ the specific heat.  
 
The density of the samples was measured at the beginning of the characterization study by 
direct dimensioning and weighting (see Table 4.1).  
 
The thermal diffusivity of each sample was experimentally measured by using the Laser Flash 
method (see Section 3.3.2). Figure 4.9 shows the results of the measurements, from ambient 
temperature to 980 ºC, with the axial samples at the left hand side, and the radial ones at the 
right hand side. 
 

 
Figure 4.9. Thermal diffusivity of bioSiC specimens from different wood precursors 

 
By multiplying bulk density, diffusivity and specific heat, the thermal conductivity is obtained. 
Figure 4.10 shows the resulting values of conductivity for the bioSiC samples. For comparative 
purposes, in the same graphs, the thermal conductivity of dense small-grained polycrystalline 
SiC ceramics [3] has been also represented. 
 
As shown in Figures 4.9 and 4.10, at room temperature thermal diffusivities and thermal 
conductivities of the bioSiC samples were in the range of approximately 0.07–0.75 cm2·s-1 and 
4–88 W·m-1K-1 respectively, and significantly decreased with increasing temperature showing a 
decrease of about ~57–67% over the range of temperature measured.  
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Figure 4.10. Thermal conductivity of bioSiC specimens from different wood precursors 

 
The calculated numerical values of thermal conductivity can be seen in Table 4.4. As will be 
explained later in Chapter 5, due to the characteristic porosity of the biomorphic samples, their 
bulk thermal conductivity is always lower than that of dense SiC. 
 

Table 4.4. Thermal conductivity of the bioSiC samples 

 Thermal conductivity (W·m-1K-1) 

Sample Ambient  
temperature 

700 ºC 

Ayous Axial 26 10 

 Radial 4 2 

Pine Axial 55 20 

 Radial 23 7 

Iroko Axial 74 24 

 Radial 39 14 

Oak Axial 88 29 

 Radial 60 19 

MDF Radial 34 12 
 
The specific heat capacity of SiC increases with an increase in temperature (Eq. 3.5), thus the 
decrease in diffusivity values with temperature is more remarkable. The differences between the 
values for bioSiC obtained from different wood precursors with the temperature were higher at 
low temperatures.  
 
4.2.3. Compressive strength 
 
To study the mechanical strength, compression tests were carried out at constant strain rate at 
ambient temperature. The compressive load was applied considering the two possible cutting 
directions: axial and radial. Mechanical properties vary depending on the starting wood: hard 
woods, with higher densities, present better mechanical performances than soft ones [7]. But, 
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along with density and porosity values, also the microstructure (pores and defects) plays a 
relevant role because the presence of porosity acts in detriment of the mechanical strength. 
 

      

Figure 4.11. Stress-strain curves from compressive-strength tests of two bioSiC specimens:  
MDF and Axial Oak 

  
Figure 4.11 shows some examples of stress-strain curves generated from uniaxial compressive-
strength tests. As can be seen, the stress-strain curves present the typical saw-tooth shape 
characteristic of macroporous ceramic materials. Porous biomorphic ceramics break down 
before any plastic deformation happens in response to any load. The fracture of the samples is 
in all cases catastrophic and brittle. 
 

  

  

 Figure 4.12. Compressive fractography of bioSiC specimens from different wood precursors 

Pine Oak 

Oak MDF 
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This process of brittle fracture involves the formation and propagation of cracks, favoured in 
this case by the pores present in the bioSiC samples. Figure 4.12 shows the compressive 
fractography of the samples, where evidence of a preferential fracture line can be observed. The 
presence of small defects in the material, as pores are in this case, act as stress concentrators, 
that is, places where the stress magnitude is amplified. The level of amplification of the stress 
depends on the size of the pore, being higher for long and sharp defects. 
 
The average of the maximum strength was determined from a minimum of five measurements 
for each precursor. The results are presented in Table 4.5. 
 

Table 4.5. Maximum compressive strength of the bioSiC samples 

Sample 
Maximum 

compressive strength 
(MPa) 

𝝈𝒎𝒂𝒙
𝒂𝒙𝒊𝒂𝒍

𝝈𝒎𝒂𝒙
𝒓𝒂𝒅𝒊𝒂𝒍

 

Ayous Axial 8 
2.7 

 Radial 3 

Pine Axial 25 
2.1 

 Radial 12 

Iroko Axial 22 
1.4 

 Radial 16 

Oak Axial 84 
3.2 

 Radial 26 

MDF Radial 115  
 
The anisotropic character of bioSiC clearly affects its compressive strength. Maximum 
compressive strength is proved higher when the load is applied parallel to the growth direction 
(axial) ranging from 8 to 88 MPa, resulting in a greater mechanical stability. In contrast, when 
measurements were made in the radial orientation, maximum compressive strengths were 1.4–
3.2 times lower, ranging from 2 to 10 MPa in bioSiC derived from natural wood. Although 
samples from MDF-wood were considered radial samples due to their microstructure, their 
compressive strength differ greatly from natural wood-derived bioSiC because of the difference 
in microstructure and because of a more homogeneous pore size distribution. 
 
The compressive strengths of bioSiC specimens measured in this work were slightly lower or 
comparable to other values reported in the literature in relation to their densities [7,8]. Lower 
values could be due to two factors. BioSiC specimens could contain a small proportion of 
unreacted carbon after molten silicon infiltration, which has been demonstrated to weaken 
mechanical properties [9]. Additional differences could be due to the use of capillary extraction 
and evaporation instead of chemical etching used in other works [8]. 
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Apart from the effect of the anisotropy, Table 4.5 suggests that there might be a relationship 
between mechanical strength and density of the samples. In Chapter 5, a further analysis is 
made on this effect. 
 
 

4.3. Phase and TGA-DSC analysis 
 
Some of the experimental facts observed during the characterization study suggest that slight 
deviations from the sought composition could be actually happening. The low specific surface 
of the samples, or their low thermal expansion coefficient compared to that of pure β-SiC, may 
be indications of the presence of impurities or phase changes within the material. 
 
As explained in Section 3.3.3, the presence of some inaccessible pores in the initial carbon 
matrix, or the insufficient time for reaction in some points, may leave some unreacted carbon in 
the infiltrated piece. Besides, the high temperatures in the specimens during the Si-evaporation 
process, may induce a phase change from β-SiC to α-SiC. The following analyses have allowed 
to identify and quantify these deviations. 
 
4.3.1. X-ray diffraction 
 
Figure 4.13 shows the X-Ray diffractograms of an MDF-based bioSiC specimen before and 
after removing the non-reacted silicon by evaporation.  
 

 

Figure 4.13. X-ray diffraction patterns of an MDF-bioSiC specimen before and after residual Si 
removal by capillary extraction at high temperature 

 



CHAPTER 4.  MICROSTRUCTURAL AND PHYSICAL CHARACTERIZATION OF BIOSIC 

 

M. Pilar Orihuela Espina 
 

140 

The initial diffraction pattern, the one obtained before the silicon removal, presents three 
diffraction peaks at 2θ = 35.6°, 41.3°, 60.0° corresponding to the (111), (200), (220) planes in β–
SiC (cubic) respectively and four diffraction peaks corresponding to free silicon (FCC) were 
found. At this stage of the manufacturing process, the material was essentially a β-SiC/Si 
crystalline composite with a main phase of SiC and a secondary phase of Si. After removing the 
silicon by evaporation, the free Si peaks are absent and small peaks attributed to α-SiC are 
found around the main (111) β-SiC reflection. It can be inferred that the highly localized 
exothermic reaction between gaseous Si and free carbon lead to the transformation of β-SiC to 
α-SiC taking place at 1800 °C [10,11]. A small Al peak can also be observed, which can be 
attributed to surface contamination during processing. 
 
4.3.2. TGA (Thermogravimetry) + DSC (Differential Scanning Calorimetry) analysis 
 
In order to evaluate the amount of residual carbon present in the samples after the infiltration 
process, they were pulverized and studied through thermogravimetry and DSC (Differential 
Scanning Calorimetry). Samples were heated up to 1000 ºC with a heating ramp of 20 ºC/min 
in a 100 ml/min air stream. In this process, the residual carbon reacts with the oxygen 
producing carbon dioxide, which volatilizes and leaves in the crucible only the SiC fraction. 
   

 

Figure 4.14. TGA analysis of bioSiC specimens from different wood precursors 
 
Figure 4.14 represents the weight loss of the bioSiC samples with the increase in temperature. In 
this case samples were milled to powder, and no difference was studied between axial and radial 
specimens. At around 400 ºC, all the residual carbon reacts with the air producing carbon 
dioxide and abandoning the crucible in gaseous state. In the crucible only remains the ceramic 
fraction of the sample; the fraction of material successfully converted to SiC during the 
infiltration process. 
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Figure 4.15. Percentage of residual carbon in the samples after the infiltration process  
versus porosity 

 
In Figure 4.15, the percentage of residual carbon of each specimen has been represented versus 
the porosity. This figure suggests a relationship between both variables, and shows that the 
higher the porosity of the samples, the higher the amount of residual carbon. Previous studies 
have shown that the degree of molten silicon infiltration has a strong effects on the final density 
of the sample and, consequently, on the mechanical properties of the porous biomorphic 
material [12]. This fact was overlooked at the beginning of this study. In this study, all the 
samples were made with the same proportion of silicon. As a result, the most porous samples, 
especially the ones made from Ayous wood, resulted mechanically weaker. 
 
 

4.4. Permeability and intrinsic filtration efficiency 
 
Up to now, bioSiC specimens made from a number of different wood precursors have been 
studied through a number of general techniques, the results of which are useful to understand 
and predict their behaviour in any application. In order to get a more precise idea of how 
suitable these bioSiC specimens are for their application as DPF, two specific test campaigns 
have been carried out: one to determine their permeability, which is closely related to the 
pressure drop; and another one to determine their filtration efficiency.  
 
In both cases, the measurements presented in this section correspond to the small disk-shaped 
lab-samples made for the characterization study. This implies that the resulting values of 
permeability and filtration efficiency won’t be the final exact permeability and filtration 
efficiency of a full shape wall-flow filter. However, these preliminary measurements allowed to 
stablish a comparison between the different specimens and to make decisions about which 
precursor might be more suitable to manufacture the prototype. 
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Besides, the results here presented correspond mainly to the initial stage of a filtration process, 
that is the starting point in which the substrate is completely clean and free from deposited 
particles. In the case of permeability measurements this is clear, since the tests were made with 
only clean air over the clean samples. As explained in Chapter 2, the particles captured by the 
filter remain within the pores of the substrate generating an additional resistance to the passage 
of gas flux and particles, until the filter is regenerated and all the particles are removed by any 
technique. This means that the accumulation of particles in the filter decreases its permeability 
and increases its filtrations efficiency. 
 
In this work, to make the preliminary study on the filtration efficiency, a diesel boiler was used. 
The working fluid was the soot laden exhaust gas stream coming from the boiler, and an 
approximation to the transient behaviour of the filter with the soot load could be obtained. 
Nevertheless, since the diesel boiler didn’t operate continuously, but through intermittent start-
stop cycles, the results cannot be directly extrapolated to the performance with a continuous 
soot load that takes place in an automotive application. 
 
4.4.1. Permeability 
 
The determination of the permeability of the bioSiC specimens was done controlling the 
pressure and the flow rate across the samples, as described in the experimental procedure in 
Section 3.3.4. In order to ensure repeatability, three samples of each precursor and orientation 
(axial and radial) were tested. The averaged experimental pressure drops per unit of length as a 
function of air-flow velocities for each bioSiC sample is plotted in Figure 4.16 along with the fit 
to Forchheimer's equation (Eq. 3.7).  
 

 
Figure 4.16. Pressure drop per unit of length as a function of air-flow velocity of bioSiC 

specimens from different wood precursors 
 
It can be noted that the pressure drop increases with the gas-flow velocity. The experimental 
data generally showed a good fit to the quadratic dependence with air-flow velocity, with least-
squares coefficients r2 > 0.998. Darcian and inertial permeability parameters k1 and k2, 
respectively [13], were calculated from these fits and are shown in Table 4.6.  
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Table 4.6. Permeability constants of the bioSiC samples 

Sample 
Darcian 

permeability k1 
(10-12 m2) 

Inertial 
permeability k2 

(10-8 m) 

Ayous Axial 36.0 13.0 

 Radial 2.2 6.7 

Pine Axial 9.4 11.4 

 Radial 1.8 5.7 

Iroko Axial 46.0 11.6 

 Radial 5.4 10.0 

Oak Axial 12.0 11.2 

 Radial 1.1 2.2 

MDF Radial 1.0 2.1 
 
For all bioSiC samples in the axial direction, except for Pine-bioSiC, k1 was at the same order of 
magnitude (10−11 m2) in contrast to radial samples for which all values were around 10−12 m2, an 
order of magnitude lower. k2 for all axial samples was in the range of 10−7 m, and 10−8 m in the 
case of radial samples. A more detailed analysis is made in the following chapter regarding 
these values and the resulting applicability of bioSiC as filter material. 
 
4.4.2. Intrinsic filtration efficiency 
 
As explained in Section 3.3.4, an experimental study of the intrinsic filtration efficiency of the 
different bioSiC specimens was done using for the tests the exhaust gases of a diesel boiler. A 
fraction of the particle laden exhaust gases from the boiler was forced to pass through the lab-
scale specimens, so that they acted as a filter. The efficiency of a particle filter can be evaluated 
as follows:  
 

𝜂ே =
𝑁௨ − 𝑁ௗ

𝑁௨
 

 

Eq. 4.9 
 

where 𝑁௨ is the number of particles per unit volume upstream the filter (Eq. 4.10), and 𝑁ௗ is the 
number of particles per unit volume downstream the filter (Eq. 4.11).  
 

𝑁௨ = 𝑁௕ =
𝑛௕

𝑉௕
 

 

Eq. 4.10 
 

𝑁ௗ =
𝑛ௗ

𝑉ௗ
 

 

Eq. 4.11 
 

In this case, the particle counter was not able to measure simultaneously in two points, so first 
the particle production of the boiler was measured using the empty sample carrier to evaluate 
the equivalent 𝑁௨ = 𝑁௕.  
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Due to its temperature control system (ON/OFF control), the boiler operates on a cyclic basis. 
It works at full load while the temperature is below the set point, and then turns off until oil 
temperature decreases 10 ºC below the set point. Each cycle lasts around 20 min, during which 
the recorded number of particles follows a bell-shaped distribution (Figure 4.17). The OPS 
allows for the selection of different sampling and logging times. Since the efficiency of a particle 
filter is not constant but it increases as the porous media loads with particles [14], the minimal 
logging time, 1 s, was set. This choice not only allowed us to study the transient behaviour of 
the filtration efficiency with the soot load, but also eased the calculation procedures with time 
based variables. Furthermore, the sampling time was set to 1 h 40 min, that is, 5 full operation 
cycles of the boiler. According to the levels of particle production in the boiler, this sampling 
time is high enough for the soot cake formation, and for the samples to reach their maximum 
efficiency. Once the production of particles in the boiler and its time distribution in a 100-min-
period was determined, tests placing the different samples under the same operation profiles 
were performed. 
 
The flow rate was set to 1 LPM by the internal pump of the OPS (𝑉ௗ = 𝑉௕) and it was constant, 
so the efficiency could be measured only in terms of the number of particles, as can be seen in 
Eq. 4.12:  
 

𝜂ே =
𝑛௕ − 𝑛ௗ

𝑛௨
 

 

Eq. 4.12 
 

In order to study the dependence of the filtration efficiency on the particle size, 14 channels 
have been arranged in the OPS. Most of the particles produced by the boiler were smaller than 
600 nm, and the minimum particle size detected by the OPS was 300 nm, so the channels were 
arranged logarithmically between 300 and 600 nm  as shown in Table 4.7.  
 

Table 4.7. Particle size arrangement in the OPS channels: diameter range, logarithmic mean 
diameter, and effective density samples 

 Channel 
 1 2 3 4 5 6 7 

Lower diameter (nm) 300 317 335 354 374 395 417 

Upper diameter (nm) 317 335 354 374 395 417 440 

Lmd (nm) 308 326 344 364 384 406 428 

Effective density (g/cm3) 0.223 0.214 0.206 0.198 0.191 0.184 0.177 
 

 Channel 
 8 9 10 11 12 13 14 

Lower diameter (nm) 440 465 491 519 548 579 612 

Upper diameter (nm) 465 491 519 548 579 612 10000 

Lmd (nm) 452 478 505 533 563 595 2474 

Effective density (g/cm3) 0.17 0.164 0.158 0.152 0.146 0.14 0.052 
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For each of these channels, collection efficiency might be calculated with the same formula (Eq. 
4.12) but applied only to that particle sizes range (𝑗).  
 

𝜂ே௝ =
𝑛௨௝ − 𝑛ௗ௝

𝑛௨௝
 

 

Eq. 4.13 
 

The transient evolution of the filtration efficiency during the tests was studied as a function of 
two different parameters: time and soot load. The first is direct since measurements were made 
on a time basis, but the second allows comparing different precursors performance. In both 
cases, curves were smoothed by averaging the efficiency every 120 s.  
 
The instantaneous soot load was calculated by adding up the mass of all the particles retained 
within the filter up to that instant. In general, if a particle is spherical, its mass can be calculated 
from its volume and its density. However, due to their fractal like morphology, soot particles are 
usually characterized by their effective density [15], defined as particle mass divided by its 
mobility equivalent volume, that is, the volume of a sphere with the same mobility than the 
particle in an electric field [16]:  
 

𝜌௘ =
𝑚

𝑉௠
 

 

Eq. 4.14 
 

From Eq. 4.14, the mass of the particles can be calculated as:  
 

𝑚 = 𝜌௘𝑉௠ =
𝜌௘𝜋𝑑௠

ଷ

6
 

 

Eq. 4.15 
 

Besides not knowing the effective density 𝜌௘, this expression assumes the diameter of a particle 
is equal to its electrical mobility diameter 𝑑௠ [17]. The optical sizing method that the OPS uses 
reports an optical particle diameter which is often different from the electrical mobility diameter 
[18]. 
 
Some authors choose to combine the OPS data with the data from another kind of sizer (SMPS 
or DMA) and merge when necessary the resulting curves to one single function [18,19]. In this 
work, in order to observe the trends and compare different precursors, the optical diameter has 
been used as the mobility diameter. For each channel of the OPS, the logarithmic mean 
diameter (𝐿𝑚𝑑) was calculated from the lower diameter (𝐿𝑑) and the upper diameter (𝑈𝑑) using 
Eq. 4.16. Results can be seen in Table 4.7.  
 

log 𝐿𝑚𝑑 =
log 𝐿𝑑 + log 𝑈𝑑

2
 

 

Eq. 4.16 
 

On the other hand, with respect to the effective density, we have used the correlation found by 
Maricq for fractal-like diesel soot particles [20], which is based on several DMA measurements 
on diesel engines at various vehicle speeds:  
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𝜌௘ = 𝜌଴ ൬
𝑑௠

𝑑଴
൰

൫஽೑ିଷ൯

 

 

Eq. 4.17 
 

Here 𝑑଴ and 𝜌଴ are the primary particle diameter and density, and 𝐷௙ is the fractal dimension. 

Acceptable values for 𝑑଴ and 𝜌଴ are respectively 60 nm and 0.7 g/cm3 [20]; and the fractal 
dimension of diesel vehicle soot is 𝐷௙ = 2.3 [21]. Assuming these values, the calculated effective 

densities for the particle size ranges of this work (Table 4.7) are very similar to those measured 
by Maricq [20] and Wierzbicka [22]. This effective density is known to decrease with increasing 
particle size owing to the rising fraction of voids caused by aggregation [21]. 
 
A quick glance at the first results reveals that the cutting direction of the wood is a critical factor 
in the performance of bioSiC. Radial samples show a much better performance than axial ones 
in terms of efficiency and capacity of retaining particles. In order to better distinguish trends and 
orders of magnitude, figures will be presented in two parts as in previous sections: the left side 
for axial samples, and the right one for the radial samples. 
 

 
Figure 4.17. Number of particles measured downstream the filter samples 

during boiler's first cycle. (a) Axial samples (b) Radial samples 
 
In Figure 4.17 the number of particles measured downstream the filter samples during the first 
cycle is presented for axial and radial samples with the filters fabricated from Iroko, Ayous, 
Oak, Pine and MDF and compared with the distribution by the boiler without filter (W/O 
Filter). The grey curve corresponding to the situation without filter (W/O Filter) is included in 
both graphs (a) and (b), to serve as a reference for the rest of the curves corresponding to the 
situation with the different filters. 
 
As can be seen in Figure 4.17, the amount of particles that achieves to cross a radial filter in 
each moment is about two orders of magnitude smaller than the one that crosses an axial filter 
(15000 particles vs. 200 for Iroko sample) due to the pores size and distribution. The y-axis in 
Figure 4.17b was zoomed in accordingly to this reduction of the number of particles despite the 
scale of the grey “W/O Filter” curve. MDF has also a good performance, similar to that of the 
radial samples, which was to be expected due its microstructure of oriented fibres perpendicular 
to the compacting direction. 
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Even in the case of axial samples, where we find a low initial performance, an increase in the 
efficiency can be noticed as the test continues and the filter start accumulating particles. Except 
axial Iroko, all other samples reduce below 1% the amount of non-captured particles after five 
cycles of operation of the boiler (Figure 4.18). This behaviour has been extensively studied and 
demonstrated to be consequence of the accumulation of particles within the filtering media 
(depth filtration) and the later formation of a soot cake in its surface (soot-cake filtration) [14]. 
 

 
Figure 4.18. Number of particles measured downstream the axial filter samples  

along five full cycles of operation of the boiler 
 
The non-constant mode of operation of the boiler has revealed through this work the 
probabilistic nature of the particle trapping phenomenon. Along one single cycle, filtration 
efficiency of the samples does not display a monotonically increasing function as would be 
expected in a stationary test, but varies depending on the moment and, possibly, on the amount 
of particles it has to face in one particular moment. Figure 4.19 shows this effect in the first 
cycle, and Figure 4.20 shows the evolution all through the entire test. Although the final 
efficiency of any cycle is higher than the initial one, and so the net efficiency grows every cycle, 
there's a maximum around 500-600 seconds after the cycle begins which leads us to suppose a 
dependency on the particle concentration. 
 

 
Figure 4.19. Efficiency evolution, averaged every 150 s, during boiler's first cycle, 

(a) Axial samples (b) Radial samples 
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Figure 4.20. Efficiency evolution, averaged every 120 s, along the whole test, 

(a) Axial samples (b) Radial samples  
 
In order to compare the particles retention capacity of the samples, similar graphs have been 
made where efficiency is represented versus soot load (Figure 4.21). The higher the filtration 
efficiency of the sample, the higher the soot load it reaches. In radial samples, where the 
efficiency is always above 95%, differences between efficiency-soot load curves are almost 
unnoticeable. 
 
This dependency of the efficiency on other parameters unrelated to the intrinsic nature of the 
precursors and the soot load, make it hard to set characteristic values for filtration efficiency for 
the samples, in isolated time moments like, for example, the very initial one. For this study, we 
have characterized the samples by averaging the efficiency values along complete cycles of 
boiler operation. Results are shown in Table 4.8. Results of Table 4.8 show that the initial 
efficiency of filters made from natural precursors is severely determined by the cutting direction. 
When the wood is cut radially, the initial efficiency of the resulting bioSiC filter is higher than 
95%. Nevertheless, when the cut of the wood is axial, the efficiency depends on the pore size 
and the permeability, reaching in some cases values in the range 70-90%. 
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Figure 4.21. Efficiency evolution with soot load, averaged every 120 s, along the whole test, 

(a) Axial samples (b) Radial samples 
 
When considering these average values of efficiency in every independent cycle, the evolution 
with the soot load do follow a monotonically increasing function as it is repeatedly reported in 
the literature [23,24]. In general, after several operation cycles, all samples reach more than 95% 
efficiency except axial Iroko. Figure 4.22 shows the evolution of the filtration efficiency along 
the complete test. 
 

Table 4.8. Evolution of the average efficiency in the 5 cycles of the tests 

Sample Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Ayous Axial 0.703 0.89 0.96 0.983 0.99 

 Radial 0.997 0.997 0.996 0.997  

Pine Axial 0.978 0.993 0.996 0.997 0.997 

 Radial 0.997 0.997 0.997 0.998  

Iroko Axial 0.374 0.527 0.659 0.739 0.749 

 Radial 0.988 0.993 0.995 0.996  

Oak Axial 0.934 0.981 0.987 0.988 0.988 

 Radial 0.992 0.995 0.996 0.996  

MDF Radial 0.996 0.996 0.996 0.996 0.996 
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Figure 4.22. Evolution of the filtration efficiency with the soot load 

(a) Axial samples. (b) Radial samples 
 

 
Figure 4.23. SEM micrographs taken after the tests of two soot loaded samples 

(a) BioSiC from axial Iroko (b) BioSiC from axial Ayous 
 
The growth rate in the efficiency of axial-Iroko-bioSiC is noticeably lower, likely due to the little 
tortuosity and low specific surface of its large macroscopic pores (see tables 4.2 and 4.3). 
Despite having similar pores sizes, Iroko and Ayous samples show different performances. The 
internal tortuosity and specific surface of some samples may cause a higher accumulation of 
particles in the walls of the pores and lead eventually to the closure of these pores (Figure 4.23). 
 
 

4.5. Summary of microstructural, physical and chemical parameters 
of the studied bioSiC specimens 

 
The most notable feature of bioSiC compared to traditional granular SiC is its hierarchical 
microstructure that replicates the microstructure of the original biological tissue. With the 
chosen precursors, a wide variety of porosities is obtained. Some of them below and some of 
them above the typical values of porosity in commercial filters. The porosimetry study reveals 
that, except pine, all bioSiC samples made from natural precursors present a trimodal 
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distribution of pores. Among the three present ranges of pores, the first one (the one 
corresponding to the nanopores) can be ignored due to its limited influence in the filtration 
process.  On the contrary, the third range (corresponding to the largest pores) will be decisive in 
the applicability of the material to filtration processes since, as demonstrated in the last part of 
the study, the presence of these macropores may reduce considerably the filtration efficiency of 
the material. In the last chapter of this thesis, the possibility of choosing these precursors with 
large pores to reduce the pressure drop of the filter will be analysed, since the filtration 
efficiency of the manufactured prototypes turned out to be at the end of the day more than 
enough to comply with the European Regulations. Finally, the second range of pores (the one 
including pores between 2 and 60 microns, is relevant due its similarity with the typical pore 
size in a commercial substrate. The specific surface has turned out to be low in this biomorphic 
materials. However, further analysis is needed to understand the consequences of this fact in its 
filtration performance. 
 
The thermal and mechanical properties of bioSiC have demonstrated to be highly dependent on 
the cutting direction of the wood. Unfortunately, the coefficient of thermal expansion was 
measured only in one direction, but both the thermal conductivity and the mechanical strength 
have turned out to be higher for axial samples than for radial ones. The reason for that can be 
directly associated to the microstructure: to the orientation of the pores and the fibres. In axial 
samples, the heat flux is applied in the same direction than the pores are arranged, so the 
diffusion is favoured. Besides, in axial samples, the mechanical load is also applied in the same 
direction than the fibres, so they exert a higher resistance. Despite that, both the thermal 
conductivity and the mechanical strength of bioSiC are lower than those of monolithic β-SiC. 
This may have a negative effect on its performance during the regeneration process, but may be 
compensated by the coefficient of thermal expansion. These three properties are responsible of 
the response of this material against thermal shock. In Chapter 6, a deeper analysis on the 
Thermal Shock Resistance of biosiC will be addressed.  
 
The phase and the TGA-DSC analysis have shown that possible compositional deviations from 
the expected one could have taken place. The TGA-DSC analysis has shown the presence of 
some residual carbon in the samples after the silicon infiltration. On the other hand, the X-ray 
diffraction patterns shows the presence of α-SiC, which could have been formed during the 
silicon evaporation at temperatures above 1800 ºC. 
 
BioSiC anisotropy is also reflected in its permeability and its filtration efficiency. The 
arrangement of the pores sets the crossing path for both the gas flux and the particles, so that 
axial samples are more permeable to gas, but also easier to be traversed by particles (they have 
less efficiency). On the contrary, radial samples are less permeable but have higher filtration 
efficiencies. The presence of large pores (> 200 µm) may also affect significantly the 
permeability or the filtration efficiency. The soot particles cannot easily create bridges and 
accumulate in large pores so the soot cake in these specimens is interrupted by holes that 
continue letting particles pass. As a result, the filtration efficiency of these specimens don’t 
reach values close to 100% as in other samples. 
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As a summary, a qualitative heatmap has been constructed, where the suitability of each bioSiC 
for its use as substrate for DPFs is indicated through a color scale.  
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Figure 4.24. Summary of microstructural, physical and chemical parameters  

of the studied bioSiC specimens 
 
Taking these results into account, a selection of a suitable precursor for manufacturing a 
prototype was made. In principle, there is not any precedent study about bioSiC Diesel 
Particulate Filters, so the transfer from laboratory scale to pilot scale could generate not 
predictable results. Considering that the only objective limitation over these systems is imposed 
by the regulations and affects only the number and the mass of particles they can retain, the 
selection was based mainly on efficiency criteria. That is, the choice was made over those 
precursors that yielded higher filtration efficiencies. At this point, the cutting direction was a 
double-edged sword. On the one hand, radial samples presented higher filtration efficiency. On 
the other hand, the arbitrariness of the vegetal tissue, along with the sensibility of the 
manufacturing process to small deviations in the cutting of the wood, could lead to a large 
scattering in the results when using a natural precursor for making the first prototypes. Hence, 
based on practical and manufacturing reasons, the first prototypes were finally made of Medium 
Density Fibreboard instead of using any of the natural precursors that had shown higher 
efficiencies when tested in the radial direction during the preliminary study.  
 
In line with this choice, Chapter 6 will analyse the use of MDF in the substrate of a wall-flow 
DPF automotive filter. In DPFs, not only the capture efficiency is relevant but also the effect on 
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engine’s exhaust backpressure, that directly affects to the global engine’s efficiency. The results 
presented in Chapter 6 will reveal that other relevant criteria should be taken into account for 
the selection of the precursor apart from the filtering capacity. 
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Chapter 5 
General applicability of bioSiC as filter material 
 
 
 
 
 
 
 
 
 
Along with the geometrical design, the precursor selection of the biomorphic substrate is the most 
influencing factor in the performance of a final bioSiC wall-flow DPF prototype. The 
characterization study conducted in this research work includes five precursors, but the variety of 
plant species in nature is countless. The identification of natural trends or correlations between 
known (previously measured) microstructural parameters of the wood, and the resulting 
performance parameters would ease the search of the best precursor for making a bioSiC-based 
element; not only for this, but for any other application in the market. 
 
In Chapter 4, the main results of the functional characterization study of the bioceramic material 
were presented. Direct measurements of density, porosity, pore size, thermal conductivity, 
thermal expansion coefficient, compressive strength, permeability and intrinsic efficiency were 
provided. The purpose of this chapter is to analyse more deeply the obtained results in order to 
draw significant relationships between functional parameters, and to foresee the potential of other 
wood precursors with different microstructure for their application as substrate in wall-flow 
DPFs. 
 
This chapter is subdivided into eight sections. Sections 5.1 to 5.5 present some useful relationships 
that can help to predict the thermal and mechanical behaviour of other bioSiC substrates based 
on their microstructural features. The dependency of the permeability on the pore size explored 
in Section 5.1 is particularly noteworthy since it is directly related to the pressure drop and, 
consequently, to the technical feasibility of the filter as aftertreatment system for internal 
combustion engines. In Section 5.2, an empirical correlation between intrinsic filtration efficiency 
and permeability is proposed. Section 5.3 analyses the relative contribution of viscous and inertial 
effects to the total pressure drop. Sections 5.4 and 5.5 address the dependency on the 
microstructure of the thermal conductivity and the compression strength respectively. The 
remaining sections make a more general and qualitative approach to the applicability of bioSiC 
as DPF substrate for automotive applications. Section 5.6 analyses the potential of bioSiC 
compared to other traditional ceramic substrates; and Section 5.7 reports some economic aspects 
of the manufacture of this novel system, foreseeing the feasibility of a hypothetical massive 
production of bioSiC wall-flow DPFs. The results of this chapter might have high interest and 
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potential impact in the ceramic materials sector. The observations and the empirical relationships 
presented in this chapter can be also found in the following publications.  
 
Related publications 
 

1. A. Gómez-Martín, M.P. Orihuela, J.A. Becerra-Villanueva, J. Martínez-Fernández, J. 
Ramírez-Rico. Permeability and mechanical integrity of porous biomorphic SiC ceramics for 
application as hot-gas filters. Materials & Design, Vol. 107, 450–460, 2016. 
doi: 10.1016/j.matdes.2016.06.060 

2. A. Gómez-Martín, M.P. Orihuela, J. Ramírez-Rico, R. Chacartegui, J. Martínez-
Fernández. Thermal conductivity of porous biomorphic SiC derived from wood precursors. 
Ceramics International, Vol. 42, Iss. 14, 16220–16229, 2016.  
doi: 10.1016/j.ceramint.2016.07.151 

3. M.P. Orihuela, A. Gómez-Martín, J.A. Becerra-Villanueva, R. Chacartegui, J. Ramírez-
Rico. Performance of biomorphic Silicon carbide as particulate filter in diesel boilers. Journal of 
Environmental Management, Vol. 203, Iss. 3, 907-919, 2017. 
doi: 10.1016/j.jenvman.2017.05.003 

 
 

5.1. Permeability dependency on the microstructure 
 
Predicting the permeability of a sample attending to its microstructural parameters is useful for 
assessing the viability of the material in subsequent filtering applications. Recent studies have 
been conducted on other ceramic materials to determine their permeability and to assess the 
influence of their microstructure on the resulting pressure drop and efficiency [1,2]. These 
parameters have been demonstrated to depend on volume fraction of porosity as a first 
approximation, but also on pore size and connectivity [3]. If the permeability is known as a 
function of the microstructure, then the pressure drop can be predicted under a given flow rate 
and the microstructure can be improved by tailoring pore characteristics [4]. 
 
Relevant microstructural parameters such as pore size, surface area and total porosity were 
thoroughly studied in this work to understand their influence in the permeability values because, 
as observed, the permeability values differed up to one order of magnitude due to the difference 
in microstructure of each precursor and orientation. In previous works on porous ceramics, gas 
permeability proved to be directly dependent on the total pore-volume fraction [5], tortuosity, and 
the average pore size of the sample [5–8].  
 
Furthermore, permeability depends not only on the wood precursor, but on the selected cutting 
direction. As observed in previous Chapters (see Section 4.4.1), permeability depends mostly on 
the relative orientation of the gas flow respect to the cells and fibres arrangement. Permeability is 
inversely proportional to tortuosity [9]. Consequently, in all samples, permeability was higher in 
the axial direction than in the radial one. This trend is due to the orientation of the elongated 
pores and their interconnectivity compared with the direction of the gas flow causing less 
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tortuosity of the air flow. If the material presents large macro-pores, as Iroko-bioSiC does, the 
resulting permeability is even higher, deviating from the observed general trend. On the contrary, 
generally accessible techniques for porosity and surface area determination, such as gas 
adsorption or mercury intrusion porosimetry, yield scalar, volume-averaged values of the pore 
size distribution even for an anisotropic material. This is so because the gas, or the Hg, penetrates 
all interconnected pores regardless their orientation, whereas in a permeability experiment only 
those pores aligned with the gas stream will contribute significantly to flow. This disparity 
introduces an additional issue to be taken into account when predicting the permeability of any 
bioSiC specimen from its microstructural characteristics. Despite that, in this work, a direct 
relationship between the effective pore size and the permeability was obtained as follows [10].   
 
Some theoretical models in the literature proposed a prediction of permeability in porous media 
by structural parameters, the most popular among these having been developed by Ergun [11]. 
This model proposes a general correlation between pressure drop and gas-flow velocity when a 
fluid flows through granular beds. From this model the permeability constants are given by:   
 

𝑘ଵ ∝
𝜀ଷ𝑑௣

ଷ

(1 − 𝜀)ଶ
 

 

Eq. 5.1 
 

𝑘ଶ ∝
𝜀ଷ𝑑௣

(1 − 𝜀)
 

 

Eq. 5.2 
 

where ε is the volume fraction of porosity and 𝑑௣ is defined as an equivalent particle diameter of 

the granular media. Based on previous studies of cellular materials, 𝑑௣ can be replaced by an 

equivalent pore diameter, 𝑑 [4,12]. When the grains of the samples are spherical, the following 
relationship between particle size and pore size is proposed [1]: 
 

𝑑௣ =
3

2

(1 − 𝜀)

𝜀
𝑑 

 

Eq. 5.3 
 

Permeability constants from this modification of Ergun's model, taking into account an equivalent 
pore size, can be rewritten as:  
 

𝑘ଵ =
𝜀𝑑ଶ

𝐴
 ;      𝑘ଶ =

𝜀ଶ𝑑

𝐵
 

 

Eq. 5.4 
 

In previous works, Ergun equations agreed reasonably well with 𝑘ଵ, but these overestimated the 
inertial term [1,4]. Since Ergun's model normally did not provide an overall agreement with 
experimental data because it was developed for granular beds, and this is not suitable for cellular 
materials, many researchers have considered these equations modifiable and have already 
proposed different numerical constants and empirical parameters related to the microstructure of 
each cellular material [2,12]. A review on this subject has been presented by Macdonald et al. 
[13]. Most previous works assumed a monomodal and isotropic porosity and their applicability 
to bioSiC is questionable since it exhibits a complex anisotropic porous microstructure consisting 
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of a SiC scaffold formed by a cluster of SiC grains and a multimodal pore size distribution 
inherited from the wood precursor, so that it is more difficult to model the gas flow forced to 
travel through these porous media instead of isotropic materials [14,15]. In particular, for a 
bimodal pore size distribution such as that observed in bioSiC for the axial direction, there is a 
difficulty in selecting the equivalent pore size 𝑑 since the arithmetic mean will be biased towards 
the most abundant but smaller narrow channels thus underestimating the effective pore size. 
Fortunately, the effective pore size can be calculated from the pore size distribution accessible 
through Hg intrusion porosimetry. 
 
Let us consider a set of cylindrical channels of radius 𝑟௜ and length 𝐿, then the flow through them 
for a given pressure drop ∆𝑃 can be calculated using the Hagen-Poiseuille relationship:  
 

𝑄௜ =
∆𝑃

8𝜂𝐿
𝜋𝑟௜

ସ =
∆𝑃

8𝜂𝐿
𝜋𝑟௜

ଶ𝑟௜
ଶ 

 

Eq. 5.5 
 

Dividing by the total area we find the flow per unit area:  
 

𝑞௜ =
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ଶ
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𝑟௜
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Eq. 5.6 
 

Where 𝛼(𝑟௜) represents the area fraction of the pores with radius 𝑟௜. If the pores are perfect, aligned 
cylinders then 𝛼(𝑟௜) is equal to 𝑓(𝑟௜), the volume fraction of pores of radius 𝑟௜, a quantity directly 
measured by porosimetry. Summing the contribution of all types of and using 𝑣 = 𝜀𝑞 one finds: 
 

𝑣 = 𝜀
∆𝑃

8𝜂𝐿
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Eq. 5.7 
 

And thus the linear permeability is, in terms of the pore diameter 𝑑௜ = 2𝑟௜: 
 

𝑘ଵ = 𝐶𝜀𝑑̅ଶ 
 

Eq. 5.8 
 

Where 𝐶 is a constant that describes the pore geometry and is equal to 1/32 for cylindrical pores 
and:  
 

𝑑̅ଶ = ෍ 𝑓(𝑟௜)

௜

𝑟௜
ଶ ;      ෍ 𝑓(𝑟௜)

௜

= 1 

 

Eq. 5.9 
 

Thus, according to this calculation, the relevant pore size is not the mean but instead the square 
root of the quadratic mean, which is biased towards the larger pores. This is reasonable since flow 
depends on the fourth power of the pore radius and thus pores twice as large will carry 16 times 
the flow for a given pressure drop. 
 
Due to the anisotropy of bioSiC, if we want to rationalize the measured permeabilities in terms 
of the microstructure, two equivalent pore sizes should be used: one for the axial and another for 
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the radial direction. Unfortunately, the measured pore size distribution is an orientation-average 
of the anisotropic one, so a criterion for the calculation of effective pore sizes needs to be applied. 
Since bioSiC exhibits large channels only in the axial direction, and these are in general larger 
than 100 μm, the author proposes using Eq. 5.9 with the whole pore size distribution for the axial 
direction. On the contrary, in the radial direction there are no large channels, so the author 
proposes using the same approach but applying a cut-off in the pore size distribution of 100 μm. 
Up to that pore size, the distribution is mostly monomodal and thus the effective pore size is very 
close to the mean pore size. 
 
Since the porosities of all the materials studied in this work are similar (except for the Ayous-
derived bioSiC), it is foreseeable that 𝑘ଵ will present a correlation with 𝑑. In order to find the 
trend, Figure 5.1 was built plotting 𝑘ଵ versus 𝑑. Figure 5.1 shows the measured permeability of 
the specimens as a function of their effective pore size calculated using the criteria described above 
[10].  

 

Figure 5.1. Permeability vs. effective pore size for bioSiC samples from  
different precursors in two orientations [10] 

 
On the other hand, permeabilities can also be described in terms of the surface area per unit 
volume 𝑆௩ as [16]:  
 

𝑘ଵ =
𝜖ଷ

𝛼𝑆௩
ଶ(1 − 𝜖)ଶ

 ;      𝑘ଶ =
𝜖ଷ

𝛽𝑆௩(1 − 𝜖)
 

 

Eq. 5.10 
 

where 𝛼 and 𝛽 are parameters that depend on the microstructure and are fitted to each porous 
material [13]. The geometrical surface area in Eq. 5.10 may be determined either experimentally 
or by assuming a model that describes the real geometry of the pores. Richardson et al. [16] 
examined three models [17] for estimating 𝑆௩ in ceramic foams and found values that were similar 
to each other and proposed empirical equations for 𝛼 and 𝛽 in terms of the average pore size and 



CHAPTER 5.  GENERAL APPLICABILITY OF BIOSIC AS FILTER MATERIAL 

 

M. Pilar Orihuela Espina 
 

160 

porosity, providing a good prediction of permeability constants. In particular, if porosity is 
described as a set of parallel cylinders with a constant diameter based on the hydraulic diameter 
model developed by Kozeny, the geometrical surface area may be determined as follows [16]:  
 

𝑆௩ =
4𝜀

𝑑(1 − 𝜀)
 

 

Eq. 5.11 
 

And substituting Eq. 5.11 in Eq. 5.10 the Ergun model is recovered. The main problem of 
applying the model of Eq. 5.11 lies in the choice of a relationship between pore size and surface 
area per unit volume, and again the use of a single parameter for a material with an anisotropic, 
multimodal pore size distribution is questionable. The surface area can be estimated from the pore 
size distribution again considering that, for cylindrical pores:  
 

𝑆 = 2 න
𝑑𝑉

𝑟

௏ഄ

଴
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Eq. 5.12 
 

Which is deduced from the area to volume ratio of a cylinder; 𝑉ఌ is the volume of pores. Dividing 
by the total volume and writing the equation in discrete form:  
 

𝑆௩ = 2𝜀 ෍
𝑓(𝑟௜)

𝑟௜
௜

= 4𝜀 ෍
𝑓(𝑑௜)

𝑑௜
௜

 

 

Eq. 5.13 
 

Thus we could use Eq. 5.13 in conjunction with the Kozeny-Carman relationship of Eq. 5.10 to 
estimate an equivalent pore size. The validity of Eq. 5.13 for bioSiC can be tested by plotting the 
values of 𝑆௩ measured directly from Kr adsorption against those calculated from pore size 
distribution data [10]. Figure 5.2 shows that this correlation is reasonable.  
 

  
Figure 5.2. Specific surface area per unit volume calculated from the pore size 

distribution vs. 𝑆௩ measured from Kr adsorption [10] 
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However, calculations of equivalent pore sizes from this approach yielded values in the 5–7 μm 
which are clearly too low to adequately represent the microstructural average in these materials. 
In the same way as the quadratic mean estimate results in effective pore sizes larger than the mean 
because it is weighted towards the larger channels, effective pore sizes calculated from surface 
areas are biased towards the smaller channels, which contribute the most to the surface area. 
 
Panels A and B of Figure 5.3 plots measured viscous and inertial permeabilities against 𝜀𝑑ଶ and 
𝜀ଶ𝑑 respectively [10], as predicted by the Ergun relations of Eq. 5.4, where the values of 𝑑 were 
chosen as different averages of the pore size distribution depending on whether the axial or radial 
orientations were considered, according to the previous discussion. For the viscous permeability, 
a reasonable agreement was found when A = (80±1) μm2, whereas the inertial permeability did 
not follow Ergun's relationship. Instead, it was essentially constant for a given orientation, 
yielding (11.8±0.8) ·10−8 m and (5±3) ·10−8 m for axial and radial orientations, respectively. 
 

 
Figure 5.3. A) Viscous permeability 𝑘ଵ vs. 𝜀𝑑ଶ and B) inertial permeability 𝑘ଶ vs. 𝜀ଶ𝑑  

as dictated by Ergun's relationships, in both axial and radial directions [10] 
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These correlations can help to predict the range of permeability of porous SiC ceramics, although 
several precautions must be kept in mind. First, bioSiC samples do not have a set of perfectly 
cylindrical pores and thus deviations may occur. In addition, it is worth bearing in mind that not 
all the porosity may be available for fluid flow and the average pore size considered on the 
permeability constants from these models were calculated by intrusion porosimetry, which was a 
gross simplification because the whole size distribution of bioSiC samples was reduced to a single 
mean value [9,12], making it perhaps the greatest source of error. These models would also be 
improved by including additional microstructural parameters for complex structures such as 
tortuosity of the porous media which reflect the anisotropy of this material in both directions. 
Nevertheless, the values predicted by the proposed correlation reasonably agree with those 
calculated experimentally at least for the linear permeability and thus could be useful as a first 
benchmark to determine whether a wood precursor could be valid for a particular application 
[10]. 
 
 

5.2. Relationship between intrinsic filtration efficiency and 
permeability 

 
Microstructural parameters of bioSiC may influence its capture efficiency as much as they 
influence the permeability. The initial efficiency tests with the lab-scale samples in the diesel boiler 
were useful to search direct relationships between the microstructural parameters of a wood-based 
bioceramic material and its filtration performance taking also into account the relative orientation 
of the flux and the cells which has proved to be one of the most relevant influences in the 
permeability of the bio-material [18]. This study with laboratory disk-shaped samples shows the 
filtering effect of the material, and it does not include the effect of DPF geometry in particles 
accumulation evolution as will be shown in the following chapter.  
 

Table 5.1. Initial (clean state) intrinsic efficiency of the bioSiC samples  

Sample Initial intrinsic 
efficiency  

Ayous Axial 0.447 
 Radial 0.838 
Pine Axial 0.876 
 Radial 0.820 
Iroko Axial 0.353 

 Radial 0.840 
Oak Axial 0.616 
 Radial 0.827 
MDF Radial 0.807 
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In order to study the natural efficiency of bioSiC without taking into account the particle load, 
the average of its efficiency was calculated in the first 60 seconds of operation (test conditions and 
procedure in Section 3.3.4). The results are shown in Table 5.1. 
 
For this work, the dependence of the efficiency on each parameter has been analysed: porosity, 
pore size, and specific surface. Given the complexity of biological microstructure, trends are not 
easy to find but when using a global parameter as permeability. In general, two statements can be 
made: i) the microstructure affects more axial samples than radial ones, and ii) porosity and 
specific surface are not as decisive in efficiency as pore size is. 
 
For radial samples efficiency remains almost constant regardless the porosity and specific surface, 
while for axial samples not even a trend can be found. Pore size affects the filtration efficiency of 
bioSiC more than porosity or specific surface do. In this sense, two parameters were analysed: the 
most likely pore size (Figure 5.4a), and the maximum pore size (Figure 5.4b). This latter, the 
maximum pore size, generates a clearer trend: the larger the maximum pore size, the lower the 
filtration efficiency. 
 

 
Figure 5.4. Initial efficiency of the bioSiC samples as a function of: a) the most 

likely pore size, and b) the maximum pore size 
 
When it comes to microstructural characterization, permeability turns out to be the most 
representative parameter. In this work an experimental correlation based on the obtained results 
has been considered (Eq. 5.14) to get a general idea of the performance of this novel material 
when used in filtration applications [18].  
 

𝜂ே = 𝑒 +
𝑘ଵ

𝑘ଵ − 𝑘଴
 

 

Eq. 5.14 
 

A hyperbolic relationship has been used where 𝑘଴ might represent the average maximum 
permeability of a clean bioSiC sample for which the initial efficiency is minimum; and 𝑒 might 
be the average maximum initial efficiency of bioSiC for samples with low permeability. With 𝑒 =

0.84 and 𝑘଴ = 1.4 · 10ିଵ଴ the best fit is obtained. There is a significant scattering in the results 
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due to the microstructural variations of wood and to the differences between precursors. Figure 
5.5 shows the experimental results obtained in this work and the proposed correlation curve. 
 

 
Figure 5.5. Dependence of bioSiC filtration efficiency on the permeability 

 
The previous study on the permeability of bioSiC showed that this material has viscous (Darcian) 
permeabilities in the range 10-11-10-12 m2, and inertial terms in the range 10-7-10-8 m, both promising 
values for hot-gas filtering applications [10]. Thus, the best precursors for making bioSiC 
particulate filters are those that have a high efficiency and high permeability, that is, those situated 
above the presented correlation curve. Among all the samples studied in this work, axial pine 
seems to be the best choice (Figure 5.5). 
 
 

5.3. Contribution of viscous and inertial effects to total pressure drop 
 
The Reynolds number Re for porous media is defined as the ratio between inertial and viscous 
effects, and allows the linear and nonlinear flow behaviour to be predicted [9]. Re is defined as:  
 

𝑅𝑒 =
𝜌𝑣௜𝑑

𝜂
 

 

Eq. 5.15 
 

where 𝑣௜ is the interstitial fluid velocity, which can be calculated between the difference on 
superficial velocity and the porosity (𝑣௜ = 𝑣𝜀ିଵ). For a Reynolds number less than one (𝑅𝑒 < 1), 
the energy is dissipated due to viscous friction and the pressure drop can be determined simply by 
applying Darcy's law. For Reynolds numbers ranging between 1 < 𝑅𝑒 < 150, the flow is also 
predominantly laminar but inertial effects at a small proportion are already present in the flow, 
while for 𝑅𝑒 > 150 − 300 the flow is mainly turbulent and unsteady. 
 
Due to the difficulty of determining a representative pore size in complex porous media, Ruth 
and Ma proposed an alternative model in order to assess the flow regime [19], where relative 
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contributions of viscous and inertial effects on total pressure drop when a gas is flowing through 
a porous medium could be determined by the dimensionless Forchheimer's number [4]. It was 
defined as a function of the permeability constants according to Eq. 5.16.  
 

𝐹଴ =
𝜌𝑣

𝜂

𝑘ଵ

𝑘ଶ
 

 

Eq. 5.16 
 

For 𝐹଴ ≪ 1, viscous effects are dominant on the flow, while for 𝐹଴ ≫ 1 the pressure drop is due 
mainly to inertial effects [20]. The individual contributions of viscous and inertial effects to total 
pressure drop from this parameter can thus be estimated as follows:   

∆𝑃௩௜௦௖௢௨௦

∆𝑃௧௢௧௔௟

(%) =
1

1 + 𝐹଴
 

 

Eq. 5.17 
 

∆𝑃௜௡௘௥௧௜௔௟

∆𝑃௧௢௧௔௟

(%) =
𝐹଴

1 + 𝐹଴
 

 

Eq. 5.18 
 

Table 5.2 reports the calculated 𝐹଴ and Figure 5.6 shows the dependence of both viscous and 
inertial contributions to the total pressure drop of each wood-bioSiC as a function of sample 
orientation under air-flow velocities ranging from 0.01 to 0.4 m/s [10].  
 

Table 5.2. Forchheimer number (𝐹଴) range of the bioSiC samples for air-flow velocity  
ranging from 0.01 to 0.4 m/s 

Sample Forchheimer number 
𝑭𝟎  

Ayous Axial 0.17-6.91 
 Radial 0.02-0.82 
Pine Axial 0.05-2.05 
 Radial 0.02-0.79 
Iroko Axial 0.25-9.89 
 Radial 0.03-1.35 

Oak Axial 0.07-2.72 
 Radial 0.03-1.25 
MDF Radial 0.03-1.19 

 
It was noted that the flow regime depended heavily on the direction of the sample. At very low 
gas velocities (0.01 m/s), the pressure drop in both orientations was due mainly to viscosity 
effects. Nevertheless, as air velocity increased, the contribution of inertial effects to total pressure 
drop became more remarkable in axial samples, being close to 90% at the highest velocity. 
Conversely, in radial samples viscosity effects were more efficient, showing a gentler drop with 
increasing flow velocity. At the highest velocity the ratio of the inertial part to the whole flow was 
close to 50%. This trend was also observed in the experimental curves presented in Chapter 4 
(Figure 4.16). The pressure drop for radial samples was more consistent with Darcy's law, 
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following a linear trend with the increase in velocity, implying that flow was mainly laminar and 
losses of viscous energy were due to friction between gas layers [21]. 
 

 

Figure 5.6. Viscous and inertial terms of the bioSiC samples as a percentage  
of total pressure drop, as a function of air-flow velocity [10] 

 
Differences in the two contributions depending on the direction were due mainly to the anisotropy 
and the tortuosity of bioSiC, as well as the presence of large axial channels [10]. In axial samples, 
air flow traversed the straight, mostly cylindrical axial channels running to the sides of the samples 
with lower tortuosity than in the case of radial samples where, due to the absence of 
interconnected channels, the air flow travelled through the sample from the SiC grain boundaries, 
resulting in an orderly and laminar flow. For a given flow rate, inertial effects and turbulent flow 
will be more significant in the axial direction as the effective pore size and thus Reynolds number 
is higher than in the radial direction [10]. 
 
 

5.4. Thermal conductivity dependence on the microstructure 
 
Porous biomorphic silicon carbide samples can be considered a two phase system: a combination 
of a dense solid silicon carbide scaffold and pores. In terms of the cellular solids theory developed 



CHAPTER 5.  GENERAL APPLICABILITY OF BIOSIC AS FILTER MATERIAL 

 

M. Pilar Orihuela Espina 
 

167 

by Gibson and Ashby [17], the thermal conductivity of a porous material depends on four 
contributions:  
 

𝑘∗ = 𝑘௦ + 𝑘௚ + 𝑘௖ + 𝑘௥ 
 

Eq. 5.19 
 

where 𝑘௦ is the contribution through the porous solid, 𝑘௚ is the conduction through the gas 

contained in the pores, 𝑘௖ is the contribution due to convection and 𝑘௥ the contribution of 
radiation. 
 
Since the samples were tested in vacuum, conduction and convection inside the pores was not 
present, and radiative contributions has been shown to be negligible in this range of temperature 
[22]. The presence of pores in bioSiC samples can lead to a reduction in thermal conductivity 
because of the smaller solid fraction compared to dense SiC, but also because of a decreased mean 
free path for phonon transport as a result of phonon scattering at pores [23,24]. 
 
Thermal diffusivity measurements were performed on samples with porosity levels between 45% 
and 72%. At room temperature, it can be seen that thermal conductivity of porous silicon carbide 
material decreases from 88 to 26 W·m-1K-1 in the axial direction and from 66 to 5 W·m-1K-1 in the 
radial direction. This indicates that porosity affects thermal conductivity in ceramic materials due 
to a decrease in the solid phase of SiC and therefore an increased porosity leads to a decreased 
thermal conductivity, as expected. These results are consistent with other studies from the 
literature showing that porosity is a determinant factor in the reduction of the thermal 
conductivity [22,24,25]. It is not the only important parameter in the determination of thermal 
conductivity though; pore size and shape can also play a significant role. 
 
There are several analytical models proposed to describe the thermal conductivity of porous 
materials according to pore size and fractional porosity. The model of Rice establishes that the 
thermal properties of a porous material can be described considering the minimum solid area 
(MSA) [26], that is the minimum area of solid material that can be found in any plane 
perpendicular to the excitation. This area depends on porosity, pore geometry and distribution. 
To apply this model, it has been considered that porous bioSiC samples have perfectly cylindrical 
pores aligned in a simple cubic arrangement, and thus the conductivity depends on the direction 
of heat flux due to pore anisotropy. As it has been shown, the thermal conductivity of a porous 
material with aligned pores in the directions parallel to the heat flow can be related to the fully 
bulk conductivity 𝑘଴ as a function of porosity following [22]:  
 

𝑘௔௫௜௔௟
∗ = (1 − 𝜀)𝑘଴ 

 
Eq. 5.20 

 
On the other hand, in the radial direction, where the direction of heat flow is perpendicular to the 
pores, the thermal conductivity is given by:  
 

𝑘௥௔ௗ௜௔௟
∗ = ቆ1 − ൬

4

𝜋
𝜀൰

ଵ/ଶ

ቇ 𝑘଴ 

 

Eq. 5.21 
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Simplified models related the thermal conductivity of anisotropic porous material as a function 
of the porosity fraction and the solid phase-contribution. Using the Litovskii equation [27], the 
conductivity for porous materials depends on porosity following:  
 

𝑘 = 𝑘଴(1 − 𝜀)ඥ(1 − 𝜀) 
 

Eq. 5.22 
 

And Kingery et al. [25,28] describe the thermal conductivity of porous ceramics by the following 
equation:  
 

𝑘 = 𝑘଴

(1 − 𝜀)

(1 + 𝜀)
 

 

Eq. 5.23 
 

where 𝑘଴ is the thermal conductivity of the bulk SiC and 𝜀 is the porosity fraction of the porous 
material. 
 
Figure 5.7 compares the effective thermal conductivity calculated from the measured data and 
the effective thermal conductivity from [22] with the effective thermal conductivity predicted by 
the three models described above used in porous material in order to investigate the influence of 
porosity. The effective thermal conductivity (𝑘௘௙௙௘௖௧௜௩௘ = 𝑘∗ 𝑘଴⁄ ) was obtained by normalizing the 

experimental values by the theoretical thermal conductivity of fully dense SiC at each measured 
temperature, which is taken from [29] for small grained SiC ceramics. Theoretical effective 
thermal conductivities were calculated using Eq. 5.20-Eq. 5.23 taking into account the pore 
volume fraction of each type of biomorphic SiC. 
 

  

Figure 5.7. Effective thermal conductivity of the bioSiC samples as a function of porosity. 
Comparison between experimental values from this work and analytical predictions from 

different models [30] 
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It is clear from Figure 5.7 that there are large discrepancies between thermal conductivities 
predicted by the three models. The experimental values are significantly higher than the calculated 
ones. The predicted curves based on the MSA model under-estimates the experimental thermal 
conductivity as a function of porosity. Consistently, measured thermal conductivities are higher 
than those predicted by the MSA model in all cases, and the difference is larger at lower porosities. 
 
The differences between experimental values and the theoretical values are attributed to the fact 
that the thermal conductivity of a two-phase system depends not only on the amount of porosity 
but also on the pore shape and distribution. Deviations on the experimental values with respect 
to the different models could be due that bioSiC samples exhibit a complex and multimodal pore 
size distribution, as it has been observed by mercury porosimetry (see Figure 4.6 in Chapter 4). 
Since pore geometry also varies with the choice of wood precursor, a model that describes an 
ideal pore morphology might not be adequate for describing the range of microstructures that 
these materials exhibit [30]. 
 
In this work, higher thermal conductivity values than those previously reported in the literature 
have been found for comparable values of porosity. By comparison, Pappacena et al. [22] 
measured thermal conductivity values of up to 42 W·m-1K-1 for 65 vol% of porosity, and 19 W· 
m-1K-1 for 69 vol% of porosity at room temperature, for bioSiC samples made from beech, 
mahogany, poplar, sapele and red oak woods. In their work, chemical etching for 1–2 weeks was 
used to remove the residual silicon, in contrast to capillary extraction and evaporation used in 
this work. The difference between the values of thermal conductivity may be due to this 
differences in processing. For very long etching times, the residual Si at the SiC grain boundaries 
might have been eliminated, leading to a loss in grain connectivity that further lowers thermal 
conductivity of bioSiC samples [31]. Although the values in this paper are higher than those 
reported previously, thermal conductivity values show the same influence with porosity, 
temperature and orientation [30]. 
 
Other important parameter that can play a significant role in the thermal conductivity is the grain 
size of SiC and the density and nature of grain boundaries [29]. The values of thermal conductivity 
in SiC were found to increase with the grain size due to a lower density of phonon-scattering 
boundaries. When bioSiC samples were heat-treated up to 1800 °C to remove the remnant silicon, 
the grain size could have increased with the temperature, increasing connectivity in the SiC grains 
and enhancing the conductivity compared to samples that were made by acid etching. The higher 
thermal conductivity of bioSiC samples from this work may well be due to the grain 
characteristics in comparison to biomorphic silicon carbide processed by chemical etching; our 
samples show a highly percolated structure with a lower density of grain boundaries [30]. 
 
Anisotropy of the thermal conductivity 
 
It is interesting to highlight the effect of the anisotropy of bioSiC in the thermal conductivity 
values. BioSiC samples are formed by a SiC scaffold and a pore region, and is important to know 
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how both phases are distributed, if the pores are aligned in the direction parallel to the direction 
of heat flow, or conversely, the pores are aligned perpendicular to the direction of flow. 
 

  

Figure 5.8. Schematic depiction of the relation between heat flux direction 
and microstructure in: a) radial and b) axial orientations [30] 

 
The variation between axial and radial experimental thermal conductivities as a function of 
temperature was observed in Figure 4.10. The thermal conductivity of the bioSiC samples 
measured in the axial orientation shows higher values than measurements in the radial 
orientations. It can be seen that the thermal conductivity of radial samples is about a 30–82% 
lower than that of axial samples depending on the total porosity, as has been previously reported 
by Parfen’eva et al. [32]; and although the temperature increases, the anisotropy coefficient β 
(𝑘௔௫௜௔௟ 𝑘௥௔ௗ௜௔௟⁄ ) tends to be of the same order of magnitude for each wood precursor (Table 5.3). 
 

Table 5.3. Anisotropy coefficient (𝛽 = 𝑘௔௫௜௔௟ 𝑘௥௔ௗ௜௔௟⁄ ) of the bioSiC samples 
at room temperature and 700 °C 

 Anisotropy coefficient 

Sample Ambient  
temperature 

700 ºC 

Ayous 5.75 5.03 

Pine 2.42 2.67 

Iroko 1.88 1.72 

Oak 1.47 1.57 

MDF 1.26 1.51 
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These values also depend on the microstructure and pore size distribution. Iroko, Oak and MDF 
bioSiC samples show less variation in thermal conductivity values with the direction of heat flux 
because of the more regular and homogeneous microstructure of the wood precursor. These 
values as a function of orientation correspond well with the concept illustrated in Figure 5.8. In 
the axial orientation, there are direct heat pathways through the dense solid silicon carbide 
scaffold and the heat flux could travel through the solid phase parallel to the direction of the 
channels (pores). In contrast, in the radial direction where the direction of heat flow is 
perpendicular to the pores, the conductive large regions are in series, leading to a lower overall 
thermal conductivity [30]. 
 
 

5.5. Mechanical strength dependency on density 
 
In Section 4.2.3 of the previous Chapter, the measured values of the maximum compressive 
strength were presented (see Table 4.5). Through the following graphs, the dependency of the 
compressive strength on the density has been analysed. The reported maximum compressive 
strength was the average of a minimum of five measurements for each wood-bioSiC and loading 
conditions in both directions (axial and radial). Error bars represent one standard deviation [10]. 
 
In Figure 5.9A a comparison of maximum compressive strengths as a function of density is 
provided for each wood-derived SiC specimen for the two different orientations. As can be seen 
from Table 4.5 and Figure 5.9A, compressive strengths are in the range ~3–115 MPa, showing a 
dependence on density and orientation of the wood precursor. In both directions, the values 
approximate a potential relationship with the relative density. The values decrease significantly 
with decreasing density of the samples, in direct relation to the porosity fraction. This result agrees 
with findings in previous works [31,33,34], in which the mechanical strength of these ceramic 
samples depended on density. Consequently, greater pore volume gradually diminished the 
mechanical strength. MDF-derived bioSiC presents a higher compressive strength; measured 
values were higher than expected in relation to their density because some fibres could be oriented 
in the direction of maximum compressive load, which yielded a higher compressive strength [35]. 
 
In Figure 5.9B  the relative strength data (𝜎௕௜௢ௌ௜஼ 𝜎ௌ௜஼⁄ ) is plotted as a function of the relative 
density that determines the SiC volume fraction (𝜌௕௜௢ௌ௜஼ 𝜌ௌ௜஼⁄ ). These factors may be related to a 
potential dependence according to the following equation given by the model of Gibson and 
Ashby [36]:  
 

𝜎௕௜௢ௌ௜஼

𝜎ௌ௜஼
= ൬

𝜌௕௜௢ௌ௜஼

𝜌ௌ௜஼
൰

௡

 

 

Eq. 5.24 
 

where 𝜎௕௜௢ௌ௜஼ and 𝜌௕௜௢ௌ௜஼ are the strength and the bulk density of the porous solid (bioSiC), 𝜎ௌ௜஼ 
and 𝜌ௌ௜஼  are the strength and the density of a fully dense SiC monolith, and 𝑛 is a geometric 
exponent which depends on the microstructure and loading direction. Values of compressive 
strength (3.9 GPa) and theoretical density of fully dense SiC (3.21 g/cm3) were taken from the 
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literature [29,37]. Since the exponent 𝑛 is derived from the fitting of log-log plots, its calculation 
does not depend on the actual numerical values assigned to the bulk properties of the solid phase. 
Due to the porosity of the material, the values found here were much lower than the strength for 
the fully dense material. 
 

 

 
Figure 5.9. (A) Maximum compressive strength at room temperature as a function of density 

and (B) relative strength as a function of relative density of the bioSiC specimens 
 
The exponent was higher than predicted by the model (3.78 for axial samples and 3.19 for radial 
samples), but consistent with previous works confirming that this model results in an 
overestimation when applied to porous bioSiC samples derived from wood [34,37]. Since MDF 
samples performed more like axial samples than radial samples, the geometric exponent n was 
determined by fitting the values of radial samples without considering the results of MDF. 
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5.6. Applicability as filter material 
 
Filter materials are selected according to pore structure and microstructural parameters [38]. 
Small pore sizes and low volume fractions of porosity enhance filtration efficiency and the 
mechanical stability of the samples, while at the same time increase the pressure drop in the filter 
with the gas flow. Consequently, a trade-off needs to be found between filtration efficiency and 
pressure drop. 
 
Pore volume in most commercial filters is within the range of 40– 50% or exceptionally 60% [39]. 
Furthermore, typically a well-defined monomodal pore distribution is sought for improving 
particle-filtration efficiency and filter selectivity [39,40]. Therefore, ceramic filter substrates 
normally present pore volumes of about 50% and average pore sizes of 10 μm. Regarding the five 
precursors used in this work, the level of porosity was controlled by selecting a wood precursor. 
Ayous, Oak and Iroko showed a multimodal pore-size distribution with larger pores up to 
hundreds of micrometers. In this way, Pine and MDF had more desirable characteristics, because 
of their narrower and more homogeneous pore distributions. 
 
From the knowledge of the influence of microstructure on permeability values, it is possible to 
estimate the pressure drop originated in a filter under a given flow rate. Innocentini et al. [41] 
have classified a wide range of porous materials according to permeability parameters. 

 
Figure 5.10. Classification of filter materials according to permeability values  

from the literature [41] including experimental data from this work [10] 
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In Figure 5.10 an adapted version of the map from the studies of Innocentini et al. is presented 
including all the results found in the present work for bioSiC materials, the results for other filter 
ceramics of cordierite bonded porous SiC for comparison purposes [1] and the exponential fit 

ൣ𝑘ଶ = exp (−1.71588𝑘ଵ
ି଴.଴଼଴ଽଷ)൧ that relates permeability parameters of a variety of porous 

media. Permeability of porous bioSiC materials were located according to the classification in the 
typical range for granular and fibrous filters, which normally present Darcian permeabilities in 
the range 10−9–10−13 m2. For axial samples, permeability values deviated slightly from the general 
trend and were generally higher than other values reported in the literature for commercial 
granular filters because of the presence of interconnected larger pores with preferred orientation 
[10]. 
 
Alonso-Fariñas et al. [42] and Bautista et al. [35] assessed the feasibility of porous MDF-derived 
bioSiC as high-temperature filters in gasification plants with permeability values of 10−13 m2 for 
porosities ranging from 40–60%, and with a filtration efficiency higher than 98%. In ceramic 
materials used as diesel particulate filters, permeability typically ranges from 10−12 to 10−9 [39]. 
Eom et al. [43] reported permeability values of macroporous SiC ceramics on the order of 10−12–
10−13 m2 with porosities of 50–60%. For a volume of porosity of 75%, Song et al. [44] reported 
permeability values in the range of 10−13 m2 and Yan et al. [8] reported values in the range of 10−12 
m2 on porous cordierite-mullite ceramic samples with porosity of 40–50%. According to the map 
in Figure 5.10, and permeability values of commercial filters, bioSiC seems to be a promising 
material for filtering applications. 
 
In terms of mechanical stability, all samples have enough strength not to fail during filtration 
applications despite their high porosities. Nevertheless, Ayous-bioSiC showed notably poor 
mechanical stability as a consequence of the high porosity-volume fraction and may not be a 
suitable precursor for filter applications.  
 
 

5.7. Economic considerations 
 
Availability for mass production at low prices and low weight is a prerequisite for automotive 
applications. Compared to other popular DPFs substrates like cordierite or aluminium titanate, 
silicon carbide turns out to be relatively expensive [39]. This difference is due to the high sintering 
temperatures of silicon carbide, and the high price of its raw materials [45]. 
 

- The traditional fabrication route for extruded ceramic monoliths involves two main 
processes: extrusion moulding and sintering. The first one is relatively easy and cheap, but 
sintering requires very high temperatures. The sintering temperature depends on the 
material. To sinter silicon carbide temperatures above 1600 °C are needed. Cordierite for 
instance require lower sintering temperatures.  

- On the other hand, the raw materials needed to make silicon carbide monoliths are: SiC 
powders and a binder material. The binder material can be starch, which is cheap, but the 
SiC powders are expensive.  
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The manufacturing process of biomorphic silicon carbide differs totally from that of extruded 
ceramics. Unlike granular silicon carbide commercially used in DPFs, bioSiC cannot be 
manufactured from sludge by a sintering process. BioSiC is manufactured from the pyrolysis of 
wood blocks and it passes through different stages, but always in solid state. It requires 
mechanization instead of extrusion and different thermal processes. Consequently, the costs of a 
possible massive production may differ considerably.  
 
In terms of raw material prices, the cost of bioSiC is similar to that of extruded SiC. The cost of 
the vegetal precursor is almost negligible, and the cost of silicon powder is in the same range than 
the cost of silicon carbide powder at industrial scale. BioSiC is considered an ecoceramic material 
because it can be made from wood wastes or renewable resources; and it does not need a high 
quality silicon powder for the reaction. 
 
Regarding the thermal demand, the manufacturing process of bioSiC may have a different costs 
depending on the chosen procedure for removing the silicon in excess. The evaporation procedure 
proposed in this thesis requires higher temperatures, since the evaporation point of silicon must 
be exceeded. In that case the energy cost of producing bioSiC may be of the same order that the 
cost of producing sintered SiC. On the contrary, the silicon removal through chemical etching 
can be done at room temperature, so a significant cost reduction can be achieved. 
 
 

5.8. Conclusions 
 
In the previous chapter, the most representative properties of bioSiC as potential candidate for 
material substrate in automotive DPFs have been characterized and analysed by using small 
simple laboratory samples. The study began with a general characterization of its microstructural 
and physical properties, and finished with a specific study over filtration efficiency and 
permeability, as they are the parameters of the material most directly linked to the filtration 
performance. The characterization study was performed keeping in mind the final application 
which the material is intended to be used for, that is the application to Diesel Particulate Filters 
for automotive engines. In this sense, certain measurements such as porosity, pore size, or 
permeability, have been considered more relevant in the decision-making process. However, the 
characterization study has been quite exhaustive and from the author’s point of view it may be 
useful for any future study of biomorphic SiC for any other application. 
 
In this chapter a further analysis on the measurements previously presented has been done. 
Significant parameters of bioSiC from the point of view of filtration performance (permeability, 
thermal conductivity and compressive strength) have been correlated with microstructural 
features (pore size, porosity and density) to draw useful relationships and to predict the 
performance of any biomorphic substrate made from a different precursor for the considered 
application. 
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Average pore size, alignment of pores and tortuosity seemed to be the key factors in permeability 
results. For permeability prediction concerning microstructural parameters, an Ergun-type 
relationship was proposed where the equivalent pore size is determined by integration of the pore 
size distribution, although to different integration limits in the axial and radial directions to reflect 
the materials' anisotropy. The flow performance of the material was characterized by calculating 
the Forchheimer's number. We showed that in radial samples inertial effects were not as 
remarkable as in axial samples, but both terms of Forchheimer's equation must be considered for 
flow-regime prediction. On the other hand, compressive strength has been found to diminish with 
porosity, the resulting values being from 3 to 115 MPa. 
 
Thermal conductivity values reveal a strong dependence on the porosity fraction. The thermal 
conductivity values of the most porous sample at room temperature are 22 and 5 W·m-1K-1 
depending on the direction of heat flux as a function of the direction of the pores, while for the 
less porous sample are 88 and 60 W·m-1K-1. The experimental values were compared with the 
theoretical values from three analytical models proposed to describe the thermal conductivity of 
a porous material attending to pore size and fractional porosity. Experimental values are higher 
than predicted in the axial direction but agree reasonably with the predictions for the radial 
direction. However, in the more porous samples, the experimental values are close to the 
theoretical values calculated by the minimum solid area model. 
 
All the results pointed to the possibility of tailoring these two properties by selecting a particular 
wood precursor and controlling the microstructural parameters of the final porous ceramics. With 
the control of these properties, the best optimum requirements for filtering applications of the end 
product may be fulfilled. 
 
The performance of a bioSiC wall-flow DPF mainly depends on two factors: on the material 
features of the substrate, and on the geometrical design of the complete system. Chapters 4 and 5 
were focused on presenting the results at the material level. In the following chapter, the results 
of the a more specific study considering the complete design of an MDF-bioSiC wall-flow DPF 
will be presented. It will include, not only the measurements of efficiency and pressure drop from 
the experimental campaign, but also the results of the numerical simulations and a further analysis 
comparing the performance of this bioSiC wall-flow DPF with that of other commercial DPFs. 
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Chapter 6 
Filtration performance of wall-flow MDF-bioSiC 
DPFs 
 
 
 
 
 
 
 
 
In chapters 4 and 5, the microstructural and physical properties of nine different bioSiC specimens 
were presented and analysed. The characterization study was performed keeping in mind the final 
application which the material is intended to be used for, that is the application to Diesel 
Particulate Filters for automotive engines. In this sense, more attention was paid to some 
properties such as the porosity, the pore size, or the permeability, since they are known to have 
more influence in the suitable filtration performance of the material. These properties carried 
greater weight in the decision-making process regarding the precursor selection for the wall-flow 
DPF prototype. However, the characterization study has been quite exhaustive and, from the 
author’s point of view, the results can be useful and extrapolated to the use of biomorphic SiC in 
other applications. 
 
Chapter 6 is focused on the results of the experimental campaigns with the MDF-bioSiC wall-
flow DPF prototypes, and provides both empirical and numerical results of the filtration 
performance of the filters under real operating conditions. It has two main sections. In Section 
6.2 the results of the experimental campaign with the bioSiC wall-flow prototypes are presented. 
First, all the preliminary tests and considerations are presented, and then the main results of these 
tests are presented, focused on filtration efficiency and pressure drop. After that, Section 5.3 
presents the results of the numerical simulations described in Section 3.6. First, evidence of the 
validation is provided; and then, the results of the simulation of the real-scale bioSiC DPF under 
real driving conditions are presented. In the final section, a summary of the main results and 
conclusions is provided. 
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6.1. Introduction 
 
An ideal DPF for automotive applications must have some specific characteristics: it must be 
considerably porous in order to prevent dangerous back pressures; it must act as a heat sink in 
order to keep heat during low loads; and it must be resistant to thermal shocks as the one that 
takes place during the regeneration process. All these aspects can be represented by two physical 
entities: Specific Heat (𝐶௣) and Thermal Shock Resistance (TSR). Silicon Carbide is known to 
have higher thermal conductivity and tensile strength than Cordierite. In particular, recrystallized 
Silicon Carbide (Re-SiC) and all those technologies able to achieve high porosity, are able to stand 
more porosities than cordierite without affecting its thermal performances [1]. However, its high 
coefficient of thermal expansion (CTE) usually affects negatively its TSR [2,3].  
 

Table 6.1. Thermal and mechanical properties of the bioSiC samples (evaluated at ambient 
temperature) affecting its thermal shock performance 

Sample 
Specific 
heat [4]  
(J/kg K) 

Thermal 
conductivity [5]  

(W/m K) 

Maximum 
tensile 

strength [6]  
(MPa) 

Thermal 
expansion 
coefficient 

(K-1) 

Young 
modulus [7] 

(GPa) 

Poisson 
ratio [6] 

Ayous Axial 671.28 26 45 1.5·10-6 178 0.15 

 Radial 671.28 4.4 45 1.5·10-6 178 0.15 

Pine Axial 671.28 55 45 1.2·10-6 214 0.15 

 Radial 671.28 23 45 1.2·10-6 214 0.15 

Iroko Axial 671.28 74 79 2·10-6 214 0.15 

 Radial 671.28 39 79 2·10-6 214 0.15 

Oak Axial 671.28 88 79 1.5·10-6 250 0.15 

 Radial 671.28 60 79 1.5·10-6 250 0.15 

MDF Axial 671.28 43 79 1.5·10-6 270 0.15 

 Radial 671.28 34 79 1.5·10-6 270 0.15 

 
Table 6.1 presents a summary of the main thermal and mechanical properties of bioSiC from 
different precursors affecting its behaviour against thermal shock. Values have been extracted 
searching in the literature and, in some cases, they are only approximated. The CTE was 
experimentally measured and turns out to be lower than the typical CTE of a standard SiC [4]. 
Gathering these representative values of thermal conductivity [5], tensile strength [6], Young 
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modulus [7], and Poisson ratio [6] of bioSiC, an estimation of the TSR can be made. Figure 6.1 
shows a simplified Ashby chart where the estimated values of 𝐶௣ and TSR (for ∆T=650-
100=550°C) of bioSiC are presented, compared to those of other commercial ceramics. 
 

 
Figure 6.1. Estimated Thermal Shock Resistance and Specific Heat of bioSiC ceramics 

compared to other commercial ceramics [8,9] 
 
Although scattered, estimated bioSiC TSR values compete with those of commercial ceramics 
and present promising values specially for bioSiC generated from axial precursors. 
 
 

6.2. Experimental results with the bioSiC DPF prototypes 
 
As described in Section 3.5, to perform the filtration tests a synthetic SG was used. Each prototype 
was subject to three filtration tests and regenerated after each one to remove the deposited soot 
and start over again with the clean filter. Tests were performed under controlled and reproducible 
conditions, with a fixed gas flow rate of 5 LPM and a soot mass flow rate of 4 mg/h.  
 
6.2.1. Preliminary blank tests 
 
Before starting the filtration tests, two previous blank tests were needed in order to: (i) determine 
the permeability of MDF-bioSiC in the direction perpendicular to the compression one, and (ii) 
to determine the pressure drop caused by other elements different from the filter along the canning 
(cordierite holder and thermocouple guides mainly). 
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Permeability of MDF-bioSiC in the direction perpendicular to the compression one 
 
The first test was performed setting different air flow rates, from 1 LPM to 14 LPM, through the 
sample and measuring the pressure drop in each case. The air flow velocity 𝑣 was determined 
dividing the imposed flow rate Q by the total cross section for the air (the total internal surface of 
the inlet channels). The pressure drop per unit length (∆𝑃 𝐿⁄ ) depends on the velocity 𝑣 following 
the quadratic trend that the well-known Darcy’s law with Forchheimer’s extension [10] describes 
(Eq. 6.1). Therefore, calculating the quadratic fitting curve, both the Darcian permeability and 
the inertial one can be obtained.  
 

∆𝑃

𝐿
=

𝜂

𝑘ଵ
𝑣 +

𝜌

𝑘ଶ
𝑣ଶ 

 

Eq. 6.1 
 

The results of this test revealed that the Darcian permeability of MDF-bioSiC in the direction 
perpendicular to the compression one is 𝑘ଵ = 3.96 · 10ିଵସ 𝑚ଶ, and the inertial permeability 𝑘ଶ =

1.32 · 10ିଵ  𝑚. These values are around two orders of magnitude lower than the values reported 
by Gómez-Martín et al. [11] for other bioSiC samples, and in particular for the MDF-bioSiC with 
the gas flowing in the compression direction. This fact indicates that a change on the relative 
orientation of the flux respect to the fibre may produce a lower pressure drop than the one reported 
in this study. 
 
Pressure drop caused by other elements different from the filter along the canning 
 
The second blank test was performed placing the canning in the test rig without the bioSiC 
prototype but with all the auxiliary elements: the cordierite holder with the vermiculite mop and 
the Castable Refractary Alumina sealing layer, and the two guides for the thermocouples. As in 
the previous test, different air flow rates were set, from 1 LPM to 14 LPM, and the pressure drop 
was measured. The experimental data show a linear dependency between the pressure drop and 
the flow rate. For 5 LPM, the most used flow rate in this study, the pressure drop of the system 
turns out to be 41.9 mbar. This value was subtracted later from all the pressure drop data obtained 
in this work. 
 
6.2.2. Characterization of the soot generator 
 
The wall-flow MDF-bioSiC filters analysed in this study have been designed as an aftertreatment 
system for automotive diesel engines. The use of laboratory generated soot particles guarantees 
the repeatability of the experiment and provides with constant operating conditions.  However, 
the applicability of the results of this study depends on the similarity between the particle size 
distribution of the SG and that of a real modern engine. For that reason, the first stage of the 
experimental campaign was to characterize the production of soot particles of the SG. By setting 
the previously mentioned operating parameters on the SG (5 LPM of argon and 4 mg/h of soot 
mass flow rate), and bypassing the particle laden stream directly to the measuring area with the 
SMPS and the CPC, the concentration and the particle size distribution of the SG was measured. 
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In order to reduce the uncertainty and secure reliable data, 4 sets of measurements were made 
over 20-minutes periods (10 scans 135 s long), and the average was considered as the result. 

 
Figure 6.2. Normalized particle size distribution of the soot generator Palas GFG 1000 and 

comparison with the distribution in the exhaust of different engines [12] 
 
The resulting normalized particle distribution is presented in Figure 6.2 versus the particle 
diameter with black filled dots. As a reference, the characteristic curves of the same SG (Palas 
GFG 1000) for different flow rates and spark frequencies are presented; one of them extracted 
from the technical brochure of the equipment, and the other one from the study carried out by 
Roth et al. [13]. In the same graph (Figure 6.2), three particle size distribution curves from three 
different diesel engines are also presented: one belonging to the Dipartimento di Scienza 
Applicata e Tecnologia (DISAT) of the Polytechnic of Turin, and two other diesel engines that 
have been taken from the literature. The curve obtained from [14] corresponds to a 6-cylinder 
10.8 L heavy-duty engine, and the curve obtained from [15] corresponds to a 4-cylinder 2 L 
engine. In all the cases, the data correspond to the particle concentration just after the engine, 
before the filtering system.   
 
The soot production of real engines may present a high variability depending on the size and the 
operating conditions. Statistically, a large part of the curves found in the literature for light-duty 
diesel engines present the peak at around 60-80 nm. The SG is able to produce particles 
concentrations similar to those of a real engine but with the advantage of doing it through a 
controlled process with higher precision than a running engine where many other parameters may 
also affect. The argon volume flow rate and the spark frequency were chosen in this study 
according to the dimensions of the filter samples. As a result, the peak concentration of particles 
is lower than the one that can be obtained in other conditions, but still not far from the production 
of particles of a real engine considering the logarithmic scale of the curves. The main difference 
between the production of particles with the SG and the production of particles of an engine is 
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the peak mobility diameter. The peak mobility diameter of a modern diesel engine is around 30 
nm, whilst the SG used for this study produces generally bigger agglomerates with peak mobility 
diameters hardly lower than 60 nm. The Differential Mobility Analyzer of the SMPS allows to 
measure particles in the size range of 10 to 1000 nm, which covers almost the complete range of 
particles sizes of an engine and of the SG. Nevertheless, the production of particles lower than 20 
nm is so low with the SG, that the uncertainty in the calculations for this range (𝐷௣ < 20 nm) is 
too high. 
 
6.2.3. Filtration efficiency 
 
One of the main objectives of this work of characterization of the manufactured MDF-bioSiC 
wall-flow filters is to determine their filtration efficiency. The filtration efficiency of a filter can be 
calculated as the ratio between the number concentration of soot particles deposited inside the 
filter and the number concentration that it has to face at the inlet (Eq. 6.2):  
 

𝜂ே =
𝑁௜௡ − 𝑁௢௨௧

𝑁௜௡
 

 

Eq. 6.2 
 

In each moment of the filtration process, Eq. 6.2 allows us to calculate the transient efficiency of 
the tested filter.  

 
Figure 6.3. Filtration efficiency of the wall-flow bioSiC DPF prototypes 

 
The resulting transient filtration efficiency of both prototypes (S1 and S2) is presented in Figure 
6.3. For the clean filter (time = 0) a filtration efficiency of 77% has been found; and after two 
hours of soot loading, the filtration efficiency reaches in any case values around 100%. In this 
figure can be appreciated that there is a difference over 18% in the experimental efficiency 
between S1 and S2 despite the fact that both of them are supposed to come from the same 
precursor and to be equally manufactured. As will be shown later in the text, the difference in 
pressure drop is also significant, but not as high as it is in the case of efficiency. Therefore, these 
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differences may be partly caused by a variation in the permeability of the material, but more 
probably by a different porosity distribution and the inaccuracies in the hand-made manufacturing 
process [12]. 
 
Eq. 6.2 is also applicable for separated particle sizes ranges, which is useful to determine the 
filtration efficiency of the substrate as a function of the particle diameter. Figure 6.4 shows this 
dependency for both samples S1 and S2 in two different moments of the test: the initial moment 
and after 30 minutes of soot loading. In general, an increase in the efficiency with the particle 
diameter can be observed, which reveals the higher weight of the interception mechanism against 
the diffusion one in the filtration phenomenon for the diameter ranges measured in this study. 
Actually, the theoretical curve of filtration efficiency versus particle diameter presents an 
asymptotical behaviour also for small particles (horizontal asymptote: 𝜂ே = 1), and a minimum 
value of efficiency for particles sizes in the range between 50 nm and 300 nm depending on the 
characteristics of the filter and the flow [16,17]. 

 
Figure 6.4. Filtration efficiency of the wall-flow bioSiC DPF prototypes as a function of the 

particle diameter in two different moments: t=0s, and t=1800s [12] 
 
In this study, only the filtration efficiency for particles larger than 50 nanometres is reported. As 
explained before, for particles smaller than 50 nanometres the concentration of particles generated 
by the SG was so low that the uncertainty introduced by the SMPS in the raw counts was larger 
than the measurement itself; therefore, they were disregarded. 
 
6.2.4. Pressure drop 
 
The pressure drop is directly measured in each test with a differential pressure sensor at the inlet 
and outlet of the filter samples. The transient evolution of the pressure drop is shown in Figure 
6.5 for the two measured samples, along with the average curve. The maximum difference in 
pressure drop between samples S1 and S2 is in this case around 12%. As explained previously, 
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this difference might be caused by variations in the permeability during the soot load. The initial 
pressure drop of the 31-mm-long wall-flow filters was around 23 mbar in both cases, so no 
significant differences are expected in the permeability of the clean filters. Compared to other 
commercial filters, the bioSiC prototypes designed in this work present a longer and slower 
transition phase from deep-bed to cake filtration. 

 
Figure 6.5. Pressure drop of the wall-flow bioSiC DPF prototypes 

 
 
6.2.5. Preliminary estimation of the performance during the soot load 
 
The soot mass retained in the filter was not directly measured in this study. In order to have an 
estimation of the behaviour of the filter as a function of the soot load, and to be able to compare 
with commercial filters, an approximate calculation of the soot load was made based on the power 
law expression for the effective density (𝜌௘) proposed by Mati Maricq [18]. The expression given 
by Eq. 6.3 characterize fractal-like soot particles generated by diesel engines, where 𝜌௘ is the 
effective density; but it is a general expression and with an appropriate selection of the fractal 
dimension 𝐷௙ and the primary particle parameters (diameter 𝑑௠ and density 𝑑଴), it has been 

applied to the soot particles artificially generated in the laboratory.  
 

𝜌௘ = 𝜌଴ ൬
𝑑௠

𝑑଴
൰

஽೑ିଷ

 

 

Eq. 6.3 
 

According to Schneider et al. [19], the spark soot particles generated with the SG Palas GFG1000 
reveal a fractal dimension of 𝐷௙ = 2.1. On the other hand, according to Wentzel et al. [20] the 

diameter of the primary particles for Palas soot is 6.6 nm. The density of the primary carbon 
particles of the soot coming from the Palas SG was estimated from the study carried out by Gysel 
et al. [21]. It provides with values of the effective density of this Palas soot for some particle sizes 
(200 nm, 300 nm, and 500 nm). These values were used to determine the density of the primary 
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particles, and to better adjust the diameter of the primary particle and the fractal dimension. Then, 
with the general expression of Maricq (Eq. 6.3), the effective density was extrapolated to the rest 
of the particle size range. The final values of 𝑑଴, 𝜌଴ and 𝐷௙ used for this work were 1.7 g/cm3, 6 

nm, and 2.05 respectively. The mass of soot in each moment is calculated from the raw number 
of particles, by multiplying them by the volume of a sphere of the same mobility diameter, and 
by the effective density. 

 
Figure 6.6. Filtration efficiency and normalized pressure drop of the wall-flow bioSiC DPF 

prototypes as a function of the estimated soot load [12] 
 
In Figure 6.6, the evolution in pressure drop and efficiency are presented jointly as a function of 
the estimated soot load. The pressure drop has been normalized to different flow velocities to 
allow the comparison with other filters: v is the darcian velocity of the gas flow through the porous 
wall. A linear dependence between pressure drop and darcian velocity has been considered 
neglecting the inertial term.  
 

Table 6.2. Correspondence between gas flow rate and darcian velocity  
depending on the geometric design  

 
Tested 
design 

Reference commercial designs 

Cell density (cpsi) / Wall thickness (mils) 372/11.8 200/8 200/12 300/12 

Gas flow rate (m3/h) 600 600 600 600 

Cell density (cpsc) / Wall thickness (mm) 58/0.3 31/0.203 31/0.305 46.5/0.305 

Channel width (mm) 0.96 1.57 1.45 1.13 

Internal surface of one channel (m2) 1.073·10-3 1.755·10-3 1.621·10-3 1.263·10-3 

Frontal area for Ø 10 inch = 25.4 cm (m2) 0.0507 0.0507 0.0507 0.0507 

Total crossing area (m2) 15.766 13.781 12.728 14.878 

Darcian velocity (m/s) 0.0106 0.0121 0.0131 0.0112 
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Apart from the temperature, which definitely influences the pressure drop in a filter, also the 
geometrical design affects the pressure drop due to the change in the total crossing area for the 
gas. In a full size bioSiC filter, taking into account the geometrical design of the honeycomb 
structure with which the filters of this work have been manufactured (cell density and wall 
thickness), a darcian velocity of 0.01 m/s would be equivalent to a flow rate of around 600 m3/h. 
In Table 6.2, this correspondence between the darcian velocity and gas flow rate for a hypothetical 
real-size filter (Ø10’’, 11’’) is presented and compared with the same flow rate for other designs 
of commercial filters.  
 
6.2.6. Active regeneration of the filter 
 
In this work, the evolution in pressure drop during the regeneration process was measured along 
with the evolution in temperature in order to get a preliminary idea of the temperature levels 
required by the wall-flow bioSiC filter to be cleaned and to recover the initial state of pressure 
drop. Figure 6.7 shows the general trend that was found in all the regeneration processes. Since 
not all the filtration tests had exactly the same length, and taking into account the deviation that 
pressured prop presented from one sample to the other, in the regeneration results the pressure 
drop is presented non-dimensionalized. This way, similar trends are observed for all the tests 
regardless the sample. 
 

 
Figure 6.7. Evolution in the temperature and the non-dimensional pressure drop during the 

regeneration process 
 
In Figure 6.7, it can be appreciated that the temperature follows the programed sequence in the 
furnace (a ramp of 5 ºC/min until 650 ºC, and a 3 hours-dwell). Nevertheless, in the filter, the 
temperature usually stays below the target temperature of the furnace. During the dwell, for 
instance, it stays around 590 ºC. The pressure drop shows a slight rise in the first stage of heating 
due to the expansion of the gases. Then, as the soot gets burnt, it starts falling and drops to its 
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minimum just before the temperature reaches the dwell stage. Then, it remains constant until the 
end of the dwell. Once the reactor finishes the heating sequence and it shuts down, the system 
starts cooling down so a further decrease in pressure drop is observed from then on due to the 
cooling of the flowing gases. The response of the pressure drop to the temperature was found to 
be quick. The most remarkable observation from the graph is that the pressure drop starts 
decreasing from the beginning of the heating process and that it reaches its minimum level when 
the temperature in the filter is still around 500 ºC. 
 
With these results obtained from the regeneration process the experimental study was concluded. 
As a summary, the filtration efficiency and the pressure drop of a small prototype of wall-flow 
DPF were determined using a laboratory-generated soot-laden stream. The results presented in 
this study show that, in the initial stage (clean filter), bioSiC wall-flow DPFs may have a filtration 
efficiency between 0.7 and 0.85 and a pressure drop of around 2 kPa for a normalized wall velocity 
of 0.01 m/s at ambient temperature. This performance is in line with the performance of other 
commercial substrates. Although an extrapolation to a large-scale prototype stills needs to be 
done, these preliminary results show a high particle abatement efficiency with an acceptable 
pressure drop. The size of a filtration system may affect its filtration parameters, especially its 
pressure drop since the length of the channels may be a significant factor in the global 
computation of the pressure drop. 
 
 

6.3. Results of the numerical simulation 
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6.4. Summary: potential of wall-flow MDF-bioSiC DPFs 
 
The prototypes of MDF-bioSiC wall-flow DPFs designed in this thesis show significantly high 
filtration efficiencies. During the experimental tests in the laboratory with the soot generator, 
efficiencies between 70% and 85% were obtained. When the results are scaled up to a real-size 
filter under real driving conditions, even a higher efficiency can be expected. Simulations show 
that values of efficiency around 95% at the clean stage, and close to 100% after a short period of 
operation time can be expected. The simulation of the bioSiC DPF under the New European 
Driving Cycle shows that particulate emissions much below the regulation limits can be achieved 
with this aftertreatment system. The simulation predicts the release of 0.13 mg of soot per km, 
which is only a 3% of the maximum mass of particles allowed by the Euro 6 standard. It shows 
the high interest of the bioSiC prototypes developed, able to accomplish by long the higher 
requirements of particles abatements of the European emissions regulation. 
 
The experimental pressure drop was around 2 kPa for a normalized wall velocity of 0.01 m/s at 
ambient temperature. When the filter is simulated in real conditions, the initial pressure drop 
increases up to 3-4 kPa. During the soot loading process, this pressure drop can be as high as 18 
kPa in the simulated conditions, but, at that point (5 g/l of soot load) the efficiency has reached 
practically 100%. 
 
From this results it can be stated that the pressure drop introduced by the MDF-bioSiC DPF 
prototype is typically high. It is usually higher that the pressure drop introduced by other 
commercial DPFs, albeit not in all the cases. The main cause of this issue is the low permeability 
of the chosen precursor. At this point, it is important to underline that all the results presented in 
this chapter are limited to MDF-bioSiC filters. The prototypes were made from MDF and the 
numerical model has been built over an MDF filter. MDF-bioSiC tested with the gas flowing 
perpendicular to the compression direction has lowest permeability among the nine bioSiC 
specimens studied in this thesis. Despite the relative deviation of the pressure drop respect to the 
reference cases, the particles abatement efficacy is exceptionally high and offers a wide reduction 
margin to improve the substrate permeability. There is a wide variety of wood species that might 
be used as precursors, and many of them are known to have higher permeabilities. 
 
In the same line, it is worth mentioning that the DPF geometry has not been optimized in this 
work. Different geometry designs with different parameters could have been taken (i.e:  looking 
to reduce manufacturing tasks). Therefore, there is room for iterative improvements the bioSiC 
DPF designs after the good results obtained. 
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Chapter 7 
Conclusions and future work 
 
 
 
 
 
 
 
 
 
In this final chapter, the main contributions of the thesis are presented, and the main conclusions 
of the research are summarized. Finally, some possible future research lines and ideas are 
presented. 
 
 

7.1. Main contributions 
 
This thesis contains relevant elements of merit, that surpass the current state of the art regarding 
the problem of particulate emission control systems in diesel vehicles. The following items are, 
from the author’s point of view, the most relevant attainments: 
 

- In Chapter 4, the results of a filtration-focused characterization study over several 
bioceramic specimens are presented. The analysed samples were made from precursors 
selected as potential candidates for filtering applications. And the measured properties 
were chosen among the possible measurable properties as the most influential parameters 
in the filtration performance of a substrate.  
 

- In comparison with other characterization studies found in the literature over bioSiC 
samples, this study has strongly taken into consideration the anisotropy of the material 
and has provided experimental measurements for both the axial and the radial directions 
in the majority of the tests.  
 

- In Chapter 5, some relevant relationships between functional parameters of the 
biomorphic material are identified. They help to predict the potential of other biomorphic 
substrates made from different precursors (other than the five precursors chosen for this 
thesis) for their use in particles filtering applications. For instance, thanks to these 
correlations, the permeability and the filtration efficiency of other biomorphic substrates 
can be estimated based on their pore size distribution.  
 

- In the general methodology for bioSiC fabrication, the chemical etching with acids for the 
removal of the remnant silicon has been substituted by an evaporation of the silicon at 
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high temperatures. This alternative procedure has two main advantages: the elimination 
of the risks associated with the handling of acids, and the possibility of treating thicker 
pieces assuring the complete removal of the silicon. 
 

- Remarkable contributions have been made in the manufacture of complex bioSiC pieces. 
This thesis addresses for the first time the manufacture of wall-flow-type geometries by 
mechanization instead of by extrusion. A successful technique has been proposed for that 
purpose. In addition, solutions for accurately sticking bioSiC pieces and casting additional 
parts in the material such as the plugs of the channels are provided.  
 

- In Chapter 6, experimental measurements of the filtration performance of an MDF-bioSiC 
wall-flow DPF prototype are provided for both the initial state and during the soot load. 
The tests were performed in controlled and repeatable conditions, yielding accurate results 
and allowing a better understanding of the effect of different factors in the filters 
performance. 
 

- A detailed numerical model has been applied to the tested MDF-bioSiC wall-flow DPF 
prototype that takes into account the microstructural features of the substrate. This model 
has allowed to scale the results up to a real-size MDF and to evaluate the potential of this 
novel system in the automotive industry.  

 
 

7.2. Main research conclusions 
 
From the characterization study, several conclusions have been drawn. 
 
One important advantage of bioSiC compared to other commercial substrates is the wide range 
of densities, porosities and pore sizes that can be obtained depending on the selected precursor. 
The porosimetry study has revealed that bioSiC samples made from natural precursors present a 
trimodal distribution of pores. The first range between 0.1 and 20 µm; the second between 2 and 
60 µm; and the third one from 30 µm and upward.  From the three pore size ranges, the third one 
(corresponding to large macropores) is the most detrimental to the filtration efficiency. 
 
The results have shown that the cutting direction of the wood is a crucial factor in the filtration 
performance of the biomaterial. In general, the permeability and the filtration efficiency of bioSiC 
substrates is lower when the gas crosses the material in the same direction of the cells (parallel to 
the axis of the tree). For all bioSiC samples in the axial direction, except for Pine-bioSiC, k1 was 
at the same order of magnitude (10−11 m2) in contrast to radial samples for which all values were 
around 10−12 m2, an order of magnitude lower. k2 for all axial samples was in the range of 10−7 m, 
and 10−8 m in the case of radial samples. 
 
Thermal conductivities of bioSiC are in the range of 4–88 W/m K and significantly decrease with 
increasing temperature. The thermal and mechanical properties are also highly dependent on this 
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factor. The heat diffusion is favoured when the heat flux is applied in the same direction than the 
pores. And the compression strength is also higher when the load is applied in the direction of the 
fibres. Maximum compressive strength ranges from 8 to 88 MPa in axial samples, while in the 
radial orientation it is 1.4–3.2 times lower, ranging from 2 to 10 MPa. 
 
Average pore size, alignment of pores and tortuosity seems to be key factors in the permeability 
results. An Ergun-type relationship has been proposed in this work to predict the permeability of 
a biomorphic material as a function of the equivalent pore size. The equivalent pore size is 
determined by integrating the pore size distribution within specific integration limits stablished as 
a function of the flux direction. 
 
BioSiC has lower thermal conductivity, lower compressive strength and lower thermal expansion 
coefficient (CTE) than monolithic β-SiC. The thermal conductivity and (indirectly) the 
compressive strength affect negatively the Thermal Shock Resistance (TSR); but the lower CTE 
compensates this effect. In general, biomorphic SiC offers a wider range of TSRs compared to 
other materials typically used as substrate in DPFs: from 0 to 30 W/mK. The anisotropy plays 
again a fundamental role in the resulting behaviour. BioSiC TSR turns out to be better when the 
loads (thermal and mechanical) are applied in the direction of the cells. In some cases, the 
calculated values surpass those of Re-SiC, inorganic SiC and cordierte.  
 
Three possible correlations between thermal conductivity and porosity (taken from the previous 
literature) have been analysed in this work as potential prediction tools for the thermal behaviour 
of biomorphic silicon carbide. The three models show discrepancies with the experimental values, 
especially with the axial samples at low porosities. Reasonable fits are obtained with the Litovskii 
equation and the Kingery equation. However, bioSiC exhibit a complex and multimodal pore 
size distribution; and the thermal conductivity of two-phase systems depends not only on the 
amount of porosity but also on the pore shape and distribution. 
 
As stated in previous studies, the compressive strength shows a dependency on the density and, 
consequently, on the porosity. In this work, the model of Gibson and Ashby has been suggested 
to correlate the relative strength with the density of the biomorphic material.  
 
These observations point to the possibility of tailoring the permeability, the thermal conductivity 
or the compressive strength by selecting a particular wood precursor and controlling the 
microstructural parameters of the final porous ceramics. With the control of these properties, the 
best optimum requirements for filtering applications of the end product may be fulfilled. 
 
By using MDF as precursor, a wall-flow DPF can be manufactured that significantly improves 
the filtration efficiency of other commercial alternatives of the market. Through this work, the 
suitability of bioSiC as particulate filter substrate for automotive applications has been widely 
demonstrated in terms of filtration efficiency. At the clean state, the MDF-bioSiC prototypes had 
a filtration efficiency of about 77%. After two hours of soot loading, their filtration efficiency 
reached values of around 100%. 
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From the results obtained with the prototype, it is concluded that wall-flow DPFs made from 
MDF can largely comply with the emission limits imposed by the current European standards. 
When the MDF-bioSiC wall-flow DPF was simulated under the NEDC cycle, the calculated 
amount of released particle was 8.75·108 particles/km (0.129 mg/km), which is far below the 
limit imposed by the current European limit: 6·1011 particles/km (4.5 mg/km). 
 
Due to the low permeability of MDF walls of the bioSiC prototype, the pressure drop introduced 
by the MDF-bioSiC DPF is typically high. The initial pressure drop of the prototypes tested in 
laboratory conditions (with the SG) was around 23 mbar. When the full-scale MDF-bioSiC wall-
flow DPF is simulated in the real exhaust of an engine, higher values are obtained. The pressure 
drop of MDF-bioSiC wall-flow DPFs is usually higher that the pressure drop introduced by other 
commercial DPFs. However, the exceptionally high abatement efficacy of the designed prototype 
offers a wide reduction margin to improve the substrate permeability. It is worth mentioning that 
the geometrical design of the filter has not been analysed in this work, so even further 
improvement may be expected by optimizing the geometrical features of the system.  
 
 

7.3. Future works 
 
Although important contributions have been made regarding the manufacture of complex bioSiC 
elements such as the wall-flow geometry of DPF, further effort is still necessary to move forward 
in the learning curve for the application of this material at commercial stage. Still there are some 
issues that may be optimized. The mechanization process for example is specially challenging 
due to the small size of the channels and the limited length of the drilling tools. Besides, the high 
number of channels that must be mechanized to conform a full filter, along with the abrasive 
properties of carbon, leads to a premature wear of the mechanizing tools. The union/welding of 
pieces made of porous bioceramic materials carries important difficulties too, especially if the 
porosity of the contact surface needs to be preserved. 
 
This thesis was focused on the microstructure of the substrate and in how it affects the behaviour 
of the whole wall-flow DPF but the geometrical design of a wall-flow DPF (diameter, length, wall 
thickness, cell density) may also affect its filtration performance. In this work, the bioSiC wall-
flow DPF prototype was carefully designed paying attention to these aspects, but their influence 
on the filtration performance of the prototype was not specifically studied. In order to further 
improve the performance of the resulting bioSiC wall-flow DPF, it would be interesting to adapt 
and optimize the geometry to different precursors and DPF configurations. 
 
It is important to underline that all the results presented in Chapter 6 of this thesis derive from the 
usage of only one type of precursor. As repeatedly commented, the wall-flow DPF prototypes for 
this thesis were manufactured from MDF for two main reasons:  
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 First, because the only initial quantitative requirement for DPF is the maximum amount 
of particles that they let scape from the exhaust pipe, set by the Euro 6 regulations; and 
MDF turned out to be one of the most efficient precursors among the five options studied. 
 

 And second, because up to now the manufacturing process involves mainly manual 
procedures, and from a practical point of view it was easier to use a homogenous material 
rather than a natural wood, where the hardest seams might hinder the mechanization of 
the small channels. 

 
The final filtration efficiency of the MDF-bioSiC wall-flow DPF prototype was well above the 
minimum necessary to comply with the current Euro 6 standards, while the backpressure it 
introduced was higher than the backpressure introduced by other commercial filters. For future 
works, it would be interesting to explore the possibility of selecting precursors with similar 
efficiency and but higher permeability in order to reduce the pressure drop of the DPF without 
affecting its filtration capacity, as well as designing different DPF geometries for a better 
adaptation to these precursors. 
 
The numerical model used for this thesis was calibrated with the experimental measurements of 
the MDF-bioSiC prototypes. Consequently, the conclusions of the numerical simulations are 
valid basically for MDF filters. In order to be able to extrapolate these conclusions to other DPFs 
made with other precursors, additional experiments with the alternative prototypes would be 
needed. The use of numerical tools like the one proposed in this thesis allows to perform many 
simulations and getting many conclusions with few resources in a short time. Testing small 
prototypes and extrapolating its behaviour through numerical simulation tools may result 
indispensable before moving on to the manufacture of a full-scale prototype.  
 
In future steps, advanced designs with optimized geometry/precursor selection should be tested 
in real engines for different applications and engine designs.  
 
In this work, the performance of bioSiC wall-flow DPFs is assessed based on the intrinsic 
microstructural and physical properties of the substrate. The influence of other phenomena in the 
filtration performance of the bioceramic filters was not considered: the chemistry of soot 
oxidation processes, the influence of catalysts deposition, or the thermal regeneration processes, 
were out of the scope of this thesis. An interesting research line for the future could involve 
exploring the performance of the bioSiC filters from a chemical point of view, including the 
deposition of catalysts or a deeper analysis on the regeneration process. 
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