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Abstract

:

Diesel engine emissions are typically composed of several hundred chemical compounds, partly present in the gas phase and partly in solid phase as particles, the so-called particulate matter or soot. The morphology of the catalyst is an important characteristic of soot particles’ abatement, since a good contact between catalyst and soot is mandatory. For practical purposes, the active species should be supported as a film on the structured carrier, in order to allow simultaneous soot filtration and combustion. This review focuses on the most recent advances in the development of structured catalysts for diesel engine catalytic soot combustion, characterized by different active species and supports, as well as by different geometric configurations (monoliths, foams, ceramic papers, or wire mesh); the most important peculiar properties are highlighted and summarized. Moreover, a critical review of the most recent advances in modeling studies is also presented in this paper. In addition, some highlights on some of the most recent alternative approaches proposed for limiting the soot emissions from diesel engines have been given, delineating feasible alternatives to the classical strategies nowadays used.
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1. Introduction


Diesel engine emissions are typically composed of different chemical compounds, partly present in the gas phase and partly in solid phase as particles [1]. The gas phase is commonly characterized by the presence of N2, CO2, O2, H2O, CO, and NOx, as the main components, but also SO2 and several organic compounds (including alkanes, alkenes, carbonyl compounds, carbonic acids, aromatics, and their nitrated derivatives) in low concentrations can be found. The well-known soot is the main component of the solid phase, consisting mainly of elemental carbon on which organic compounds such as polycyclic aromatic hydrocarbons (PAHs), oxidized PAHs, nitro-PAHs, sulfates, nitrates, metals, or other elements in traces are adsorbed. The size of the soot particles varies in a wide range, starting from the ultrafine particles ones, with a diameter lower than 100 nm, up to the famous PM2.5 and PM10, with diameters of 2.5 and 10 μm, respectively. [2]. The diesel engine emissions are also strictly related to the source of the fuel. The more used diesel fuels derived from the middle distillates fraction of crude oil; alternative diesel fuels are biodiesel, derived from vegetable oil or animal fats or algae or the synthetic fuels, derived from coal, gas, or biomass [3]. Diesel engines driven vehicles have important effects on human health due to their emissions, in particular in terms of PM and NOx [4]. Therefore, in the last 20 years increasing stringent regulations limiting these emissions from both light and heavy-duty vehicles (HDV) have been issued all over the world, allowing the development and the optimization of both diesel combustion and catalyst technologies [5]. The evolution of the EU emission standards (named EURO-X, where is an X a number increasing with the date) for both diesel and gasoline-driven light-duty engines, and for heavy-duty vehicles are summarized in Table 1 and Table 2, respectively.



The evolution of the emission standards resulted in the composition of diesel exhausts changing over the years, so that they are distinct in “traditional” emissions (the emissions of the diesel engines which respect up to the EURO 2 emission standards) and “new technology” emissions (referring to emissions from EURO 3 up to the present). These two categories have different effects on human health, since the soot particles on which PAHs are adsorbed are responsible for the “traditional” diesel emissions diseases, while mainly NOx is responsible for the inflammatory effects in the lung caused by the “new technology” diesel emissions [1].



The important reductions imposed by the EU emission standards were achieved by introducing additional devices in the exhaust line. In particular, the combination of a diesel oxidation catalyst (DOC) and a diesel particulate filter (DPF) was indispensable for the fulfillment of the soot emissions starting from the EURO 5 diesel engines. Initially, the NOx emissions reduction was obtained by applying a cooled exhaust gas recirculation (EGR); however, this technical approach had some physical and chemical boundary conditions limiting its NOx reduction potential [7]. In fact, the main consequence of the aftertreatment configuration (DOC + DPF) resulted in a simultaneous important decrease in terms of soot emissions and increase of NOx emissions: so, the vehicles which had to respect the EURO 5 emissions standard, emitted more NO2 than the emission limit of 180 mg km−1 set by the NEDC (New European Driving Cycle). So, the automotive companies were forced to reduce NOx emissions by reducing the EGR rate, but in this way, the particulate emissions increased [8]. Unfortunately, some companies used illegal software, installed on the vehicle, which was able to detect the vehicle test bench operation, with the result that the test cycle recorded lower emissions than the real ones. In addition, the use of a time trigger allowed the reduction of the emissions during the typical test cycle to about 20 min. The finding of this illegal software in some vehicles resulted in the infamous “diesel scandal”, raised in the USA in September 2015 when the Environmental Protection Agency (EPA) demonstrated that hundreds of thousands of 2.0 L engines produced by Volkswagen in this country since 2009 had on-board illegal defeat devices. Soon after the initial investigations, the Volkswagen company admitted that the software was installed on some 11 million diesel vehicles worldwide (mainly in Europe and in the United States). Further investigations brought to light that also other carmakers (Porsche, Audi, Seat and Skoda brands) used this illegal practice, and in 2018, about 120,000 vehicles produced by Porsche and Audi were recalled as ordered by the German authorities. Today, a device for reducing NOx emissions, based on the selective catalytic reduction (SCR) technology, has been added in the exhaust line. Meanwhile, a new real driving emission legislation set the inclusion on the vehicles of a portable real driving emission measurements (PEMS), and on 1 September 2017, the worldwide harmonized light vehicles test procedure (WLTP) was introduced for new cars, for obtaining a better simulation of the emissions under different driving conditions (cars approved using the old NEDC test can still be sold). The newly adopted regulation established that (i) starting from September 2018 all new vehicles must be certified according to the WLTP test procedure, and (ii) starting from January 2019, all cars at dealerships should have WLTP-CO2 values only. The new regulation demands a constant decrease in diesel exhaust emissions, which in the case of CO2 has been set as follows:




	
2015: each vehicle manufacturer must achieve a fleet-average CO2 emission target of 130 g km−1. Additional measures, such as the use of biofuels, can be adopted for obtaining an additional emission reduction of 10 g km−1, fulfilling the EU CO2 emission target of 130 g km−1.



	
2020: each manufacturers’ new passenger cars registered in 2020 must achieve a fleet-average CO2 emission target of 95 g km−1, and by 100% of cars from 2021 onwards.








This brief summary of the diesel scandal and of the regulations limiting the diesel exhaust emissions was indispensable for deeply understanding the importance of the aftertreatment devices in fulfilling the emissions standards requirements. More importantly, it is now evident that these aftertreatment devices are “real chemical reactors”, and in this way, they must be considered. So, the scientific community deeply investigated these chemical reactors from several points of view (structural, modeling, catalytic).



Among all the pollutants emitted by a diesel engine, this review focuses on the research performed in the last two years on the abatement of the particle phase, the so-called soot. As it is well-known, the soot emission from diesel engines is an important environmental issue, and its formation occurs when during the normal diesel cycle operation, a high-pressure fuel is injected into a charge of high-temperature precompressed air [9]. The fuel–air boundary is where the combustion starts, and the surrounding environment in which it proceeds is characterized by high turbulence and sharp local gradients of both fuel and O2. Even if the overall stoichiometry of the diesel combustion is oxygen-rich, the limited mixing, as well as the relatively short time allowed for combustion before the exhaust expulsion, result in soot emissions [9]. Differently, in the gasoline engines, the compression and combustion of a premixed charge of air and fuel occur, leading to a much more homogeneous combustion environment and lower soot formation, even if it all occurs in a near-stoichiometric O2 concentration. The high complexity of the diesel combustion led to focusing the fundamental soot formation studies on the combustion in much simpler environments, such as one-dimensional premixed flames and diffusion flames. In fact, there is a lot of evidence that the soot particles produced from the two systems have high similarities in size and microscopic structure, as well as the effects of temperature, pressure, and the reactants’ ratio [9]. There is an agreement that the most common reaction pathway to soot, considering that PAHs are thought to be the precursors of soot particles, involves the steps of (i) formation of PAHs, (ii) nucleation of particles from PAHs, (iii) surface growth of particles, and (iv) particle coagulation [9]. After their formation, the collision of the PAHs in the gas phase in a first step originates in dimers that can further react to form heavier PAHs. After that, the nucleation step begins, and the transformation of the molecular PAH system to a particulate system occurs: the particle size grows further through the cross-linking reactions occurring at the particle surface. Larger soot particles can be formed from smaller soot particles, and so the particle coagulation is starting. The ultimate soot particles usually have a spherical shape, due to the concurrent forming effects of both surface growth and coagulation, with a size in the range of 10−50 nm, as shown in Figure 1 [10].



The formation and the oxidation of soot are two concurrent processes, and their competition determines the amount of soot exhausted from the combustion system. The oxidation of aromatic free radicals by O2 is the primary oxidation mechanism. It has been established that graphitic soot, which is well ordered, oxidizes at higher temperatures than amorphous soot. In recent years, different research evidenced the strict dependence of the diesel engines soot nature on the type of fuel used [11]. These pieces of research highlighted that if O2 was the oxidizing agent, differently from highly aromatic fuels, soot with more crystallinity and structural order was formed by using low aromaticity fuels, and this soot was oxidized at higher temperatures, whereas the contemporary presence of NO as oxidizing gas and of a catalyst, resulted in a negligible effect of the fuel type on the oxidation temperature. The need to fulfill the forecasted emission standards made mandatory the study and the development of different strategies for (i) limiting the soot formation in the combustion chamber or (ii) for its abatement before the gas exits into the atmosphere. In the first category are included the strategies devoted to generating new generations of engines as well as to the optimization of existing fuels [12]. In particular, the improvement of the fuel properties is a promising solution to reduce emissions, and the total substitution of the fossil fuels with synthetic ones or the addition of additives to the fuel, which allows modification of the physical and chemical properties of fuel, have been proposed [13]. The second category includes the most used strategy used for soot abatement, its filtration by means of the diesel particulate filter (DPF) [14]. The DPFs are ceramic devices in which the compromise between their high filtration efficiency and the unavoidable increase of the pressure drop due to the soot accumulation must be reached in order to keep high both engine power and performance [15]. Therefore, the periodical burning of the entrapped soot (phase named “regeneration of the filter”) up to its combustion temperature (about 550 °C) is mandatory for keeping the soot level/backpressure not so high, and in this way, the ideal flow conditions are re-established. The regeneration procedures are divided into two categories: (i) active, in which the exhaust temperature is increased by means of fuel late injections or specific post burners or post heaters located upstream the DPF (in this way, the fuel is oxidized in the DOC which easily produces exhaust gas with a temperature able for soot combustion [16]); and (ii) passive regeneration, in which the soot oxidation temperature decrease occurs by means of additives or catalysts [17] or taking advantage of the NO2 formed in the oxidation catalyst [18]. There are also combined methods called active-passive regeneration, in which the contemporary use of an alternative energy source, such as the microwaves, and an oxidizing catalyst were proposed, in order to improve the regeneration ability of the filter [19]. The most common strategy for performing the active regeneration of diesel particulate filters is to reach high exhaust temperature by means of late fuel post injections. However, these strategies result in extra fuel consumption, so they must be optimized [20]. Some innovative strategies have been proposed in the recent past for the DPF regeneration, including the use of the microwaves [14,17,19,21] as well as the use of nonthermal plasma [22,23] and electrical heating [24]. As previously mentioned, the aftertreatment devices, such as the DPFs, are chemical reactors, and in such a way they have been considered by the scientific community, by performing deep analysis on different characteristics, from the mechanical structure to the deposition of catalysts on it, also by means of computer-aided simulations. In particular, various models have been developed in the last three decades and great improvements have been made in terms of model comprehensiveness and accuracy [25]. However, the high complexity of the DPF made mandatory much effort to resolve some still dubious issues [26]. This review focused on the most recent advances in the development of structured catalysts for the diesel engine catalytic soot combustion since the powder catalysts have been reviewed recently, including platinum group metals (PGM), perovskite-type oxides, spinel-type oxides, rare earth metal oxides, and mixed transition metal oxides [25,27,28,29,30]. The most important peculiar properties of the structured catalysts have been highlighted and summarized. Moreover, a critical review of the most recent advances in modeling approaches has also been presented in this paper, as well as the highlights on alternative approaches proposed in recent years for limiting the soot emissions from diesel engines have been given.




2. Structured Catalysts


As mentioned in the introduction paragraph, the DPFs have been widely studied in terms of carrier composition, geometrical configuration and, in the case of the catalytic ones, in terms of catalyst morphology. This section is divided into two subsections, the most recent studies involving the structure and the composition of the carrier are presented in the first subsection, while in the second one the research involving the catalyst morphology are discussed.



2.1. Carrier Structure


The use of honeycomb monoliths has hugely increased in recent decades in a lot of applications, in particular in the environmental field. Their peculiar characteristics, including high thermal conductivities, extremely high surface to volume ratios, low pressure drops, ease of recyclability, and low manufacturing costs, made them as excellent devices in the removal of pollutants especially from auto vehicles exhausts, in catalytic combustion processes, as well as catalyst supports [31]. Despite the high number of paper present in the literature on both soot combustion and NOx abatement performed by using powder catalysts, a not so high number of papers in which the structured catalysts, constituting a more realistic approach, are used is present [10]. Monoliths and foams are the most widely studied carriers for the preparation of structured catalysts, even if the latter did not show the high filtration efficiency which is mandatory for the fulfillment of the emission limits [32]. In recent years, other emerging carriers that can be applied for the limitation of diesel engine emissions have been studied, ceramic papers, and wire meshes. In Figure 2, these four carriers are shown.



In the case of the ceramic papers the catalytic components can be either deposited onto the ceramic fiber or loaded as particles between the ceramic fibers, while in the case of the wire meshes, their filaments can be covered by the catalyst and can act as a catalytic filter [10].



Diesel particulate filter (DPF) is the most applied exhaust aftertreatment device in diesel engines to control their particulate matter (PM) emissions. It is in the so-called wall-flow configuration, whose alternately plugged parallel square channels (Figure 3) force the exhaust gases to flow through the porous inner walls. In such a way the particles are blocked on the surface and in the porosities of the channel walls, progressively plugging the pores, which results in growing pressure drop [33].



In the usual post-turbine placement, this pressure drop must not be so high, since its multiplication by the turbine pressure ratio defines the increase in engine backpressure responsible for the damages in pumping work. As a result, extra fuel consumption and CO2 emission penalty occur [34]. Moreover, the temperature at the outlet of the turbine is not so high for oxidizing the deposited soot. So, the use of active periodic regeneration strategies is necessary for increasing the temperature up to 550–600 °C (the combustion temperature of soot), and therefore, these steps involve additional periodic fuel consumption. The deposition of a catalyst on the DPF is a useful technique for lowering the soot oxidation temperature, allowing the filter to self-regenerate during the periods of high exhaust gas temperature (the so-called passive regeneration) [35]. The morphology of the catalyst is an important characteristic for soot particles’ abatement, since good contact between catalyst and soot is mandatory, as will be explained in the following subsection. For practical purposes, the active species should be supported as a film on the structured carrier, in order to allow simultaneous soot filtration and combustion [10]. As a consequence, a monolithic catalyst prepared by the traditional method (impregnation, coating, and spraying) is composed of three main parts: (i) the monolithic carrier (constituting the skeleton of the monolithic catalyst), (ii) the secondary layer (with a high specific surface area to help the dispersion of the active species), and (iii) the active species [36]. The secondary layer is usually used since the monolithic carriers have normally a low specific area. Different techniques (impregnation, coating, spraying of corresponding precursors) are commonly used for the deposition of the active species on the secondary layer, and then the drying and calcination steps are performed to obtain the desired crystalline forms [36].



The oxidation behavior of soot and the performance of a DPF can be affected by both diesel soot composition and accumulated vehicle mileage, so these characteristics must be carefully considered [37]. Moreover, a deep understanding of how the performance of a DPF is influenced by regeneration temperature and regeneration time in terms of particle emission characteristics is needed [38,39,40]. The characteristics of the particles emitted during the regeneration of the DPFs is an important issue for the scientific community. In recent years, different researchers have demonstrated that the mean diameter of the emitted particles rose from 10 to 20 nm to 300 nm. Dedicated diesel engine bench measurements indicated that some of the 10 nm nuclei model particles originated from the blow-out of deposited soot layer during heating-up stage [38,39,40]. In the literature, several coated ceramic monolithic catalysts have been developed, based on both noble and base metal formulations deposited on cordierite or SiC carriers. In recent years, dedicated investigations were performed by the research group of Prof. Palma in the development of an effective and resistant soot oxidation catalyst. The investigated catalyst was the copper ferrite (CuFe2O4) deposited on a silicon carbide (SiC) DPF by means of an optimized deposition procedure [41]. The deposition of a high catalyst load (30 wt %), without affecting the pressure drop, was possible due to specifically developed pretreatment of the bare monolith based on a controlled chemical erosion structure with an HF:HNO3 acid solution with the aim to increase the average pore diameter [42]. The tests performed at the exhaust of a 500 cm3 diesel engine have shown that the catalytic DPF (0.35 L) was able not only to oxidize the soot starting from 350 °C but was also able to reduce the duration of the regeneration step. The K addition to the catalyst formulation (Cu0.95K0.05Fe2O4) had the effect to further decrease the duration of the regeneration procedure, allowing a further energy saving [43]. Then, well established experimental tests aimed at evaluating the feasibility of this developed catalytic DPF in real conditions were performed at the exhaust of a EURO V light-duty diesel engine (2.3 L), operating at different speed/load conditions, by using a 30 wt % CuFe2O4 loaded DPF (3.5 L); a noncatalytic DPF was used as comparison [44]. The preliminary tests have shown that the two DPFs had a similar filtration efficiency, demonstrating that the catalysts’ deposition did not affect the filtration performance. A step by step increase of injected fuel during the post injection phase was used, in order to identify the starting temperature of the DPF regeneration. The experimental results have shown that the catalytic filter exhibits a threshold temperature of 150 °C lower than the bare one. Moreover, the results also evidenced that the amount of injected fuel for the catalytic DPF regeneration was significantly smaller than standard DPF, with considerable benefits on fuel economy and CO2 saving. Further investigations were subsequently performed to verify the possibility to have a passive regeneration of the DPF, and the results highlighted a constant value of pressure drop (meaning that the soot oxidation rate equals its deposition rate) at the temperature of 320 °C. A further increase of the temperature up to 340 °C, achievable by a small adjustment of engine load, resulted in the decrease of the pressure drop, thus evidencing the occurrence of passive regeneration [45].



Tang et al. prepared LaKCoO3/γ-Al2O3/cordierite and LaCoO3/γ-Al2O3/cordierite monolithic catalysts by using a dip-coating two-step method for the impregnation of the as-pretreated monolith in an aqueous solution of the precursors [46]. For comparison, a one-step method without the alumina sol coating was also investigated. The monolithic catalysts were characterized by means of several techniques, and the results demonstrated the formation of a small amount of Co3O4 when a large amount of K+ was introduced into LaCoO3 for the substitution of La3+; the homogeneous dispersion of La, Co and K was also shown. The adherence test highlighted that an average weight loss of about 1.0% of the washcoat was registered after 30 min of treatment in ultrasonic bath, evidencing the good resistance of the structured catalyst to mechanical stresses. The LaKCoO3/ γ-Al2O3/cordierite catalyst gave the highest catalytic activity for soot combustion, in terms of T10 (186.3 °C), T50 (314.6 °C), T90 (390.0 °C), and SCO2 (99.8%).



Recently, Deng et al. proposed an interesting configuration consisting of a catalytic DPF with reciprocating flow (Figure 4) [47].



The DPF carrier was cordierite, coated by a layer of Al2O3 and Ce(Zr)O2 as a washcoat, on which bimetallic Pt/Pb catalysts were deposited in the ratio 4:1. The authors studied the characteristics of the active−passive component regeneration of this system. The experimental results have shown that a low amount of extra fuel is needed for the DPF regeneration, since the reciprocating flow allowed heat recovery and reverse blowing of ash. Moreover, if an optimal and uniform temperature distribution was reached in the DPF during a reciprocating cycle, the regeneration efficiency increased, maintaining low soot emissions.



Structured catalysts with configurations different from honeycomb ceramic monoliths, acting as a DPF, have been studied in recent years. Qi et al. developed a K-modified FeCrAl alloy wire mesh as a catalytic DPF [48]. The authors obtained the formation of metallic K on the wire mesh after the preliminary deposition of K species through a chemical vapor deposition method, and the subsequent high-temperature treatment with model soot to convert KOH into metallic K. This high-temperature treatment caused the reaction of metallic K the enriched Al2O3 component, and the formation of a layer of K-O-Al species, which resulted in enhanced both activity (a lower initial temperature of soot combustion was observed) and stability for several cycles.



Godoy et al. prepared Pt/CeO2 based structured catalysts by using stainless steel wire meshes with different sizes as carriers (Figure 5) [49].



The structured catalysts were prepared through the washcoating technique, using colloidal CeO2 for obtaining a homogeneous distribution on the carriers and tested for the simultaneous oxidation of VOCs and soot. The results of the experimental tests have shown that the oxidations occurred in the range of 200–350 °C for the former, and in the range of 300–500 °C for the latter (average maximum temperature peak at 420 °C), as well as acceptable pressure drop during the soot loading phase.



Some research groups studied the possibility to use 3D ordered microporous (3DOM) carriers. Wu et al. studied a series of highly efficient nanocatalysts of Pt@transition metal (Mn, Fe, Co, Ni, Cu) oxides (TMOs) core–shell nanoparticles (NPs) supported on 3DOM Al2O3 (Pt@TMO/3DOM-Al2O3) [50]. The results evidenced that for all the prepared catalysts: (i) a strong Pt-TMO interaction at the optimized interface of Pt@TMO core–shell NPs was realized, inducing the formation of coordination unsaturated active sites for activated reactants (O2 and NO), (ii) this strong Pt-TMO interaction was responsible for the high catalytic activity of the Pt@TMO/3DOM-Al2O3 catalysts, and (iii) Pt@TMO/3DOM-Al2O3 catalysts exhibit excellent H2O and SO2 resistances during catalytic soot oxidation. The Pt@CoOx/3DOM-Al2O3 catalyst has shown the highest catalytic activity (T50 = 357 °C, TOF = 2.76 s−1 × 10−3) and the lowest apparent activation energy (52 kJ mol−1) in the presence of O2 (5%), NO (0.2%), and H2O (5%).



Chen et al. designed, prepared, and tested 3DOM mullite catalysts with different NOx adsorption properties, with the aim to investigate the effect of this property on soot combustion behavior [51]. The results highlighted that the adsorption of NOx on the 3DOM SmMn2O5 (SMO) catalyst was enhanced by its modification with K2Mn4O8 (KMO), and therefore the soot combustion activity increased. The 5% KMO-SMO catalyst has shown the best performance in terms of T10 (299 °C), T50 (336 °C), T90 (383 °C), and SCO2 (99%). Moreover, the authors analyzed in detail the reaction mechanism and evidenced how the balance between the NOx adsorption and NO oxidation on the modified SMO catalyst is important for the NOx-assisted soot combustion reaction.



Sacco et al. investigated the performance of catalytic ceramic papers prepared by using the dual-polyelectrolyte papermaking method that consisted of modifying the conventional papermaking technique used for cellulosic papers, by substituting the cellulosic fibers with ceramic ones [52]. The authors used Co and Ce as active species, which were deposited by the wet spray method using an ultrasonic nebulizer; the authors also investigated the effect of using different solvents in the preparation procedure on the final catalyst. The use of alcohol−water solutions for the impregnation of cobalt had positive effects, since smaller particles with a high dispersion on the ceramic fibers were obtained, differently than when pure water was utilized. Temperature-programmed oxidation (TPO) results have shown that the catalysts prepared by using alcohol solvents had the best catalytic performance in terms of soot conversion as well as of maximum rate for soot combustion (at about 400 °C; Figure 6).



Zokoe et al. investigated the possibility of improving K-Ca-Si-O glass soot oxidation catalysts with higher hydrothermal stability in a diesel exhaust environment [53]. The authors used Zr and Ce for substituting Ca in a K-Ca-Si-O glass, obtaining a more hydrothermal resistant catalyst. The authors prepared two different classes of catalysts, with only glass (KCS) and with the glass deposited on cordierite slices (KCeSZ). The results of the thermo-gravimetric analysis (TGA) performed for evaluating the catalytic soot oxidation activity have shown that the two catalysts had a comparable performance in terms of Tig (390 °C) and T50 (405 °C). The most important difference between the two catalysts was related to the hydrothermal stability: after the treatment in air with 7% H2O for 2 h at 700 °C, the former degraded to 468 °C, while the latter only changed from 407 °C to 427 °C. Moreover, in the case of the last catalyst, a lower amount of precipitates has been observed on polished glass surfaces (Figure 7).



The idea of using paper catalysts for the soot oxidation was also conducted by Yu et al. which proposed to use continuous CeO2–ZrO2 fibers as a matrix for them [54]. In particular, the authors used different Ce/Zr ratios in the range of 1/9–1/1 and studied morphology, phase structure, and physicochemical properties of the obtained fibers. The results have shown that the sample CZ-2-700 (Ce/Zr = 1/3) fibers possessed the highest Osurf (51.8%) and OSC value (245 μmol O2/g of CeO2–ZrO2), as well as a desirable amount of oxygen defects from CeO2 lattice (Ov/F2g). These fibers were then used for the preparation of the structured catalyst, by properly adjusting the CZ and mullite fibers ratio. The sample with a CZ fibers/mullite fibers = 2/1 weight ratio, has shown the highest catalytic activity in terms of T50 (389 °C) and Tm (363 °C).



Leonardi et al. prepared different ceramic papers catalysts by depositing Co-Ba-K and Co-Ce on them using either drip impregnation or the spray method [55]. The prepared catalysts were tested for soot combustion. The results of the experimental tests have shown that the former catalyst was more active than the latter one for both preparation methods, and that Co-Ba-K drip impregnated resulted in the most active and stable catalyst, with a soot oxidation temperature close to the temperature of the exhausts. The authors attributed this enhanced activity to better dispersion of the active species for the Ce-free catalyst.



Martinovic et al. developed and tested different catalysts with the purpose of preparing a dual component catalyst system for simultaneous removal of NOx and soot on a single filter [56,57]. In this case, the challenge was to enhance the soot oxidation in the selective catalytic reduction (SCR) on the filter system, without negatively affecting the NOx conversion associated with NH3 oxidation. The K addition to ZrO2–CeO2 and CeO2-PrO2 supports resulted in an improved soot oxidation property (T50 decreased by 170 °C in loose contact). These catalysts were then added to Fe-ZSM5 and Cu-ZSM5 SCR catalysts, and the results evidenced no negative effect for the SCR activity.



Cortés-Reyes et al. investigated a hybrid lean NOx-trap–selective catalytic reduction (LNT-SCR) system, in which Pt-Ba-K/Al2O3 was used as catalyst active both in NOx and soot removal, while the SCR catalyst was a Cu-SAPO-34 small-pore zeolite (2 wt % of copper inside the structure) [58]. The results have shown that the catalyst was able to convert more than 95% of NOx, with a complete conversion to N2 using a regeneration time of 20 s. The tests were performed by alternating and cyclic wet conditions, in which H2 was used as reductant (in the range of 2000–10,000 ppm), and the feeding stream was composed of NO, O2, H2O, CO2, in volumetric concentrations of 1000 ppm, 3%, 1.5%, and 0.3%, respectively, and H2 as a reductant (). Moreover, also the soot concentration in the exhaust was lowered.



Srinivasan et al. investigated the possibility to use a single catalytic filter, named DDPF, with the functions of DOC and DPF [59]. The results of the experimental tests have shown that this solution is feasible but has some important limitations and further are needed. In fact, during the normal active regeneration phase, in which temperatures lower than needed are present, a low soot oxidation efficiency occurs, indicating that inlet temperatures higher than 400 °C are mandatory in order to avoid increasing accumulated soot over multiple regenerations.




2.2. Catalyst Morphology


The soot-catalyst contact is a particularly important factor in catalytic soot regeneration, and in a DPF it is like the so-called “loose contact condition”. The proper design of the catalyst morphology is one of the most effective methods for enhancing the soot-catalyst contact, resulting in increased soot oxidation. Sugino et al. prepared novel meshwork catalysts, consisting of a highly porous catalyzed 3D network placed on the inlet channel surface of a SiC-DPF [60]. The results have shown that the meshwork catalyst allowed to reach the same pressure drop of a bare DPF without PM loading, as well as a lower pressure drop with PM loading. In addition, the higher PM regeneration rate was achieved under active regeneration conditions, resulting in fuel consumption savings under the regeneration cycles.



Cao et al. prepared, and tested for soot combustion, potassium-promoted Co3O4 nanowires supported on the monolithic three-dimensional macroporous (3-DM) nickel foam carrier (xKCo-NW) [61]. The authors reported a high catalytic activity of the prepared structured catalysts, attributed to the improved contact efficiency between soot and active species due to the 3-DM structure of Ni foam and space among these nanowires. Moreover, the K addition had several advantages, including the formation of new active sites for soot oxidation, the improvement of the catalyst–soot contact as molten salt and the increase of the number of the surface adsorbed oxygen species. The catalyst loaded with 5% potassium (5KCo-NW) showed the best performance in terms of soot oxidation, as well as high water resistance. Particularly interesting were the results of the investigations on the role of the potassium: it was demonstrated that the interaction between potassium species and cobalt oxide stabilized a part of potassium species, and these promoted the catalytic activity for the consecutive soot combustion cycle. Moreover, the experimental results evidenced how the chemisorbed NOx species on the 5KCo-NW catalyst were more active than the gaseous NO2 for soot oxidation.



Tang et al. investigated the use of nickel nanofibers as filters for PM [62]. The prepared fibers with a large area (80 × 80 mm) were obtained by electrospinning and they were rather robust due to fused junctions between fibers rather than simply touched. The filtration efficiency @300 nm reached up to 99.86% under a flow rate of 5.3 cm/s. Moreover, the high-melting-point Ni nanofibers could be more suitable for the intricate working environment in the automobile exhaust system. These Ni nanofibers possess a high specific surface area to absorb NO and the ability to convert NO to N2 at 300 °C and possess the possibility of recycling by heating.



Cui et al. synthesized cobalt-based catalysts through the evolution of Co3O4 nanoparticles into holey nanosheets [63]. The CoCe-HNS catalyst has shown the best performance in terms of T10 (322 °C), T50 (367 °C), and T90 (422 °C) at loose contact mode. The activation energy of soot combustion for this catalyst was found to be 116 kJ mol−1. The authors attributed these results to (i) the improved redox ability and active oxygen mobility of the catalyst due to the Ce addition, and (ii) to better solid–solid contact at the three-phase boundary, due to the formation of several mesoporous structures and large external surfaces.



Andana et al. performed an experimental study of passive regeneration of bench-scale SiC-DPFs on which morphologically varied ceria and ceria-praseodymia (equimolar mixture) washcoats were deposited via wetness impregnation with its suspensions [64]. The results of the tests evidenced that the soot conversion value of 82% was obtained after 4 h of isothermal regeneration at 400 °C, in the presence of 10% O2 and 1000 ppm NO, by using a nanostructured ceria-praseodymia washcoat. The same catalyst evidenced the 100% soot oxidation, showing a remarkable selectivity to CO2, also under low-O2 conditions, due to its capability of releasing active oxygen species [65]. The Ce/Pr ratio optimization in ceria-praseodymia catalysts has been recently investigated by Guillén-Hurtado et al. whose studies demonstrated that the Ce0.5Pr0.5O2-δ was the most active one [66]. The authors tested the catalysts under different conditions, and they evidenced that under NOx/O2 the catalysts prepared by nitrate calcination had the higher soot combustion activity, while under O2/N2, the coprecipitation method was more favorable since a better dopant insertion was achieved in the ceria lattice, which seemed to lead better oxygen mobility on the surface and in the bulk oxide.



Ivanova et al. investigated the possibility to use stainless steel foil as supports for pure Ag2O, CeO2, and Ag-doped CeO2 films, with the aim to prepare catalysts for diesel soot oxidation [67]. The results of the experimental tests evidenced that complete soot oxidation occurred at 390 °C by using CeO2:Ag 10:1 doped CeO2 films, while in the case of the Ag2O films it occurred at 410 °C (Figure 8, left). In addition, the former have shown good stability for five tests, with only a 10% initial reduction in efficiency, while the performance of the latter reduced by 50% after the first test (Figure 8, right).



The authors attributed the high soot oxidation activity to the presence of Ag+ sites on the catalyst.



As seen, the rational design of a catalyst interface is crucial for the improvement of catalytic performance. Yang et al. synthesized a CeO2–ZrO2 solid solution catalyst with cubic–tetragonal interfaces (CeO2–ZrO2(C-T)) using a solvothermal method, and compared its catalytic performance in soot oxidation with the one of the current commercial CeZrLaPrOx and CeO2–ZrO2 soot oxidation catalysts [68]. The prepared CeO2–ZrO2(C-T) catalyst has shown a highly increased catalytic activity for soot oxidation than the commercial CeO2–ZrO2-based ones, and the authors attributed this result to the existence in the former of cubic–tetragonal interfaces, which promote the production of O2 vacancies and the release of surface lattice oxygen in the CeO2–ZrO2 solid solutions. These vacancies as well as the surface lattice oxygen can immediately contact the soot and then rapidly promote the oxidation reaction.



The research group of Liu and Feng et al. investigated the possibility to improve the accessible reaction sites of catalysts for soot oxidation by preparing catalysts based on hierarchical brushlike α-MnO2 and Co3O4 nanoarrays in situ grown on AISI304 stainless steel wire mesh [69], and CeO2@MnO2 nanocomposite oxide with trepang-like hierarchical structure [70]. In the first case, the preparation procedure was able to create a catalyst coating linked to the carrier without exfoliation or crazing. Moreover, the synergistic effect between Co and Mn, resulting in weaker Mn−O bonds, more surface active oxygen species, and better redox ability, had the effect to increase both the catalytic performance (T50 = 354 °C, T90 = 395 °C) and the stability. In the second case, the preparation procedure led to the formation of short nanorods after calcination, resulting in the generation of trepang-like CeO2@MnO2 composite material. This particular morphology, in which hollow spindle CeO2 is present in the middle and short nanorods MnO2 are present on the surfaces, allowing the formation of extra active sites and enhanced contact between soot and the catalyst. So, a good catalytic performance for soot oxidation was obtained, with T50 at 373 °C under operating conditions in which 5% O2/500 ppm NO balanced with N2 was used.



O’Donnell et al. doped cryptomelane (K-OMS-2), obtained by adding K+ cations inside the structure of the octahedral molecular sieves (OMS-2), an interesting form of manganese oxide with a 2 × 2 edge-sharing tunnel structure [71]. The authors used a one-pot sol–gel route to synthesize a range of manganese oxide-based supports doped with Ce and CeZrO2. The synthesized samples were loaded with Pt (1 wt %) and the results of the experimental tests evidenced the reduction of 81 °C in the T50 compared to the one of a commercial diesel oxidation catalyst.



Manganese was also used in promoting TiO2 and ZrO2 nanostructures for soot oxidation [72]. The prepared manganese-doped-mixed-oxide (TiO2-ZrO2) catalyst evidenced structural stability, higher surface area, presence of Mn3+ and Mn4+ species, and soot conversion light-off temperature of 260 °C, which was preserved after three reaction cycles.



Feng et al. investigated the structure and reactivity relationship of different AB2O5 mullite catalysts, in which Mn cations were added to B site while changing La3+, Pr3+, Sm3+, and Y3+ at A site [73]. The results evidenced the formation of a pure phase orthorhombic mullite structure in all the samples, and that the crystalline structure of the catalysts is greatly influenced by the radius of the rare earth cations at A site, resulting in catalysts with different catalytic performance related to the presence of surface active oxygen species. The soot oxidation tests highlighted the following activity sequence SmMn2O5 > YMn2O5 > PrMn2O5 > LaMn2O5.



To conclude this section, we can summarize the main results evidenced by the studies above presented saying that the DPF in monolithic configuration, with a carrier characterized by a higher thermal conductivity (SiC or metallic) may assure the best compromise between filtration efficiency and pressure drop. Moreover, the deposition of a catalyst on it may result in a lower soot oxidation temperature and a consequently lower extra fuel penalty during the regeneration phase. The morphology of the catalyst is an important feature to be investigated, since a good contact between catalyst and soot is mandatory. In this sense, different morphologies have been proposed and tested in soot oxidation, including mesh wires, nanowires, nanoarrays, with different supports and active species all showing good performance and stability, even if better performance was obtained when oxygen active species on the surface of the catalyst was present. The studied active species (usually mixed oxides deposited on a washcoat, or not) evidenced a decrease of the soot oxidation temperature up to 350 °C.





3. Highlights on the Recent Advances in Modeling Approaches


In this section the studies of the last three years regarding different DPF modeling aspects are presented. The section is divided into two subsections, in the first the studies regarding the optimization of the carrier structure and the particle deposition during the filtration phase are presented, while in the second one other simulation approaches are highlighted.



3.1. Carrier Structure and Filtration Efficiency


The design of the wall-flow DPFs is relatively flexible and supports multiple variations and integrations. The most extended geometry is cylindrical, due to constructive criteria, and uses highly thermal-resistant ceramic materials, such as cordierite or silicon carbide, as carriers [74]. The overall size of the filter depends on the exhaust volume of the engine, so the backpressure is kept low. A typical filter for a passenger vehicle with a 1.8 L engine may have a diameter of 14.4 cm and a length of 15.4 cm. The cell density and the wall thickness may be in the range of 200–300 cpsi and 0.25–0.48 mm, respectively. As mentioned in the introduction paragraph, DPFs are highly complex chemical reactors that combine multiphase reactions, separation, and material transformations over a range of temporal and spatial domains [25]. The accumulation of the soot particles inside the filter results in an increase in the filter backpressure, which worsens the fuel consumption rate, together with the abatement of the available torque. Thus, a filter with lower backpressure would be needed. To achieve this, it is necessary to deeply investigate all the phenomena occurring in a DPF, including both the soot transport and its removal inside the DPF, and to optimize the filter carrier structure. This latter was investigated by Yamamoto et al. by simulating the soot filtration in seven DPFs, differing from each other by the porosity and the average pore diameter [75]. The results evidenced that when the flow path inside the filter is plugged with soot, the filter backpressure increased, as expected and well-known. Gradually, pores at the filter surface are completely closed by soot, and the so-called soot cake (a soot deposition layer on the filter wall surface) is formed, acting itself as soot catcher. Then, a transition between depth filtration and surface filtration is observed. By comparing the pressure drop of the seven filters, the filter with high porosity (about 60%) and an average pore diameter of 18 μm has shown the best compromise between the filtration efficiency and pressure drop.



Li et al. developed a 2D microscopic model, with the aim to investigate the particle deposition and filtration characteristics in wall-flow DPF, by using the Eulerian–Lagrangian and Eulerian–Eulerian methods, and considering several features, such as drag force, Brownian motion, gravity, and Saffman lift [76]. The authors investigated the influence of the particle sizes and inlet velocities on the deep-bed filtration process and simulated the distribution and deposition of particles with different sizes in clean channels. The results have shown that the microstructure of the DPF carrier has an important effect on its performance in terms of filtration efficiency. In fact, the results of their simulations demonstrated that if the wall-flow DPF has an inhomogeneous wall structure it is characterized by high filtration efficiency for particles with diameters of 10 nm and 1000 nm, due to the occurrence of both the Brownian diffusion and interception mechanisms. This filtration efficiency is higher than the one of a homogeneous wall filter, especially for the particles with a diameter of 1000 nm. However, pore size and porosity sensibly affect the removal efficiency of the larger particles. The same research group continued their studies and developed a 2D mesoscopic gas–solid two-phase flow model (LB-CA), solved by an incompressible Lattice–Boltzmann model combined with a cell automation probabilistic model for the description of the transport of solid particles, for the simulation of the flow and soot loading in the microchannel of a DPF [77]. The authors used the LB-CA method and the LB-Lagrangian method for the simulation of distribution and the deposition of soot particles with sizes in the range of 10 nm–1 μm in clean channels, respectively. The results evidenced how the developed LB-CA model was able to predict the number of deposited particles on the surfaces of the porous wall. Moreover, the results have shown in which way the upstream velocity influenced the flow field in channels and highlighted that the deposited soot particles increase the axial pressure and decrease the axial velocity in the channels.



The filtration efficiency of the DPF is surely the characteristic that permits the respect of the legislative requirement related to the PM emitted from both light and heavy-duty diesel engines vehicles. Therefore, its monitoring is extremely important and on-board diagnostics (OBD) in real-time operation are required, also with the aim to detect any malfunction of the DPF, which may result in a lower filtration efficiency and PM emissions higher than the limits imposed by the legislation. In real applications, this malfunction can be the result of the following three options [78] (Figure 9):




	
Cracks in the carrier of the DPF: uncontrolled regenerations or by dropping to idle during DPF regeneration may cause thermal stresses on the carrier, resulting in ring-off cracks or internal cracks.



	
Melting of the carrier: uncontrolled regenerations may cause the melting of cordierite carriers (characterized by a melting point of 1200 °C), but not of the silicon carbide (SiC) ones (melting point of 2800 °C).



	
Unplugged DPF or total removal: vehicle owners may decide to remove or manumit the DPF instead of replacing it if, for example, high pressure drop due to ash accumulation or extra fuel consumption due to active regeneration and engine tuning reasons occurs.








Such systems in passenger cars are often characterized by the presence of a soot sensor and use both models for the simulation of the PM emitted and algorithms for diagnosis, and the accuracy and effectiveness of the latter naturally influence their performance. In such a way, the damages to the DPF are revealed by comparing the measured pressure drop across the DPF and predicted one from the expected amount of soot deposition and the exhaust gas emission rate [79]. However, unexpected sudden steep decreases in the DPF pressure drop under cold start conditions may occur, resulting in the OBD malfunctioning since the system mistakes the DPF to be damaged and the exhaust gas to be leaked [80]. Moreover, the pressure drop within the DPF reduced engine performance, and this is one more reason for its accurate prediction. So, statistical approaches have been proposed in the recent past for the development of models able to predict with good accuracy the pressure drop increase under transient conditions [81].



Kontses et al. analyzed the main influencing factors and their impact on the effectiveness of the OBD system [78]. The authors elaborated on a method which through the analysis of the error propagation was able to determine the total error of detection during NEDC. The results can be summarized as follows: (i) the soot model used for the prediction of the soot emissions of the engine gave an error of ±25% (calculated by comparing the simulation and the measurement results); (ii) the DPF model resulted in an error of ±9% if applied in the constant filtration efficiency scenario and of ±5% if applied in the advanced filtration efficiency scenario developed in Exothermia/Axisuite; (iii) the sensor model resulted in ±7% error; (iv) the sensor inaccuracy was estimated to be ±18% and the authors attributed it to the continuously changing mechanisms of soot deposition on the sensor element that affect the behavior of the sensor. The propagation analysis of all these errors gave an overall OBD index error of ±28%.



Zhang et al. developed a predictive method combining a modified soot filtration mathematical model, fuzzy adaptive variable weight functional link neural network model, and cusp catastrophe model for the simulation of the DPF filtration step [82]. The main results can be summarized as follows:




	(1)

	
The predictive model has shown an average error of 2.24%;




	(2)

	
The ash mass present on the DPF, also depending on the fuel composition, resulted in important effects. In general, the higher the preloaded ash mass is, the higher the increase of the variation rate of the pressure drop over time is. More in detail, the authors have shown that the increase of the biodiesel proportion in the fuel (diesel, B50, and B100) resulted in the decrease of the ash mass pre deposited on the filter and consequently:




	-

	
DPF with a higher starting ash loading reached the same pressure drop in a lower soot loading time, as well as it reached the same soot loading value in a lower loading time;




	-

	
The discriminant results Δ have shown that a DPF with higher ash loading resulted in a higher energy consumption due to a higher frequency of the DPF regeneration. The use of biodiesel or its blends can result in lower regeneration frequency, due to the increased soot filtration time. The authors also indicated that a clean DPF has an optimal endpoint forecasting time during the B0 soot loading process in the range of 4.25–4.5 h.















Additionally, the soot morphology is important when considering the filtration efficiency of a DPF. Tan et al. developed an extended filtration model in which the theory of spherical particles packed bed is modified with the introduction of some parameters, with the aim to build a flexible model which was able to consider the soot variable effective density and the changes of its morphological parameters [83]. The results have shown that the prediction error of the extended model was of 0.66%, the average prediction error was of 1.17%, demonstrating a high prediction accuracy Moreover, the results highlighted that the soot in the particle size range of 110–140 nm and greater than 500 nm is more sensitive to the micro changes in parameters caused by soot deposition in the porous carrier.



The ash loading is one more parameter that must be considered in approaching the modeling of a DPF. Ashes form on and in the pores of the DPF after the oxidation of the accumulated soot, and they may affect important features, including filtration efficiency, flow resistance, and regeneration efficiency. Fang et al. investigated the influence of ash loading on soot deposition process by using a new single-layer channel system, with the aim to provide detailed information on the effect of: (1) ash loading, (2) ash diameter, and (3) ash composition on deposition and regeneration processes [84]. The authors varied the ash loading in the range of 0–40 g/L, and the results of their studies highlighted that: (i) the lowest pressure drop was achieved when the loading of ashes was of 1 g/L; (ii) the ash loading increase from 0 g/L to 10 g/L resulted in both the maximum temperature gradient and performance increase; (iii) smaller size ash particles had a negative effect on the deposition process, since they resulted in higher pressure drop, but positive effect on regeneration process, since they resulted in higher maximum temperature, higher maximum temperature gradient, higher regeneration efficiency, and higher performance ratio. Moreover, the ash deposition on a DPF can result in a fuel penalty. Zhang et al. developed a 1D full-size DPF model considering ash effects and performed an engine bench test for evaluating the effects of exhaust backpressure on engine fuel consumption [85]. The results have shown that the fuel penalty induced by the ash loading DPF was in the range of 0.02–0.42%, and that the possibility to increase the lifetime of the DPF was possible by optimizing the DPF ash cleaning interval.




3.2. Other Simulation Approaches


The uncontrolled combustion caused by the fuel-based regeneration of diesel particulate filter is one more parameter affecting the durability of the filter. Therefore, the research of the automotive industries (and not only) has been focused also on the development of an effective regeneration system for respecting the emission limits. Kurien et al. proposed a composite regeneration system with the application of microwave energy [86]. The authors initially developed a three-dimensional model of the system and analyzed the case of single-channel flow and simulated the regeneration process by developing a Simulink model. The results of their studies have shown that an engine running continuously for a period of 24 h would require three regenerations steps.



Numerical analysis of fuel structures on mass and size of engine soot particles were also performed. Recently, Zhao et al. modeled the combustion of diesel and different levels of unsaturated biodiesel fuels through computational fluid dynamics (CFD) using the KIVA4-CHEMKIN platform [87]. The proposed numerical approach, which combined a quad-component skeletal mechanism of biodiesel blend surrogates and a multistep phenomenological soot particle model, was able to predict the characteristics of the soot particle emitted after the combustion of the tested fuels with good accuracy. In particular, the biodiesel combustion allowed to suppress the formation of the soot precursors, resulting in lower soot emission compared to diesel fuel. However, the authors have shown that if the biodiesel fuel has a higher fraction of unsaturated FAMEs (that is a higher number of double carbon bonds C = C), more soot precursors can be formed, resulting in faster soot particle nucleation and soot surface growth phases. Consequently, a higher amount of soot particles in mass and numbers is emitted.



Lao et al. developed a new model to describe the size-dependent effects that are responsible for transient particle mass (PM) and particle number (PN) emissions observed during experiments of the active regeneration of DPFs [88]. The innovative model implied the combination of a population balance approach, to describe the size of the particles entering and leaving the DPF as well as the ones accumulated within it, and of a unit collector and a reactor network models, describing the filtration of the particles in the porous walls of the DPF and the geometry of the DPF, respectively. The authors investigated two versions of the unit collector model, the original one based on the current literature, and an extended version developed in order to consider the terms related to both the nonuniform regeneration of the cake and thermal expansion of the pores in the DPF. The results of the simulations have shown that the former model was able to accurately predict the pressure drop and PM filtration efficiency during the loading of the DPF, but not the change in filtration efficiency during regeneration of the DPF. Otherwise, the latter model was able to describe both the timing of particle breakthrough and the final steady filtration efficiency of the hot regenerated DPF.



Zhao et al. studied the possibility to decrease the emissions from diesel engines by designing a new packaging structure based on the airflow rotation concept, and composed of a hybrid structure of spiral space with small blades and conical plates [89]. In particular, the authors used both the CFD simulation and experimental tests to analyze the velocity uniformity inside the structure and to assess this new design. The results demonstrated that a flow uniformity on all catalytic modules (DOC, DPF, and SCR) was obtained with the developed structure, with a speed uniformity higher than 0.95.



Lao et al. also applied the CFD to the design of the configuration of the exhaust aftertreatment system [90]. The authors developed a model for the simulation of a system composed of a DOC, SCR, and DPF, and they compared the predicted values of the emissions with the experimental and simulation ones from the literature. The results evidenced that the DOC-DPF-SCR layout was more beneficial than the alternative DOC-SCR-DPF in terms of both emissions reduction and flexibility in case of changes in emission standards.



The effect of the aftertreatment systems on PM emissions and characteristics in diesel engine exhaust has also been recently investigated. Apicella et al. characterized the exhausts from a common rail 3.0 L F1C diesel engine downstream of both the DPF and the SCR in terms of PAHs, heavy aromatic compounds, and soot [91]. The engine was operated at the fixed speed of 2000 rpm under two different load conditions of the WLTC testing cycle, half load (HL; 188 Nm, which represents the typical condition for engines in urban traffic) and full load (FL; 452 Nm, which represents the best performance of the engine operation). The results evidenced that under the FL condition the lower soot formed caused a decrease of 40% in the DPF filtration efficiency with respect to the HL condition, and any significant further concentration decrease was found after SCR, under both conditions. On the contrary, under the HL condition, a higher PAH concentration after the DPF was detected with respect to FL condition. The characterization of the PAH concentration after the SCR has shown its beneficial effect also on the heavy aromatic compounds having a molecular weight higher than 300 u, since a further decreased PAH concentration of about 30% downstream the SCR was detected under the HL condition (characterized by the worst combustion efficiency due to the lower temperature condition), while under the FL the reduction was only about 5–6%. Under both conditions, SCR did not result in a further soot reduction, but in a reduction of the emission of the smaller particles since it promoted their agglomeration.



CFD has also been used as a tool for the optimization of the regeneration step of both bare and catalytic DPFs. The control of the DPF regeneration can be assured using models that are able to predict the temperature at the exit of the DOC (and so in front of the DPF) [92]. In this way, an optimal temperature is assured in the DPF, avoiding severely high temperatures during the regeneration, which can result in filter damages. Di Sarli et al. have recently performed CFD-based simulations of the regeneration process of a single-channel catalytic DPF [93]. The authors developed the model assuming (i) the absence of the soot cake layer, and (ii) all the soot entrapped within the porous channel of the filter was in contact with the catalyst. The results of the simulations have shown that the optimization of the operating conditions in terms of the trade-off between time for regeneration and peak temperature is possible at low inlet gas velocity, since the regeneration dynamics are very sensitive to the availability of oxygen, and in presence of a highly active catalysts, resulting in lower peak temperatures and shorter times for filter regeneration. The authors also argued that in order to further increase the rate of the regeneration step it is important to keep high the temperature of the filter, minimizing the time required for the preheating phase, which may be a significant part (up to 65%) of the total time required for regeneration (preheating plus soot consumption).



Payri et al. presented a lumped exhaust aftertreatment modeling approach for through-flow and wall-flow monolithic reactors [94]. The authors developed a model composed of a modular structure in which several features are considered, including pressure drop, heat transfer, and chemical processes as well as filtration efficiency and porous media microstructure modeling in wall-flow monoliths. The predicted values of the models have been compared with the experimental ones of outlet flow properties in a close-coupled brick composed of a DOC and DPF through selected in-engine tests. The results of this comparison evidenced the ability of the model to predict with a good and balanced accuracy all relevant phenomena.



In recent years also SCR coated filters, combining soot filtration through DPF and NOx removal through ammonia SCR (NH3 SCR), have been proposed and modeled. The integrated system could have a compact and low weight/volume ratio and could provide improvement in the diesel engine cold start emission performance. The modeling of the integrated unit is very difficult, since the developed model must be able to successfully include the competition of soot oxidation and SCR reaction for available NO2, the interaction of washcoat loading on deNOx performance, PM filtration efficiency, and system pressure drop [95]. Trandafilović et al. studied the effect of soot loading on a Cu/SSZ-13 zeolite in standard SCR, NH3 oxidation, NH3 TPD, and soot oxidation [96]. The SCR and NH3 oxidation tests have shown that, in the presence of 10 g/L of soot, the activity of Cu/SSZ-13 was not influenced. However, an interaction between soot and ammonia, lowering the soot oxidation, was observed in the soot oxidation tests in the presence of NH3. In NH3 SCR conditions, the activity for soot oxidation was regained near 500 °C. The authors attributed this behavior to the fact that, at a high-temperature, the inhibition effect of ammonia was not evident, since the SCR zone is very short, and the majority of the catalyst is not exposed to ammonia. The in situ DRIFT and XPS experiments were performed to deeply investigate the soot-NH3 interaction. These two techniques have shown the presence of amines and/or amide-species after exposing soot to gas containing ammonia, and of OH groups as well as a small amount of NH2 groups on the surface of the soot after it was treated with H2O and NH3 prior to XPS measurements. The authors used the experimental results to develop a kinetic model for soot oxidation on DPF and an SCR coated filter in the presence of different gases. In this model, a random pore model for soot oxidation (in which mechanisms describing soot oxidation starting on free edge carbons), an SCR model and a mechanism with which ammonia blocked these free edge carbon sites were integrated, and the results evidenced that the model was able to describe the catalytic system in its overall functioning.



To conclude this section, it is evident that the modeling of the DPFs is very mature at the present, so the modeling efforts have been focused on one hand on the prediction of the filtration efficiency behavior during the soot loading phase also considering the effect of the ash formation and accumulation during the regeneration phase. On the other hand, more efforts have been spent on the prediction of the effect of the aftertreatment systems on PM emissions in terms of particle size and composition. All the developed models, which used different approaches, including the statistical and Lattice–Boltzman ones, as well as the combination of different numerical approaches, have demonstrated good accuracy.





4. Highlights on Some Alternative Approaches for the Reduction of the Emissions from Diesel Engines


As mentioned in the introduction paragraph, in recent years some alternatives to the aftertreatment devices have been investigated for the reduction of both the emissions and the fuel consumption. In this section, the studies presented in the last two years are presented.



One approach for reducing the emissions is the improvement of the engine performance through the optimization of the engine operating parameters such as compression ratio (CR), injection timing (IT), and injection pressure (IP). Zamboni et al. demonstrated that the abovementioned targets can be reached by integrating high-pressure (HP) and low-pressure (LP) exhaust gas recirculation (EGR) and an open-loop approach for variable nozzle turbine (VNT) control [97].



Liu et al. investigated the possibility to optimize an automotive diesel engine under transient operation conditions by studying how several nonlinear loading strategies affected its performance [98]. The authors performed the tests by increasing the load from 10% to 100% in a 5 s transition time by using a heavy-duty turbocharged diesel engine running under transient conditions at the fixed speed of 1650 r/min speed. The results have shown that the loading strategy in which the early loading rate is the 50% load per second and the change point load is in the 25% load is optimal for reducing both soot and CO emissions.



A second approach for emissions reduction is the use of blends as fuel, for example by adding a renewable fuel to the conventional diesel. Biodiesel is one of the prime available sources to fulfill the demand, even if other alternative fuels have been studied, such as alcohols [99]. With the use of alternative fuels such as biodiesel, the environmental emissions can be reduced but with a slight compromise of a decrease in engine performance.



Choi et al. investigated the possibility to use gas to liquid (GTL)-biodiesel blends as an alternative fuel with the aim to decrease the emissions of a diesel engine [100]. The tests were performed by feeding the different blends to a single-cylinder diesel engine, and the addition of biodiesel to the GTL fuel resulted in reduced NOx and soot emissions.



Chiatti et al. investigated the feasibility to use Jet A as fuel in diesel engines, in particular with the aim to verify if its mixing to biodiesel is able to decrease the disadvantages of the latter in terms of pollutant emissions [101]. So, the authors tested different blends obtained by mixing Jet A and biodiesel from waste cook oil (WCO) in several percentages. The results of the tests, performed by varying the engine speed at a fixed load, have shown that in the case of blends containing 10% of Jet A and diesel+ and biodiesel from WCO, CO and HC were not influenced by the engine speed values, NO decreased and particle number density in the exhaust increased as the engine speed increased. At lower values of engine speed, these latter emissions behaved in the opposite way. On the contrary, an important reduction in soot emissions, also in terms of number and mean diameters of the particles, was obtained with blends constituted by diesel+, 30% by volume of biodiesel and 10% or 20% of Jet A.



Tutak et al. investigated both the combustion process and stability, as well as the composition of the exhaust emissions in a biodiesel and hydrogen-fueled dual-fuel diesel engine [102]. The tests were performed at a fixed load of the engine, and gradually varying the hydrogen up to 38% of its energetic share. The two fuels were injected in such a way that H2 was added into the intake manifold and biodiesel was injected directly into the combustion chamber. Regarding the exhaust emissions, the results demonstrated that the H2 addition was beneficial in terms of reduction of soot emission, since its 2% energy share decreased the latter by over two times, and its 38% content allowed to have a soot emission of only 70 mg/m3 (over 25 times lower than the one emitted by fueling only biodiesel).



Aguado-Deblas et al. investigated the effect of using diethyl ether (DEE) as an oxygenated additive of straight vegetable oils (SVOs) in triple blends with fossil diesel, with the aim to study the possibility to use renewable fuels instead of fossil ones in current compression ignition (CI) engines [103]. The results evidenced that it is possible to achieve the replacement of fossil diesel up to 40% by volume, independently of the SVO employed, allowing an important decrease in the pollutant emissions, as well as better cold flow features.



Li et al. investigated the effects of the direct injection of natural gas (NG) blended with diesel on thermal efficiency and emissions [104]. The authors tested two different combustion configurations. In the first one, the partially premixed compression ignition (PPCI), first the NG injection and its premixing with air in the compression stroke were realized, and then the pilot diesel was injected to cause ignition near the top dead center. In this case, a faster heat release rate and lower soot emissions were obtained, but both higher HC emissions and lower combustion efficiency were obtained. In the second one, the high-pressure direct injection (HPDI), first the diesel was injected and ignited, and subsequently, the NG was injected into the flame. In this case, higher emissions of both NOx and soot were obtained.



A third approach is the addition of additives to the blends [105]. The addition of fuel-borne catalysts (FBC) to diesel was a strategy proposed in the past. Recently Zhang et al. have demonstrated that the addition of CeO2 and Fe(C5H5)2 nanoparticles to ultralow sulfur diesel (ULSD) can effectively enhance soot oxidation so decreasing the PM mass emissions, but in contrast, the total particle counts increased, due to the formation of self-nucleated metallic nanoparticles [106]. In addition, the authors have shown that viability of the human-type II cell alveolar epithelial cells (A549) decreased when exposed to PM derived from FBCs-doped fuels. Moreover, alterations in the global gene expression with a broad range of biochemical pathways were demonstrated, and they were attributed to the modifications in the physicochemical characteristics of PM caused by the FBCs-doped fuels.



Innovative fuel additives have been proposed in recent studies and this topic has been recently reviewed [105]. As an example, Ashok et al. proposed the use of an innovative multifunctional fuel additive, named Thermol-D, which added to diesel and biodiesel resulted in the huge reduction of all the pollutants emitted by CI engines, including soot and NOx [107]. Other emerging proposed additives are, among the others, acetone organic compound [108], hydrotreated vegetable oil [109], waste-derived ethylene glycol diacetate [110], graphene as oxide or nanoplatelets [111,112], carbon nanotubes (CNTs), TiO2, and Al2O3 [113]. All the proposed additives evidenced beneficial effects in terms of soot emission reduction due to their lower sooting tendency as well as low toxicity.




5. Conclusions


Diesel engine emissions are typically composed of different chemical compounds, partly present in the gas phase and partly in solid phase as particles. The gas phase is commonly characterized by the presence of N2, CO2, O2, H2O, CO, and NOx. The well-known soot is the main component of the solid phase, consisting mainly of elemental carbon on which organic compounds such as polycyclic aromatic hydrocarbons (PAHs), oxidized PAHs, nitro-PAHs, sulfates, nitrates, metals, or other elements in traces are adsorbed. The size of the soot particles varies in a wide range, starting from the ultrafine particles ones, with a diameter lower than 100 nm, up to the famous PM2.5 and PM10, with diameters of 2.5 and 10 μm, respectively. In the last 20 years, increasingly stringent regulations limiting the diesel engine emissions have been issued all over the world, allowing the development and the optimization of both diesel combustion and catalyst technologies. The need to fulfill the forecasted emission standards made mandatory the study and the development of different strategies for (i) limiting the soot formation in the combustion chamber or (ii) for its abatement before the gas exits into the atmosphere. In the first category are included the strategies devoted to generating new generations of engines as well as to the optimization of existing fuels. In particular, the improvement of the fuel properties is a promising solution to reduce emissions, and the total substitution of the fossil fuels with synthetic ones or the addition of additives to the fuel capable of altering its physical and chemical properties have been proposed. Some examples are the addition of biodiesel or NG to the fossil diesel, as well as the addition of innovative additives that due to their lower sooting tendency result in the decrease of soot emissions. The second category includes the most used strategy used for soot abatement, its filtration by means of the diesel particulate filter (DPF). However, the periodic oxidation of the entrapped soot (phase named “regeneration of the filter”) up to its combustion temperature (about 550 °C) is mandatory for keeping the soot level/backpressure not so high, and in this way, the ideal flow conditions are re-established. The regeneration procedures are divided into two categories, (i) active, in which the exhaust temperature is increased by means of fuel late injections or specific post burners or post heaters located upstream the DPF (in this way, the fuel is oxidized in the DOC which easily produces exhaust gas with a temperature able for soot combustion); and (ii) passive regeneration, in which the soot oxidation temperature decrease occurs by means of additives or catalysts or taking advantage of the NO2 formed in the oxidation catalyst. Monoliths and foams are the most widely studied carriers for the preparation of structured catalysts, but in recent years, other emerging ones that can be considered for controlling the diesel engines exhaust pollutants have been studied, ceramic papers, and wire meshes. However, the DPF in monolithic configuration, with a carrier characterized by a higher thermal conductivity (SiC or metallic), may assure the best compromise between filtration efficiency and pressure drop. Moreover, the deposition of a catalyst on it may result in a lower soot oxidation temperature and a consequently lower extra fuel penalty during the regeneration phase. The morphology of the catalyst is an important feature to be investigated, since a good contact between catalyst and soot is mandatory. In this sense, different morphologies have been proposed and tested in soot oxidation, including mesh wires, nanowires, and nanoarrays, with different supports and active species all showing good performance and stability, even if better performance was obtained when oxygen active species on the surface of the catalyst was present. The studied active species (usually mixed oxides deposited on a washcoat, or not) evidenced a decrease of the soot oxidation temperature up to 350 °C, with a good compromise among pressure drop, filtration efficiency, and frequency of the regeneration. Various models have been developed in the last three decades and great improvements have been made in terms of model comprehensiveness and accuracy. In particular, the CFD studies performed in recent years were devoted to the optimization of several parameters, including the carrier structure (porosity and average pore diameter), the right soot loading for the regeneration starting, the ash loading on a DPF, the regeneration step of catalytic DPFs, in order to minimize the soot emissions, respecting all the legislations worldwide. Moreover, more efforts have been spent on the prediction of the effect of the aftertreatment systems on PM emissions in terms of particle size and composition. All the developed models, which used different approaches, including the statistical and Lattice–Boltzmann ones, as well as the combination of different numerical approaches, have demonstrated good accuracy.
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Figure 1. Steps involved in the formation of particulate matter (PM). From [10]. 
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Figure 2. Four different structures used as a catalytic diesel particulate filter: (A) monolith, (B) ceramic foam, (C) ceramic paper, and (D) wire mesh. From [10]. 
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Figure 3. Wall flow diesel particulate filter (DPF) [17]. 
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Figure 4. (a) Sketch of the DPF system; (b) detail of the wall-flow filter with reciprocating flow. From [47]. 
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Figure 5. (a) Details of the wire mesh disks, including the chassis of the monolith; (b) monolithic cartridges realized with different mesh types. From [49]. 
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Figure 6. Catalytic behavior on soot conversion for the prepared ceramic papers. (a) Soot conversion as a function of the reaction temperature. (b) Temperature-programmed oxidation (TPO) profiles (normalized with carbon content). From [52]. 
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Figure 7. SEM images of polished KCeSZ-1 melt glass slices after 2 h hydrothermal exposures in air with 7% H2O at (a) 300 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C. From [53]. 
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Figure 8. Left: Conversion of oxidized soot on the different Ag-based catalysts deposited on stainless steel foil at 200 °C vs. annealing temperature over 2 h; Right: stability tests of the same catalysts. From [67]. 
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Figure 9. (a) Cracks on the DPF carrier; (b) melted DPF; (c) partially unplugged DPF [78]. 
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Table 1. Euro-X emission standards, for both diesel and gasoline-driven light-duty engines.
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	Date
	CO

g km−1
	HC

g km−1
	HC + NOx

g km−1
	NOx

g km−1
	PM

g km−1
	PN

Particle Number km−1





	Gasoline
	
	
	
	
	
	
	



	Euro 1
	1992
	2.72
	-
	0.97
	-
	-
	-



	Euro 2
	1996
	2.2
	-
	0.5
	-
	-
	-



	Euro 3
	2000
	2.3
	0.2
	-
	0.15
	-
	-



	Euro 4
	2005
	1.0
	0.1
	-
	0.08
	-
	-



	Euro 5
	2009
	1.0
	0.1
	-
	0.06
	0.005
	-



	Euro 6
	2014
	1.0
	0.1
	-
	0.06
	0.005
	6 × 1011



	Diesel
	
	
	
	
	
	
	



	Euro 1
	1992
	2.72
	-
	0.97
	-
	-
	-



	Euro 2, IDI
	1996
	1.0
	-
	0.7
	-
	0.08
	-



	Euro 2, DI
	1996
	1.0
	-
	0.9
	-
	0.10
	-



	Euro 3
	2000
	0.64
	-
	0.56
	0.5
	0.05
	-



	Euro 4
	2005
	0.5
	-
	0.3
	0.25
	0.025
	-



	Euro 5a
	2009
	0.5
	-
	0.23
	0.18
	0.005
	-



	Euro 5b
	2011
	0.5
	-
	0.23
	0.18
	0.005
	6 × 1011



	Euro 6
	2014
	0.5
	-
	0.17
	0.08
	0.005
	6 ×1 011







CO—carbon monoxide, HC—hydrocarbons, NOx—nitrogen oxides, PM—particulate matter (soot), PN—particle number.
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Table 2. EU Emission Standards for HDV diesel engines [6].
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	Date
	CO

g kWh−1
	HC

g kWh−1
	NOx

g kWh−1
	PM

mg kWh−1
	PN

Particle Number kWh−1
	Smoke

m−1





	Euro 1,

<85 kW
	1992
	4.5
	1.1
	8.0
	612
	-
	-



	Euro 1,

>85 kW
	1992
	4.5
	1.1
	8.0
	360
	-
	-



	Euro 2a
	1996
	4.0
	1.1
	7.0
	250
	-
	-



	Euro 2b
	1998
	4.0
	1.1
	7.0
	150
	-
	-



	Euro 3
	2000
	2.1
	0.66
	5.0
	100
	-
	0.8



	Euro 4
	2005
	1.5
	0.46
	3.5
	20
	-
	0.5



	Euro 5
	2008
	1.5
	0.46
	2.0
	20
	-
	0.5



	Euro 6
	2013
	1.5
	0.13
	0.4
	10
	8 × 1011
	-
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