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Abstract

:

The mimicking of atmospheric soot with versatile chemophysical properties is a critical issue in many applications, starting from instrument calibration, through producing aerosol standards for academic research, and ending with the reduction of uncertainties associated to carbonaceous particulate matter in the atmosphere, just to name a few. The present study deals with laser ablation as a novel and interesting technique for the generation of soot with high elementary carbon (EC) content with microphysical features similar to diesel or atmospheric soot and for modelling biomass emission under well-controlled laboratory conditions. The operation of the laser-excitation-based soot generator and the characteristics of the produced particles are compared to the most widely used techniques like flame, spark discharge generators, and real combustion soot originating from diesel- and aircraft engines or from field measurement. The comparison shows that significant differences in the physicochemical features exist between the real combustion soot and the soot originating from different excitation mechanisms. Moreover, the soot produced by different techniques shown also significant differences. However, due to some inherent and favorable attributes of the laser ablation technique—such as the possibility of the independent variation of physical characteristics of the generated soot particles—the potential for modelling biomass burning or to produce soot particles even in the accumulation mode makes it a useful tool in many cases.
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1. Introduction


Interest in atmospheric soot has been gradually increasing in many contexts, starting from its effects on climate, through its adverse health relevance, to its regulation aspects and mitigation strategy [1,2,3,4,5]. One of the major contributors to the carbon cycle is CPM (Carbonaceous Particulate Matter) which is the second most important climate-related [2] and one of the most harmful atmospheric constituents [6]. CPM has complex and versatile physicochemical properties, which—during its lifetime in the atmosphere—are changing dynamically. First, the particle evolution progresses through nucleation, coagulation, and aggregation processes in the combustion zone [7]. Then, the source-specific emission characteristics of CPM develop nearby the emission source. Moving away from the emission source, the physical and chemical aging masks the initial emission characteristics. The observed apparent feature of CPM depends on the physicochemical reactions in the atmosphere, the on spot meteorological conditions, its lifetime, and its trajectory [8]. To reduce the uncertainties associated with CPM, the laboratory-controlled generation of soot fractal aggregates and imitation of atmospheric processes are deemed essential [9,10]. However, the measured quantities generally used to characterize CPM depend not only on the initial burning conditions or fuel types but also on diverse environmental factors. Therefore, it is highly desired if the applied generation method can provide not only a soot surrogate with a definite and complex set of parameters but that parameters can also be modified independently from each other. A further difficulty is that the atmospheric soot has operative definitions, which means that all definitions used in the scientific community are associated with a particular quantity of the respective carbonaceous fraction or with the applied methods. The problems referring to the confusion in terms and definitions are described in detail elsewhere [9]. Therefore, the generation of a soot aerosol standard for instrument calibration and validation is an actual and important issue in atmospheric science today. There are many different methods of producing soot particles for both scientific and industrial usage. However, two widely used approaches for the generation of carbonaceous particulate dispersed in a gas matrix are the spark discharge and the diffusion flame methods [11,12,13,14,15,16]. Although both of them produce CPM with high stability and reproducibility even in a long-term operation, they only partially fulfill the above-mentioned requirements. So, introducing alternatives for soot particle production is a relevant and actual scientific issue. In 2015, for example, a demonstrative study for controlled generation of soot nanofractal aggregates based on the laser excitation of high purity graphite target was published [17].



In the present study, operation and particle characteristics of laser excitation-based soot generation are compared to the most widespread alternatives, such as soot flaming and spark discharge generation. We carried out a comprehensive analysis of soot evolution tendencies and the characteristic performances of the produced particles using different excitation approaches. Finally, we also compare the physicochemical features of the produced aerosols in application perspectives.




2. Soot Formation Using Different Excitation Mechanisms and Precursor Types


2.1. Flames


Through some cross-talking, on the basis of Rafinesque postulate: soot particles may be formed in the great chemical laboratory in our atmosphere [18]. Soot is a byproduct of incomplete combustion having versatile physicochemical features. The natural or refined fuels may have hundreds of different composites, therefore detailed and fundamental modelling of soot formation in combustion is difficult. Soot formation in combustion is a complex process including a number of chemical and physical steps (Figure 1). Although it is complicated and depends on the type of fuel and flaming conditions, there is a general description of the reaction path that leads to the formation of soot. Initially, at high temperature, the chain reactions of resonance-stabilized radicals and hydrocarbons resulted in initial polyaromatic hydrocarbons (PAH) in the pyrolysis zone. Then molecular growth and soot precursor formation takes places. This is followed by the dimerization and oligomer formation of PAHs [19]. The next step is the soot inception, where the nascent soot evolves in a gas to particle conversion (so-called nucleation) [20]. The soot nuclei then continuously grow via coagulation process which results in an onion like graphitic molecule structure that retains its spherical shape. Finally, the aggregation of primary particles and the further graphitization of those take place, resulting in fractal geometry of the evolved CPM. In the soot formation process the chemical and physical properties change dynamically. The C/H ratio and the density continuously increase from around 1 (nascent soot) to around 10–20 (fractal aggregates) and from around 1.3 g/cm3 (nascent soot) to about 1.8–2 g/cm3 (fractal aggregates), respectively [21]. The surface reactivity is decreased, while the optical properties also dramatically change through the evolution of soot particles [22].



The evolution of soot in the combustion process is simulated in laboratory circumstances using a mixture of reduced fuel composites and an oxidant gas under various instrument configurations. The controlled, laboratory generation of soot in flames is carried out using the mixture of a hydrocarbon compound (such as propane) and synthetic air in versatile and defined experimental configurations, such as per-mixed flame, normal, and inverse co-annular or counter flowing diffusion. The soot evolution is mainly influenced by the fuel structure but also affected by the applied experimental configuration. Irrespectively of the applied diffusion flame, the soot inception occurs around 1400 K, while particle burnout ceases at about 1300 K. Although the soot evolution is follows the same steps described above, some configuration-dependent technical details have to be mentioned here (Figure 2, left). Briefly, in combustion flame, soot particles are formed due to the pyrolysis of hydrocarbons inside the combustion zone. The combustion zone is heated by various oxidation reactions inside the flame. The defined flame construction ensures the symmetrical temperature and oxidation distribution geometry. Particle inception and growth takes place along the vertical axis of the flame. Molecular growth and soot precursor formation takes places at the flame front. At low flame position soot nuclei form and grow further through coagulation and aggregation towards the higher flame position. However, due to the oxidation layer, at the surface of the flame few or no soot particles survive, as they burn up when crossing through this oxidation layer [23]. The soot particle can only escape from the flame by quenching the combustion process at a certain height of the flame. Quenching interrupts the chemical reaction and “freezes” the soot particle at a given state of its evolution that corresponds to the moment in which the combustion process is interrupted. Therefore, varying the vertical position of quenching, the characteristic properties of the soot fractal aggregates can be altered. Alternatively, varying the flow of the fuel gas and the oxidizing air the height of the flame can be modified, thereby the given size distribution can also be influenced at a given quenching position as well.




2.2. Spark Discharges


For producing pure elementary carbon (EC)—or in optical terminology black carbon (BC)—under well-controlled laboratory circumstances, the spark discharge generator (SDG) is a widely accepted approach in the field of environmental research (PALAS; GFG series) [24,25]. In this technique several microsecond-long, high-voltage, high-current electric discharges are produced repetitively between two solid electrodes, providing sufficiently high temperature to evaporate a relatively small fraction of the electrode material (Figure 2, center). The repetitive sparking is maintained in a flowing—usually inert—gas under atmospheric pressure. The vapor plume generated during sparking expands rapidly and characterized by high cooling rates [26]. Due to supersaturation occurring in the plume, vapor to particle transition takes place and soot nuclei can be formed [27]. The soot nuclei can than coagulate, resulting in primary spherical particles, followed by the aggregation and agglomeration of the primary particles as the final step. When high purity graphite electrodes are used, the chemical composition of the generated particles differs from the chemical composition of the real combustion soot aerosol, but in terms of physical properties they are the facsimile of ambient CPM. Unlike combustion particles, which contain hydrocarbons and a broad selection of contaminants due to the more complex chemical composition of the fuel and the more elaborate combustion process, SDG-based particles have carbon-like molecule structure with little or no contamination. However, this depends on the exact experimental conditions, since the generated aerosol purity primarily depends on the purity of the electrodes, the carrier gas, and the composition of the generator chamber. As an example to the significance of the electrode purity, one can note that standard graphite electrodes contain approximately 20 µg/g ash, while low-ash-content electrodes contain less than 2 µg/g [28]. Moreover, organics evaporating from the walls and tubing of the generator can also play a major role in defining the purity of the generated carbonaceous particles. It was shown that the weight percent of organic volatile materials in SDG-generated carbon particles can be reduced from ca. 25% to 6% by employing ceramic and stainless-steel components, instead of polymers [29]. By varying the operational parameters, such as flow rate, spark energy, and spark repetition rate, different microphysical properties of the soot aerosol can be mimicked both on the primary particle and on the agglomerate level [27]. Increasing the flow rate, the characteristic size of the agglomerates can be affected. The higher the flow rate, the smaller the characteristic size of the emitted carbon particles, while increasing the spark repetition rate will increase both the characteristic size and the number-concentration of the particles [24]. It should be noted that the variation of the different experimental parameters usually has a coupled effect on different aerosol properties, which has to be taken into account during the application of the technique.




2.3. Laser Ablation


As an alternative to the more common techniques briefly introduced above, a novel methodology based on the laser excitation of monolithic graphite material for producing pure elemental carbon with high EC content or to mimic real biomass emission process was introduced recently [17]. Pulsed laser ablation is a well-established method for solid surface modification or nanostructure synthetization. In this approach, interaction between a laser pulse and the solid target leads to the formation of nano particulates (Figure 2, right). For nanosecond or longer laser pulses the ablation process is often described by a thermal evaporation model. However, in case of ultra-short laser excitation additional non-equilibrium processes, such as explosive boiling, spallation, spinodal decomposition, etc., take place [30,31,32]. In the thermal evaporation approach—nanosecond regime—the laser-initiated plasma is heated due to the absorption of laser energy through inverse Bremsstrahlung, and the duration of material removal from the target correlates with the temporal width of the laser pulse. Depending on laser wavelengths and characteristic plasma parameters, the temperature of the generated plasma rises up to ~10,000 K. Since both techniques are based on the atomization of a bulk target material involving plasma formation, it worth taking a closer look on the similarities and differences between the laser- and the spark-based ablation. In SDGs the so-called Townsend avalanche multiplication occurs due to the high voltage in the interelectrode gap, which results in the formation of a conducting plasma column and the erosion and local evaporation of the electrodes [33]. The peak gas temperature in an SDG plasma is ca. 20,000 K, and the evaporation duration falls typically into the µs time domain [34]. Therefore, in terms of plasma formation, the main differences between laser ablation (LA) and spark ablation are the time scale of excitation and the way of energy transfer to the target material (i.e., photons in LA and charge carriers in an SDG). While SDGs usually operate at atmospheric pressure, the plasma expansion in LA strongly depends on the pressure and other conditions of the ambient gas. When the LA process is taking place in vacuum, collisional quenching occurs; therefore, initial plume composition is not affected by the plume expansion. When LA process is taking place in ambient air or in high pressure buffer gas, the plasma plume is strongly compressed and its expansion becomes slower. As a result, abundant number of collisions are taking place triggering the process of nucleation. Regardless of the excitation method, after plasma formation the tendency of soot evolution is followed by nucleation, coagulation, and aggregation processes resulting in fractal-like soot aggregates with a graphitic or turbostratic molecular structure. Nucleation can be classified as a gas to aerosol transition, which is dominantly a chemical process. However, particle evolution via coagulation and aggregation are functionally physical and competitive processes. The ratio of coalescence and collision times determine their relative dominance. When τcoalescence > τcollision spherical particle, while when τcoalescence < τcollision fractal aggregates form. Briefly, if the particle temperature is close to the temperature of the surrounding gas the particles stick to each other when they collide. In case of coalescence, the total surface energy decreases if the time of collision is smaller than the time that is needed to cool the initial particles down to gas temperature. The temperature of the colliding particles is increased by the collision allowing coalescence to be more complete. If the coalescence is complete, new spherical particles form from the initial ones. If the coalescence is not complete, agglomerates can occur. With rapid cooling of particles, the aggregation process becomes dominant as the time between the collisions of the initial particles becomes longer than the time taken to cool down the particles. This occurs inherently when the plasma expands and the carrier gas removes the particles from the active zone. In case of SDG, this happens further away from the interelectrode gap, while in case of LA far from the exposed target surface in the chamber. With LA, the microphysical properties of the generated soot particles can be affected by the flow rate and the composition of the carrier gas as well as the applied laser wavelength and its fluence. Similarly to that of the SDG products, the LA-produced soot aerosol is different from real ambient soot particles in chemical aspects but mimics their microphysical properties well. Using high purity carbon standard, it creates high purity EC or BC (black carbon) particles. The laser excitation parameters can be more strictly controlled than those of the spark discharge; therefore, the conditions of particle generation are better controlled in the LA than in SDGs. Furthermore, the less strict restrictions on the carrier gas and target material in the LA method provide more flexibility in practical applications. In the LA method even biomass or residential coal aerosol can be used as a fuel; therefore, it can provide a novel opportunity to model the real combustion phenomena under well controlled laboratory circumstances [8,35,36,37]. However, one of the drawbacks of the LA technique is the relatively small yield and that upscaling is challenging with multiple laser beam excitation.





3. Experimental Set-Ups for Soot Generation with Different Mechanisms


3.1. Flames


Due to its significant importance on environment and health, great scientific and technological efforts have been devoted to investigating soot formation mechanisms and understand the different parameters and boundary conditions that determine the properties of the resulting particles and the related phenomena. As a natural consequence, experimental methods are also developed for the controlled generation and investigation of soot, the most prominent approach of which utilizes flames. Various configurations of controlled flames—including per-mixed flame, normal, and invers co-annular or counter flowing—are available for mimicking ambient soot under controlled measurement conditions. Providing a comprehensive description of the available experimental methods and the corresponding peculiarities of the generated soot particles is far beyond the scope of the present paper, but the readers should refer to various sources on this broad topic [7,38,39,40,41]. Here, for the sake of our discussion on LA-based soot generation we only briefly describe one of the most widely used configurations, the so-called co-flow diffusion flame (Figure 3, left.), which is also the basis of the well-established commercial instrument for soot production, the so-called Combustion Aerosol Standard (CAST) by the company Jing (www.sootgenerator.com accessed on 2 May 2022). In this configuration, the burner consists of a coaxial inner tube containing the gaseous fuel stream and an outer tube delivering particle-free synthetic air stream. At the flame front, where the fuel and the oxidizer layer are mixed the pyrolysis and soot formation is started. The configuration of this burner enables the escape of the evolved soot particles from the flame without contact with oxygen. At higher positions of the flame quenching gas is mixed in to prevent further combustion processes and to stabilize the particle properties. For further dilution synthetic air is mixed with the quenching gas. There are numerous ways to modify the physicochemical properties of the generated soot aerosol in this approach. Soot concentration and properties can be varied by modifying the flow rate of fuel, oxidant, quenching (N2), and dilution gas [42,43]. Lean and rich-fuel conditions can also be modeled by mixing inert gas with the applied fuel. These settings make it possible to produce soot particles with varying physicochemical properties [12]. However, modifying any operational parameters of the burner can lead to change in many microphysical and chemical parameters of the generated aerosol sample. The independent variation of the characteristic parameters of the generated soot particles cannot be achieved in this configuration.




3.2. Spark Discharges


The experimental set-up of the SDG consists of two major parts: a chamber to house the electrodes ensuring proper gap between them and the electric circuit to control the generation of spark discharge (Figure 3, center). SDGs are operated in a controlled, flowing gaseous environment at (around) atmospheric pressure. Nitrogen and argon are commonly used as carrier gas. They do not cause significant change in the density of the exhaust gas. The general design of SDGs for laboratories producing atmospheric soot consists of two high purity carbon electrodes separated by a defined gap. The monolithic graphite electrodes are usually cylindrical and are fixed in the chamber in an end-toward-end configuration with a defined gap between them. By charging the shunted capacitor, high voltage is applied across the gap. When the electric field between the electrodes is high enough, the accelerated cations and electrons gain sufficient energy to further ionize the surrounding gas molecules. This gives rise to electron avalanche and forms a conductive plasma channel. The energy transfer between the spark and the carbon electrodes leads to erosion and evaporation of the exposed electrode surfaces. After the capacitor is fully discharged the plasma ceases and the charging cycle starts over, until the voltage is high enough to initiate a spark discharge again. These charging–discharging cycles are continuously repeated, resulting in a steady repetitive sparking, each of them ripping a tiny amount of graphite off the electrodes. In the vaporized plasma state the initial formation of soot nuclei takes place. Then the soot nuclei—due to their high number concentration—undergo collision-induced coagulation, while the expansion (and therefore cooling) of the plasma allows the aggregation process to start. Due to the constant sparkover voltage, the energy converted in each spark remains constant. The constant energy of each individual spark provides stable size distribution and concentration of soot particles [44]. The mass of the generated soot aerosol assembly can be easily adjusted and controlled by spark repetition rate (or spark frequency) within a wide range [24]. It should be noted that the prolonged erosion of the graphite target at a given frequency modifies the gap between the electrodes, which imposes a limitation on the stability of the yield. To avoid the decrement in concentration and to increase the reproducibility factor, the readjustment of the gap between the graphite electrodes is deemed essential. An important advantage of the spark-based excitation is the potential in scaling up the particle yield, since using more devices in parallel makes it possible to further increase the concentration [45]. If the opposite is required, synthetic air flow as dilution gas can be used outside the chamber to decrease the concentration of the output aerosol [24]. Due to the high purity of the monolithic carbon electrodes the generated aerosol assembly can mimic the microphysical properties of pure elemental carbon structures or diesel soot with only moderate limitations (see in detail later).




3.3. Laser Ablation


Laser excitation can also be used to generate an aerosol standard or to produce real carbon aerosols under well-controlled laboratory circumstances. The principal design of the LA setup consists of two parts: a pulsed laser as a light source and an ablation chamber containing the solid target (Figure 3, right). The operating parameters of the laser are the laser wavelength, the pulse duration and the laser pulse energy per unit area (fluence). In addition to the laser parameters, the thermo-optical properties of the targeted fuel strongly affect the physicochemical properties of the generated soot aerosol assembly too. There are many experimental and theoretical studies discussing the formation of soot produced by the ablation technique. Using nanosecond or longer laser pulses nucleation, condensation, coagulation, and aggregation are the major physical processes. The nanosecond KrF excimer laser with operational wavelength and pulse duration of 248 nm and 18 ns, respectively, was first used to demonstrate the applicability of the laser ablation method to surrogate atmospheric soot under laboratory-controlled circumstances [17]. In this configuration, the laser fluence and, therefore, the laser power should be kept constant to ensure the constant yield throughout the measurement period. For this purpose, to continuously monitor the pulse energy a quartz plate is placed into the path of the laser beam which serves as an energy coupler, reflecting 4% of the total laser energy onto the surface of the energy meter. A high purity monolithic graphite disc (with diameter and thickness of 3 cm and 5 cm, respectively) is used as a target material. The laser energy which is needed for triggering soot evolution depends on the applied wavelength, the laser power, and the thermo-optical properties of graphite. Under a threshold value the applied laser energy is not enough for soot production. Above the threshold level the photon energy is absorbed by the graphite target, which leads to its erosion and evaporation. By focusing the laser beam, energy density (fluence) can be maximized. The focused laser beam rips tiny amount of material from the surface creating a tight and deep ablation crater with width in the order of 10−7 m; therefore, a subsequent pulse on the same spot results in a smaller yield from that area. To improve the concentration stability of the generated particle assembly, the graphite target is placed onto a rotating sample holder and the angular speed of the rotation is fitted to the repetition rate of the laser and the irradiated area of the target. This way uniform etching can be ensured. This configuration ensures a stable concentration yield over several hours. The smoothing of the graphite disc surface from time to time is deemed essential to ensure high degree of reproducibility. The focused laser beam is lead into the chamber through a fused silica window at an angle of 45° with respect to the surface of the target material. The chamber is designed to minimize size-dependent particle losses. The inlet and outlet pipes are installed into the opposite sides of the chamber ensuring a straight gas flow through the ablation module. The mass concentration of the generated aerosol can be increased with increasing the repetition rate of the pulses. In LA, the laser pulse energy is converted into heat on the targeted sample to trigger the evolution of soot. The applied laser fluence typically falls between 0.5 and 3.0 J/cm2. The radius of the irradiated area is generally in the order of mm. From a practical point of view, an important advantage of LA is the flexibility of the target material. Unlike in SDGs, where the material selection is limited to conductive materials, which can be machined to cylindrical electrodes, in case of LA, besides the monolithic graphite, real carbonaceous fuels including biomass or residential coal samples can also be ablated. A further advantage of LA is its green character, namely that the generated nanoparticles are almost unaffected chemically, which can be achieved by using high purity monolithic graphite fuel and inert N2 puffer gas or high purity synthetic air. Moreover, in LA, there is no restriction for the background gases, one can either use inert or reactive ones.





4. Characteristic Performance of Soot Particles Using Different Excitations


Many excellent papers have demonstrated the applicability of different techniques for modeling ambient soot under well-controlled laboratory circumstances [12,17,44,46,47,48]. The characteristic performance of the generated soot using sooting flames, SDG, and LA methods are summarized in Table 1. The combustion flame using the fuel gas standard in a controlled arrangement is a versatile tool for mimicking different physicochemical properties of carbonaceous particulate matter in the atmosphere. Varying the operative parameters, including gas flow rates, and mixing and quenching gas positions makes it possible to imitate real combustion phenomena associated with different conditions of combustion. These settings allow us to vary the size distribution, the optical properties, chemical reflectivity, and also the soot chemistry. However, if even one operative parameter is changed, both the physical and the chemical characteristics of the yield are modified simultaneously. Therefore, this method is capable of producing a model soot with specific and complex set of parameters but is not able to modify the relevant properties of it independently from each other. By mixing the fuel with inert gas, the lean- and the rich-fuel conditions of combustion can be simulated. The flame chemistry is defined through the overall fuel-to-air or molar C/O ratio. The flame can be categorized as rich-fuel when C/O > 3 or as lean-fuel when C/O < 3. The C/O ratio can also be varied by mixing the fuel directly with air (premixed option). Using different C/O ratios, unimodal size distribution with GMD (Geometric Mean Diameter) of 20 nm to 300 nm can be produced. The largest GMD value associates to the near stoichiometric condition (C/O~0.3), while both lean and rich-fuel conditions provide particles of smaller GMD [12]. The flame chemistry affects the chemical and spectral characteristics of the generated carbonaceous particles, which is determined through chemical refractivity (EC/OC or EC/TC ratio), or via an optical approach where the BC/BrC ratio is quantified through the slope of wavelength dependency of the absorption spectra (AAE—Absorption Ängström Exponent) [49]. The extinction spectra of soot generated by diffusion flame is thoroughly investigated in the climate relevant wavelength domain too [50,51]. Modifying the C/O ratio from very fuel-rich (C/O = 1) to slightly fuel-lean conditions increases GMD values from 40 nm to 300 nm and EC content from about 20% to 80%, as well as decreasing AAE from around 9 to 1 [11,12,52,53]. Similarly, at slightly fuel-rich condition, tuning the characteristic size of the generated particles by diluting the fuel gas with N2 resulted in the following changes in particle characteristics: the higher the dilution factor, the smaller the GMD (100 nm to 300 nm) and the higher the AAE (1–3.5) and OC/TC ratio (10–50%) of the particles [11]. The morphology and the microstructure of the generated soot particles is fractal-like, consisting primary spherical particles with the diameter of about 5–20 nm with varied fractal dimensions from about 1.7 to 2.3 (Table 1). The different configurations of flames are often used to simulate soot originated from real-world sources (i.e., diesel or aircraft engines), to calibrate or validate instruments, or to study real atmospheric processes. Carbonaceous particulate assemblies emitted by diesel or aircraft engines display various physiochemical features. Substitution particulate matter, not only the physical characteristics but also the chemical composition and optical properties of which are similar to those of soot particles is deemed essential. The characteristic properties of soot generated by a specific flame set-up (i.e., miniCAST BC, www.generators.com accessed by 2 of May 2022) operating under various measurement conditions are summarized in Table 1. For comparison, diesel- and aircraft exhaust and some relevant field measurement data are also shown in Table 1. In order to simulate diesel soot with high EC content around or below 100 nm characteristic size, the miniCAST BC can be operated either in diffusion flame mode at fuel-lean condition or premixed flame mode around the stochiometric condition (C/O~0.3), where soot of high EC and low AAE can be produced. In contrast, the surrogate of aircraft soot should be done with high OC content at fuel-rich setting. If the nonvolatile aircraft emission with lower OC content is to be simulated, the operation mode of fuel-lean measurement condition should be used [12]. Similarly, the flame can be used for simulating the multifarious physicochemical nature of ambient soot originating from different sources (Table 1). However, it is worth to note, that the mixing state of the generated soot particles differs from that of real soot particles. In summary, the diffusion flames technique extends our capabilities to simulate real soot aerosol with versatile physicochemical features.



In the past decades, many studies have investigated the distinct characteristics of the SDG-based method [24,38,54,55]. The method has been standardized in the technical rule VDI 3497 (VDI 3491 Blatt 4:2018-03 Technical rule). The company PALAS built the first commercial SDG instrument (Palas-GFG-1000) for producing high quality soot standard with high concentration stability and reproducibility. Currently, the improved version of the PALAS GFG series is the most widespread instrument for modeling the physical properties of atmospheric soot. By using GFG with carbon electrodes the soot is formed from elementary carbon particles; thus, they are still a good standard for the physical properties of combustion products. They can generate EC (BC) aerosol in the size domain of real combustion-produced aerosol. Therefore, the GFG-produced soot aerosol is generally used to surrogate aerosols with high EC content. The major application areas of SDG are the production of soot aerosol standards for tests and to calibrate measurement devices, reactivity studies to evaluate after-treatment devices and their regeneration strategies, and for simulating the physical properties of real carbonaceous aerosol [14,52,56,57]. Compared to flames, the major advantages of the SDG approach are its simplicity and easy and contamination-free operation. The set-up allows for the decoupling of the spark energy (determined by the capacity and voltage but independent from the electrode distance) from the repetition rate of the discharge. The size distribution then becomes mainly independent of the shape and the distance of the electrodes. The mass yield per pulse can be regulated by the pulse energy through the capacitance and the applied voltage. By using different spark frequencies and flow rates of argon or nitrogen gases, soot aerosol with different GMD values can be produced even in the 25 nm to 200 nm range [24,44,50,51] (Table 1). The morphology and the microstructure of the SDG-generated soot particles were also investigated in many studies (Table 1). The carbon fractal nanoaggregates consist of primary particles in the size domain of 5–10 nm, while their fractal dimension falls between 1.7 and 2.3 [8]. The effective density of the GFG soot is decreasing at higher sizes from around 1.5 close to 0 values. Obviously, the higher particle production rate resulted in a lower effective density, due to the higher degree of agglomeration. The GFG-produced soot particles possess heterogeneous and functionalized microstructure; however, the microstructure of GFG soot differs substantially from that of pure EC or diesel soot [58]. GFG soot has a high number of defects and deviations from perfect elemental carbon structures, as it has a spherically symmetric onion-like arrangement resulting in increased surface functionalization [58]. An increase of structural order and decrease of chemical heterogeneity of GFG soot are found upon oxidation. The spectral response of GFG soot was also investigated and compared to diesel emissions. It was found that the mass-specific absorption cross section of GFG soot is almost halved compared to that of diesel soot in the climatically-relevant near-infrared to UV wavelength region [46]. The AAE value of GFG and diesel soot was compared and determined [46]. The AAE of diesel emission was found to be much smaller than that of GFG soot (Table 1). The AAE value of GFG soot is very similar to that of residential coal or ambient soot measured in urban circumstances even in the winter season [34,35]. The primary particles of GFG soot (5–8 nm) is substantially smaller than that of real diesel soot. Due to the relatively low fractal dimension (1.7–2.1), every single primary particle acts independently and dominates light scattering. Thus, considering the spectral responses, GFG soot is not a good proxy for modeling atmospheric soot and real combustion soot particles [58]. This should be of primary concern when calibrating soot sensors based on the scattering, extinction, and absorption of soot particles.



The characteristic performance of LA-produced soot using high purity monolithic graphite target and nanosecond laser excitation operated at 248 nm wavelength were determined under various operational conditions [17]. The soot particle yield was increased by increasing the laser fluence from 0.5 J/cm2 to 2.5 J/cm2 in this configuration. At low fluence (below 0.9 J/cm2) the mass concentration of the generated particles was found to be almost independent from the applied fluence. Above 0.9 J/cm2 fluence, mass concentration of the generated soot particles increased roughly linearly with fluence. A simple but plausible explanation of this behavior is that at low fluences, the excitation causes fragmentation on the irradiated surface, which is primarily supposed to be a surface phenomenon and independent of the applied fluence. However, at higher fluences, the yield of the produced soot assembly is proportional to the whole ablated volume determined by the penetration depth of the laser pulses [17]. Therefore, in this regime, the yield of the generated aerosol is scaled by the laser fluence. The LA-produced size distributions show differences at different fluences. At fluences of about 0.7 J/cm2, the LA soot assembly dominantly comprise a high number of primary particles of spherical geometry with various sizes in the range of about 10 nm to 22 nm. The number of aggregates is negligible. In the low fluence regime, either the number of primary particles is insufficient for efficient aggregation or the primary particles are too small to prefer the aggregation process upon collision.



Slightly above this laser fluence (at about 0.9 J/cm2), the bimodal size distribution has been realized. Here, both primary particles are of around 15 nm size and fractal aggregates with around 100 nm GMD value have appeared. With the further increase of the fluence of the excitation, the fractal aggregates become dominant with a unimodal size distribution comprising GMD and GSD values of about 100 nm and 240 nm, respectively. With the fine tuning of the laser fluences, a defined ratio of spherical primary particles and fractal aggregates can be obtained in this configuration [17]. Even though both the GFG and LA produce soot with unimodal size-distribution of nearly the same GMD values, the LA-produced soot assembly has a greater GSD (Geometric Standard Deviation) value than that of GFG. For example, 20 nm and 600 nm particles can be generated with a yield of about 105 particles per cm3 at 2 J/cm2 fluence using N2 as purging gas at 200 sccm flow rate [17]. This is critical when bigger particles with high EC content are required for any applications. By increasing the laser fluence or the volumetric flow rate of the purging gas (N2), it is possible to modify the number-concentration and the GMD value as well. By reducing the flow rate, the CMD value and the number-concentration can be increased. The number concentration increases because at lower flow rates a given volume of the carrier gas resides longer in the ablation chamber, while the emission rate of the produced particles remains constant at a given fluence. The CMD value is increased because at the reduced flow rate the probability of collisions become higher. Using a different mixture of N2 and synthetic air as a purging gas, the soot particle evolution can be altered dramatically in a well-controlled manner. Using pure synthetic air as purging gas, the LA soot includes dominant primary particles of spherical geometry. Due to the concomitant oxidation, the generation of fractal aggregates is gradually suppressed by the higher amount of air in the gas mixture. A further and unique advantage of LA approach is that there are no restrictions for target material, as it can be replaced by any real solid fuel target, such as a biomass sample, so the real combustion process, such as biomass or coal burning, can be accurately produced in this configuration [35,36,75]. Compared to the SDG soot, the spectral response of LA soot obtained by using a high purity monolithic graphite sample has imitated the elemental carbon or the freshly emitted diesel soot with high EC content well (Table 1). The AAE value of LA soot is around 1, which fits well to the theoretical expectation for pure elemental carbon [35,37], the experimental measurement of the freshly emitted diesel soot [46], or even the ambient soot aerosol in the summer [36] (Table 1). By changing the target for residential coal originating from different sources of various chemical compositions, different AAE ranging from around 1.3 to 2.5 were realized. The LA technique was used first to demonstrate the source apportionment capabilities of the AAE value for residential coal aerosol from different origins and chemical compositions [35,75]. The LA soot has compact fractal morphology with the fractal dimension and primary particle diameter of about 1.6–2.1 and 7.1 nm to 13.7 nm, respectively. Therefore, considering the morphology and the fractal characteristics of the LA-produced soot, it shows high degree of similarity with real soot or soot-containing aerosol, such as diesel- or biodiesel exhausts [36,37,76]. The structural properties of the primary particles obtained by HR-TEM shows that besides some amorphous and disordered arrangements, the LA soot typically forms in an onion-like (graphitic) molecular structure, where graphene layers are oriented parallel to the external outer surface [17]. This type of microstructure is also in good agreement with that of a more realistic ambient or diesel soot. The recently introduced LA method for the generation of soot particles for environmental applications offers numerous favorable characteristics. One of the major advantages is its green character, namely that it can produce aerosols without or with extremely limited contamination. Although the yield of the LA is smaller than that of SDG, it can produce wider size distributions with relatively high number of both small and large particles. In LA, biomass or other solid fuels can also be used for producing real biomass-combusted soot aerosols under well-controlled measurement conditions. Using Laser-Induced Breakdown Spectroscopy (LIBS), it has been verified experimentally that the LIBS spectra of LA-produced coal aerosols can be used to differentiate the coal aerosols having different origin [75]. However, one of the major advantages of the LA method is that all the microphysical parameters of the generated soot particles can be tuned independently from each other [17]. This favorable property opens-up novel approaches to investigate the effects of microphysical parameter changes on the measured quantities using the ceteris paribus principle.




5. Summary and Conclusions


The laser ablation method for the generation of soot aerosol to substitute the carbonaceous particulate matter originating from real combustion is described in the context of its most widely used alternatives in this survey. The evolution of soot in general and under laboratory-controlled conditions using different excitations and fuel types are discussed in detail. The comparative study of the characteristic performances of soot using laser ablation, spark generation, and flame combustion is presented in the context of their application perspectives.



Flames, using fuels with limited chemical compositions and defined gas mixtures make possible to mimic real combustion soot in many physicochemical aspects. In flame chemistry, defined by the C/O ratio, the diverse physicochemical characteristic of soot can be produced, which is a good standard for the real combustion-generated soot associated with fuels and combustion conditions. However, modifying any operational parameters of the burner can lead to changes in some of the microphysical and chemical parameters of the produced aerosol. The independent variation of the characteristic parameters of the generated soot particles cannot be achieved in this configuration. Important applications of flames are to model diesel, kerosene, or real ambient particles, especially in morphology and chemical or optical. The calibration and validation of aerosol measuring instruments with soot standards defined by a specific set of operative conditions of the flame is also an important application area.



The SDG is a simple-to-use instrument for producing carbonaceous aerosols through the spark ablation of a monolithic graphite target. Although significant differences exist between SDG-produced soot and real-world combustion aerosols—especially in terms of chemical composition and molecule structure—its simplicity, stability, and reproducibility make it a useful tool to produce soot aerosol, especially when its physical properties are of primary interest. The size distribution produced by SDG fits well to that of the real combustion-produced carbonaceous aerosols, such as diesel or kerosene soot. Besides the academic applications, one of the major application areas of SDG technique is the calibration of measurement systems used for the characterization of diesel emissions. Since the counting efficiency of calibration material is extremely small and varies from one aerosol standard to another, the inert materials for production of soot standards in an easy and reproducible way is a critical issue for instrument calibration and validation procedures. The SDG equipped with carbon electrodes provide particles with high analytical purity, which allows the production of carbon particles with repeatable morphology in a size domain relevant for diesel emission. Since the counting efficiency of CAST and GFG is very similar for a CPC (condensation particle counter), it can also be applied as an easy-to-use alternative of CAST for instrument calibration as well.



The recently introduced method, based on the laser excitation of high purity graphite material, is a versatile tool for generating soot standards with high similarity to elemental carbon and freshly emitted diesel soot with high EC content. Although the LA and SDG methods differ only in the type of excitation of the graphite target, the characteristic performances of the produced soot aerosol assemblies show some differences. The yield per pulse of LA is smaller than that of SDG. However, the generated soot has a unimodal size distribution of more or less the same GMD values; the GSD values of LA are much higher than that in case of SDG. This allows for the production of relatively high concentrations of particles even in the accumulation mode, which can extend the application area of this approach. Moreover, at low fluences or using synthetic air as purging gas, high number-concentration of primary particles of spherical geometry can be produced. Similarly to the SDG soot, the LA soot differed significantly from real ambient soot in chemical composition but shows a high degree of similarity in physical characteristics. However, the morphology, the spectral response and the molecular structure of LA soot stands closer to pure elemental carbon or freshly emitted diesel soot then that of the SDG soot. The detailed investigation of Raman spectra has further verified this similarity. Due to the flexibility in the applied target material and purging gas matrix, the LA method opens up novel opportunities for the controlled modeling of biomass emissions too. Finally, a further major advantage of the LA method is that all the physical parameters of the generated soot particles can be tuned independently from one another.



The comparative conclusion of using different generation techniques from an application perspective briefly includes the following: The diffusion flame produces carbonaceous particulate matter with a different and complex set of physicochemical features which imitate real-world combustion soot under laboratory circumstances well. From an application point of view, the diffusion flames are able to produce chemically complex carbonaceous particulate matter, which is closer to the real world combustion aerosol than the soot produced by the SD or LA methods. Therefore, simulating diesel, kerosene, or real ambient aerosol using diffusion flames is more practical for the investigation of OC content effect on the measured quantities. However, during soot evolution, the complex chain reaction of the fuel composite molecules and the degree of contamination of the generated particles limited the applicability of diffusion techniques for being a high-quality aerosol standard for instrument calibration or validation. In the SD and LA methods, the generated soot definitely does not mimic the real world combustion aerosol in its chemical aspects but fits well to its physical characteristics. The SDG is a simple-to-use generator for producing soot aerosol with high EC content primarily for simulate the physical properties of real world combustion particles in the climate-relevant size domain with limited contamination. However, the spectral response of SD soot differs substantially both from the freshly emitted diesel soot and also from the theoretically expected pure elemental or black carbon particles. Despite those limitations, both the diffusion flames and also the SD technique are widely used for producing aerosol standards for instrument calibration or validation. The recently introduced LA technique, based on the precisely controlled laser excitation of solid fuel target, produces a high-quality contamination-free soot aerosol standard with high EC content for the simulation of the freshly emitted diesel soot or real ambient BC aerosol, especially when the physical properties are of concern. The spectral property of LA-produced soot is closer to real world combustion BC, such as freshly emitted diesel or ambient BC, than that of the SD-generated particles. Moreover, the LA technique is more flexible regarding applied fuel than the SD method. Real combustion particles using real biomass or coal samples can also be produced under well-controlled combustion conditions with LA. In contrast to diffusion flames or the SD technique, LA is capable of producing real combustion carbonaceous aerosol under well-controlled laboratory circumstances using solid fuel target. In comparison, from an application point of view, one of the biggest advantages of the LA technique is that all microphysical parameters of the generated soot particles can be varied independently from each other, which opens up a novel opportunity to investigate defined physical quantities of the generated soot using the ceteris paribus principle. A practical example is the potential to decrease the uncertainty associated with source apportionment methods [77,78].
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Figure 1. The soot formation and its characteristics. 
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Figure 2. The soot tendency under different excitations mechanism: flame (left), spark discharge (center), laser ablation (right). 
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Figure 3. The schematic of the experimental set-up of soot generator using different excitations: sooting flame (left), spark discharge (center), laser ablation (right). 
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Table 1. The characteristic performances of soot generated by different methods. Related references [8,17,36,37,46,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74].
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Property

	
miniCAST BC Soot

	
Diesel Soot

	
Aircaft Soot

	
Atmospheric Measurement

	
Spark Discharge

GFG1000

	
Laser Ablation




	

	
Diffusion Flame

	
Premixed Flame

	

	

	

	




	
C/O < 0.25

	
0.25 < C/O < 0.31

	
C/O < 0.31

	
C/O < 0.3

	
C/O < 0.3






	
GMD [nm]

	
≤60–180

	
180–210

	
≤40–160

	
≤30–180

	
≤40–180

	
5–20, 30–150

	
10–50

	
175.56

	

	




	
Number concentration [#/cm3]

	
2 × 105–3 × 107

	
1 × 107–3 × 107

	
1 × 107–5 × 107

	
2 × 106–3 × 107

	
7 × 106–4 × 107

	
105–109–106/108

	
∼1013–1015 #/kg fuel

	
6 × 106

	
107

	
107




	
Mass concentration [mg/m3]

	
1–60 eBC (880 nm)

	
40–180 eBC (880 nm)

	
0.2–130 eBC (880 nm)

	
0.1–160 eBC (880 nm)

	
0.4–150 eBC (880 nm)

	
0.1–103

	
0.5–100 mg/kg fuel

20–200 TC

	
2.6–2.9 µg/m3 eBC

	

	




	
Primary particle diameter [nm]

	
15–45

20–30

	
16–27

	
20–50

	
na

	
5–7

15–36

5–10

	
7–13.7




	
Fractal dimension [–]

	
2.1–2.2

	
1.7–2

	

	
na

	
2

	
1.65–2.1




	
AAE [–]

	
≤1.4 ± 0.2

	
≤1.2 ± 0.1

1.25 (1064–266)

	
1.1–4.5

	
1.1–1.7

	
1.1–4.5

	
1.1 (450–700 nm) 1.3

1.3 (1064–266)

1.04 (370–950 nm)

	
–

	
2.25 (355––1064 nm)

2.23 (370–950)

2 (1064–266)

(Winter season)

1.55 (370–950)

1–1.6 (370–950 nm)

1–2.03 (450–660 nm Aethalometer)

	
2.1

1.8 (1064–266 nm)

	
1.15 (1064–355 nm)

1.04 (1064–266)




	
EC/TC [%]

	
<70–95

	
<90

	
2–60

	
50–95

	
1–90

	
60–85

	
∼10–70 80–100

	
–
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