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Air pollution, a complex cocktail of different components, exerts an influence on climate/human; health both locally and away from source regions. The issue of air pollution is often closely linked; to carbonaceous aerosols, the assessment of climate/air quality/health impact of which remains associated with large uncertainties. Black carbon (BC)—a product of incomplete combustion—is a potent climate warming agent and one of the central components to this issue. An accurate; knowledge of BC emitting sources is necessary for devising appropriate mitigation strategies and; policies to reduce the associated climate/environmental burden. The radiocarbon isotope (14C or carbon-14) fingerprinting allows for an unambiguous and quantitative constraining of the BC sources and is therefore a well-popularized method. Here, we review the existing analytical techniques for the isolation of BC from a filter matrix for conducting 14C-based investigations. This work summarizes the protocols in use, provides an overarching perspective on the state-of- the-art and recommendations for certain aspects of future method development.
Keywords: air pollution, incomplete combustion, elemental carbon, charring effect, thermo-optical analysis
INTRODUCTION
The World Health Organization recognizes air pollution as the single largest global environmental health threat accounting for millions of premature deaths annually (Lelieveld et al., 2015; World Health Organization, 2021). One of the criteria for reducing air pollution is to incorporate policies targeting certain components e.g., particulate matter, PM (PM2.5 for aerodynamic size ≤ 2.5 µm) (Liang et al., 2016). While the meta-analysis of PM carried out in various forms provides much needed information about possible origins and sources, albeit with high uncertainties, it is limited in providing only a “bird’s-eye view” (Liang et al., 2016). Given that a complex cocktail of noxious pollutants makes up the PM, a microscopic approach is often needed.
Carbonaceous aerosols constitute between 20 and 40% of PM2.5 depending on the location (Pöschl, 2005). The overall carbon content or total carbon (TC) in aerosols can be grouped as 1) a fraction referred to as carbonate carbon (CC) or inorganic carbon, existing mostly as calcium carbonate. CC can contribute up to 40% of the PM10 mass (Sillanpaä et al., 2005), depending upon the area of study or the meteorological conditions (e.g., soil types, dust events). CC decomposes at relatively high temperatures and therefore can affect the estimation of the other fractions of the TC depending on the thermal protocol used (Karanasiou et al., 2011), 2) a fraction referred to as organic carbon (OC), consisting mostly of low-molecular- weight hydrocarbons and their derivatives, which is largely colourless, thermally unstable, soluble in water and organic solvents, 3) a fraction referred to as elemental carbon (EC), that is made up of small spherules, which is refractory (vaporization temperature ∼4000 K), strongly light-absorbing, and insoluble in water and organic solvents (Petzold et al., 2013). While a generally agreed usage of the term “EC” is restricted to thermal methods, the term “black carbon (BC)” is employed when speaking strictly in terms of optical properties. The semantics of the term “BC” is still very much debated (Petzold et al., 2013), yet BC remains the more popularized umbrella term. Hereafter, we stick to this term whenever feasible.
BC is a product of the incomplete combustion of fossil fuels (e.g., from traffic, coal and petroleum-fuelled powerplant emissions) or biomass (including biofuel e.g., wood burning, agricultural waste burning) and is ubiquitous in the Earth system (Bond et al., 2013). By directly absorbing the short-wave radiation, BC exerts a warming effect on the atmosphere, and by deposition in the cryosphere affects the albedo leading to an enhanced melting of snow and ice (direct effects). Other than that, BC also affects cloud processes e.g., by changing the number of cloud droplets, particle number in liquid and ice clouds (indirect effects). The location of BC within/below/above clouds alters the cloud distribution (semidirect effects) (Myhre et al., 2013). BC has also been implicated in a multitude of additional regional effects such as disturbance of precipitation patterns, surface dimming, affecting agriculture and freshwater supply thereby the socio-economic sphere (Ramanathan and Carmicheal, 2008; Bond et al., 2013).
Despite several advancements in the measurement techniques for BC (Lack et al., 2014), the amplitude of BC-related perturbations on climate remains associated with large uncertainties and more so at regional levels with high BC loadings e.g., S Asia (Rana et al., 2019). The uncertain contributions from different emission sources (e.g., fossil fuel combustion vs biomass burning) in currently employed bottom-up emission inventories—serving as input for models and policies—is one of the likely suspects for modelling uncertainties (Zhao et al., 2011; Dasari et al., 2020). Several methods have been developed over the years for the source apportionment of BC, however, each with its own challenges (Briggs and Long, 2016). The most commonly used methods for BC source apportionment include the macro-tracer method, Chemical Mass Balance (CMB), Positive Matrix Factorization (PMF), the aethalometer method, and various specialized models (Briggs and Long, 2016). Each method has its own strengths and limitations. While some (e.g., the aethalometer method, macro-tracer method) can only apportion major BC sources but not the different source classes, others (e.g., CMB, PMF) require relatively vast datasets, and analyses involving a multitude of ancillary measurements of e.g., trace gases/organic compounds/speciated PM. In contrast, methods such as the aethalometer and macro-tracer methods have minimal data requirements. While these aspects relate to the mechanistic side of the method, the performance aspect also has to be considered. In general, the best-performing BC source apportionment methods are not consistent between studies as the performance varies between sites and/or time periods and depends highly on the available input data (Briggs and Long, 2016). As such, the uncertainties associated with the source estimation of BC remain high irrespective of the chosen method.
In contrast, the radiocarbon (reported as Δ14C) isotope-based source apportionment has proven to be useful in quantitatively constraining with high-precision the fossil fuel combustion-vs biomass burning-derived BC fractions and as such has been used in a wide variety of environments (Szidat et al., 2006; Zencak et al., 2007; Gustafsson et al., 2009; Fushimi et al., 2011; Heal et al., 2011; Bernardoni et al., 2013; Dusek et al., 2013; Bosch et al., 2014; Andersson et al., 2015; Li et al., 2016; Winiger et al., 2016).
While the unambiguous distinction between fossil fuel combustion-derived and biomass burning derived-BC remains the prime strength of radiocarbon-isotope analysis, the analytical techniques for isolating BC from the aerosol filter matrix to conduct such an analysis span a wide range, mostly lacking commonality in approach (Zhang et al., 2021). This is highly evidenced in the results from recent inter-comparison exercises of 14C in carbonaceous aerosols wherein a good agreement for OC and TC has been reported between the different laboratories, but a high variability was found for EC (Szidat et al., 2013; Zenker et al., 2017). While it has been suggested on several different occasions that observation-based 14C constrained BCFossil vs BCBiomass can be compared directly with modelled BCFossil vs BCBiomass estimates (e.g., Winiger et al., 2016; Dasari et al., 2020), this may simply not represent a “realistic” comparison when conducted on a global dataset—the lack of commonality among the different analytical techniques affects the isolated/recovered amount of BC for 14C analysis and with the employed post-corrections on the 14C results, together, the observed 14C constrained BCFossil vs BCBiomass (Zhang et al., 2012; Zenker et al., 2017). Furthermore, the differences can be pronounced if the charring of OC is not thoroughly investigated or addressed (Yu et al., 2002; Elmquist et al., 2006; Zhang et al., 2012). It is therefore imperative to probe the similarities and differences in the analytical techniques presently in use for the isolation of BC. Hence, we conducted a review of all such analytical techniques with the sole intention of making the user aware of their associated caveats to be able to make an informed decision regarding the choice of a technique. Here, we review approaches that build on the commercially available thermo-optical OC-EC analyzer (Model 4L, Sunset Laboratory Inc., Tigard, OR, United States) for BC isolation, which has been the community standard for such analysis (Zhang et al., 2012; Andersson et al., 2015; Liu et al., 2017; Huang et al., 2021), as well as include approaches using in-house developed systems (e.g., Bernardoni et al., 2013; Dusek et al., 2014). We highlight the need for reporting specific ancillary information with Δ14C results for improving transparency in the conditions in which BC was isolated. Furthermore, we argue for the need for reporting recoveries for samples prepped for BC isotope analysis. Lastly, we make recommendations for improving one of the techniques.
MEASUREMENT, ANALYSIS AND REPORTING OF RADIOCARBON
Naturally occurring radiocarbon (referred to as 14C or carbon-14) is produced when high energy neutrons from spallation reactions bombard nitrogen atoms in the upper atmosphere (Figure 1). The resulting 14C then combines with atmospheric oxygen to form carbon monoxide, over 95% of which then rapidly oxidize to form carbon dioxide (14CO2) (Libby, 1946). This 14CO2 gets incorporated into the biosphere and ocean carbon reservoirs–in plants by photosynthesis, in animals which consume plants and so on (Turnbull et al., 2016). Upon the death and burial of plants and animals, the wood and bones lose their 14C content as it changes back to 14N through beta radioactive decay — 14C decays with a half-life of 5,730 ± 40 years (Arnold and Libby, 1949; Levin and Hesshaimer, 2000). A sample in which 14C is no longer detectable is said to be “radiocarbon dead” (Ramsey, 2008). It is this property of 14C that is most useful for ‘dating’ BC aerosols—fossil sources are completely depleted in carbon-14 whereas biomass sources have a distinct non-nil carbon-14 signature that reflects their integrated period of biomass photosynthesis and storage (Levin and Hesshaimer, 2000; Ramsey, 2008). Therefore, the radiocarbon signature of BC in an atmospheric aerosol sample allows for unambiguously deconvoluting the relative contributions from fossil fuel vs biomass combustion (dead-C vs. modern-C) (Ziolkowski and Druffel, 2009).
[image: Figure 1]FIGURE 1 | The schematic of mechanisms showing production-to-decay of radiocarbon (14C). This. can be briefly explained in four steps: 1) Cosmic rays bombard the upper atmosphere and send a. cascade of neutrons. 2) Upon striking atoms of nitrogen, the main component of Earth’s atmosphere, they transform some of 14N into Carbon-14 or 14C. 3) Carbon-14 creates radioactive. Carbon dioxide by readily combining with oxygen in the atmosphere which is then absorbed in the. biosphere by plants and enters the food chain. 4) Upon death and burial, the plants/organisms stop. absorbing Carbon-14 and its existing store slowly decays thereby acting as a ‘clock’ for dating.
The 14C levels in the modern atmosphere have been altered through artificial means: anthropogenic emissions of fossil fuels emit 14C-depleted carbon into the atmosphere, thereby diluting the proportion of 14C relative to 12C, whereas nuclear bomb testings in the mid-20th century have doubled the 14C content of CO2 in the Northern Hemisphere (Turnbull et al., 2016). At present, the levels of 14C in the atmosphere based on recent measurements show a declining trend (Graven, 2015).
Measuring 14C is challenging as one carbon-14 atom exists in living material for every 1,000,000,000,000 (or 1 in a trillion) carbon-12 atoms (Arnold and Libby, 1949; Levin and Hesshaimer, 2000). From the early 1940 s to the 1960 s, the detection of carbon-14 relied on decay-counting methods, such as the Geiger-Müller counter (Nydal 1962) or liquid scintillation counting (Anderson et al., 1951), until the 1970 s, when the accelerator mass spectrometry (AMS) was developed (Ramsey, 2008; Ziolkowski and Druffel, 2009). This enabled direct counting and reduced the sample size requirements by ∼106 times compared to its predecessors (Ramsey, 2008). The AMS data is reported as Fraction Modern (fm) which in brief is a measurement of the deviation of the 14C/12C ratio of a sample (that has 14C/12C normalized to a δ13CVPDB value of −25‰) and a standard having 95% of the radiocarbon concentration (in AD 1950) of NBS Oxalic Acid I (SRM 4990B, OX-I) normalized to δ13CVPDB = −19‰ (Olsson, 1970; Stuiver and Polach, 1977; Stuiver, 1980).
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Where AS is the activity in the sample and AOX1 is the activity in the standard.
The Δ14C is then calculated by incorporating an age correction using an arbitrary standard having the best estimate of the 14C activity in the year 1950 if not affected by fossil or bomb C
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Where λ is the inverse of the true mean-life of radiocarbon (0.00012097) and y is the year of sample collection.
The measurement and analysis procedures for radiocarbon undertaken in an AMS follows several steps. Briefly, gaseous CO2 samples are introduced into a vacuum line where further purification takes place using multiple cryotraps. The sample is then transferred to a heated reaction chamber, where it is transformed into graphite through the Bosch reaction. The graphite is then pressed into targets on a holder and loaded into the AMS unit alongside standards and blanks for the 14C measurement. To characterize the graphitization, handling, and AMS analysis, relevant standards (oxalic acid II as modern carbon and a second standard for fossil carbon), with similar size ranges to the samples, are processed into graphite. A complete description of the process and the details of AMS functioning is beyond the scope of this review and can be found elsewhere (e.g., Fifield, 1999; Hellborg and Skog, 2008; NOSAMS (whoi.edu)). With the development of a compact AMS, the MICADAS (MIni CArbon DAting System) (Synal et al., 2007), it has become possible to introduce the sample as CO2 (g). In this set-up, the CO2 is introduced through a capillary fitted to a versatile gas interface system (Fahrni et al., 2013; Wacker et al., 2013) into specially designed gas cathodes. The interface produces a gaseous mixture of CO2 with He under a constant pressure. This gas mixture is fed into the ion source wherein the radiocarbon isotope analysis is conducted.
THERMAL-OPTICAL ANALYSIS AND ISOLATION OF BLACK CARBON
The most common approach for the quantification of OC and EC fractions in an aerosol sample is the thermo-optical analysis (Karanasiou et al., 2015). In this method, from a quartz filter sample that has collected enough aerosol material, OC is first evaporated under helium (inert atmosphere), following which EC is combusted in a helium + oxygen phase through a series of temperature ramps, respectively. Presently, several protocols (e.g., NIOSH870, EUSAAR, IMPROVE) with a variety of temperature and time settings exist (Panteliadis et al., 2015). An intercomparison exercise involving 17 European laboratories has demonstrated that the repeatability and reproducibility (expressed as relative standard deviations) for TC were 11 and 15% for EUSAAR 2 and 9.2 and 12% for NIOSH870 protocols. For EC, these were 15 and 20% for EUSAAR2 and 20 and 26% for NIOSH870, respectively (Panteliadis et al., 2015). Furthermore, total optical transmittance calculated EC for NIOSH870 was found to be 20% lower than for EUSAAR2. A relationship was also derived for ECNIOSH870 = 0.80*ECEUSAAR2 (Panteliadis et al., 2015). However, an international agreement for a standard reference method is yet to be agreed upon by the scientific community.
Even though OC and EC are considered as two different entities, they represent a chemical continuum (Elmquist et al., 2006; Saleh et al., 2018). To correct for possible artefacts during the course of OC-EC quantification, a laser signal continuously monitors the transmission or/and reflectance of light of the filter sample (Moosmüller et al., 2009; Lack et al., 2014). The main artefact is the pyrolysis of OC during the evaporation step, which produces char that is chemically similar to EC and can be only removed by combustion (Yu et al., 2002; Elmquist et al., 2006). The laser attenuation-optimized split point during the analysis is accepted as the operational boundary between OC and EC in this method (Moosmüller et al., 2009; Lack et al., 2014). However, in a true sense, there is no clear thermo-chemical boundary separating the “refractory OC” from the ‘less refractory EC’ in the continuum (Saleh et al., 2018; Saleh, 2020). As such, pre-treatment of the filters has been widely advocated and employed to reduce the mis-quantification of pyrolyzed OC as EC. If not corrected, this artefact causes an underestimation of the OC content and an overestimation of the EC (Subramanian et al., 2006). 208
Here, we discuss six different analytical techniques (ATs; Table 1) that have been used for isolating EC (BC) for radiocarbon analysis: AT 1 (Gustafsson et al., 2009; Andersson et al., 2015), AT 2 (Zhang et al., 2012), AT 3 (Dusek et al., 2014; Zenker et al., 2017), AT 4 (Bernardoni et al., 2013), AT 5 (Liu et al., 2017), AT 6 (Huang et al., 2021).
TABLE 1 | A list of the reviewed and currently used analytical techniques (ATs) for the isolation of BC from a filter matrix for radiocarbon analysis. AT 1 (Gustafsson et al., 2009; Andersson et al., 2015), AT 2 (Zhang et al., 2012), AT 3 (Dusek et al., 2014; Zenker et al., 2017), AT 4 (Bernardoni et al., 2013), AT 5 (Liu et al., 2017), AT 6 (Huang et al., 2021).
[image: Table 1]AT 1: This analytical technique relies on the widely used National Institute for Occupational Safety and Health (NIOSH 5040; Birch and Cary, 1996) protocol (see Table 1). Firstly, the OC- EC instrument is modified such that the CO2 generated by the oxidation of OC or/and EC in the main oven with MnO2 as the catalyst can be isolated without being sent to the methanator oven (used for quantification by flame ionization detector FID) at any stage. An in-house developed cryotrapping system is then used to isolate the CO2 for radiocarbon analysis. The system operates with a timer and switching valve such that the EC-derived CO2 is diverted to the cryotrapping system instead of the methanator at the desired time during the run. This system contains a magnesium perchlorate (Mg(ClO4)2) trap and a silver (Ag) wool trap for removing water vapor and halogens, respectively. The purified CO2 is then collected into a liquid nitrogen trap and isolated in glass ampules once the required amount (∼50 μg C) of EC is harvested. The CO2 collected in this manner in the glass ampules is then analyzed for radiocarbon at an AMS facility (e.g., NOSAMS).
An inherent assumption in this AT is that the charring carbon is corrected automatically using the laser signal and that the carbon evolving after the split line is identified as BC. As part of this set up the time taken for gases to travel from the laser to the FID is monitored along with the split times and the transit times. Finally, the valve switch time (VT) is calculated [VT = split time—(transit time laser to FID) + (transit time laser to switching valve)]. The VT is key for this analytical technique as this largely impacts the trapping of the generated CO2 as the timer for operation of the switching to the cryotrap system is set accordingly. No pretreatment of the filter is conducted in this technique.
AT 2: This analytical technique relies on the Swiss4S protocol (see details in Table 1), which essentially is a 4-step process and builds on previous research with the two-step Heating system for the EC/OC Determination Of Radiocarbon in the Environment (THEODORE; Szidat et al., 2004). The first three steps are dedicated towards the removal of OC (specially the water-insoluble OC). The final step is for the combustion of the remaining EC. Pretreatment of the filter samples in this technique requires extraction with ultrapure water and drying for 6 h. The dried filter sample is then introduced in the thermo-optical OC-EC analyzer and the Swiss 4S protocol is run. The CO2 evolved from the EC phase is diluted with He to 5% CO2 in a gas inlet system. The CO2/He mixture is fed directly into a MIni CArbon DAting System (MICADAS) AMS at a constant rate for radiocarbon analysis (Salazar et al., 2015).
AT 3: This analytical technique uses a two-step protocol (referred to as 2stepCIO) that separates the carbonaceous fractions of the aerosol samples. This is executed on an in-house developed aerosol combustion system which consists of an extraction and a purification line, separated by a needle valve. The two lines are kept at different pressures: the extraction line at around 1,050 hPa and the purification line below 20 hPa. The filter sample is loaded in the main part of the extraction line which houses three ovens. Sample is combusted in the first and second oven under a pure O2 flow, while the third oven ensures the full oxidation of remaining incomplete combustion products. BC is isolated when the water-extracted filter sample is inserted into the reaction tube for 10 min at 375°C in the first oven for OC combustion, followed by 2 min at 450°C in the second oven for removing the most refractory OC and a part of the EC (which therefore always leads to a recovery rate of <100%). Finally, the sample is combusted for 5 min at 650°C for EC combustion. The CO2 formed during this final step is isolated in a cryogenic trap built in the purification line and transferred to a flask containing phosphorus pentoxide (P4O10) to remove traces of water vapor. Lastly, the CO2 is stored in flame-sealed glass ampules before conducting the AMS analysis.
AT 4: This analytical technique uses a dedicated sample preparation-graphitization line for aerosol samples. Water-extracted filter samples are combusted in a self-constructed oven. As a first step, OC is removed by the pre-combustion of the sample in purified O2 at 375°C for 40−min, followed by a subsequent flash heating at 750°C in purified He. Following this, EC combustion is accomplished by heating the oven to 800°C for 20 min under a constant O2 flow with a CuO catalyst to ensure complete combustion. The generated CO2 is passed through chemical and thermal traps to remove halogens, sulphate and H2O, N2O, respectively. This purified CO2 is then transferred to the AMS for radiocarbon analysis.
AT 5: This analytical technique relies on the European Supersites for Atmospheric Aerosol Research (EUSAAR_2; Cavalli et al., 2010) protocol, and its temperature program is set to 200°C for 120 s, 300°C for 150 s, 450°C for 180 s, and 650°C for 180 s in He, and then 500°C for 120 s, 550°C for 120 s, 700°C for 70 s, and 850°C for 80 s in a He/O2 mixture, respectively. Upon a thorough investigation of mass recoveries and the removal of water-soluble and water-insoluble OC, the EUSAAR 2 protocol was optimized to remove all of OC with minimal effect on EC, without any filter pretreatment, using an intermediate step at 475°C. In the thermo-optical OC-EC analyzer, the filter sample is heated for 120 s at 200 °C, 150 s at 300°C, and 180 s at 475°C in an oxidative atmosphere (10% oxygen, 90% helium) and 180 s at 650°C in helium to remove all of the OC, then the remaining EC is extracted with the EUSAAR protocol. The EC-derived CO2 is then guided through a high vacuum setup wherein gaseous H2O and other contaminants are removed using a dry ice/ethanol trap. The CO2 is finally trapped by liquid nitrogen and transferred to a glass/quartz ampule for AMS analysis.
AT 6: This analytical technique relies on the EnCan-Total- 900 (ECT9) protocol (Huang et al., 2006) which was originally developed for quantifying OC and EC, along with the analysis of their stable carbon isotope compositions (δ13C). The ECT9 protocol has been employed since 2006 for monitoring carbonaceous aerosols in the Arctic at the Alert station, as part of the Canadian Aerosol Baseline Measurements Network operated by Environment and Climate Change Canada. In principle, the ECT9 protocol is different from the standard thermo-optical protocols (e.g., NIOSH, EUSAAR) as it aims to remove the pyrolyzed OC (PyOC, char) along with carbonate carbon (CC) using an intermediate temperature step in pure He via high-temperature evaporation at 870°C. This protocol does not use either reflectance or transmittance signals and uses relatively longer retention times to isolate the OC, PyOC + CC, and EC components. Specifically, the sample analysis in ECT9 protocol proceeds in three steps: firstly, OC is removed at 550°C for 600 s in pure He, followed by the removal of PyOC 293 + CC at 870°C for 600 s in pure He, and finally EC is combusted at 900°C for 420 s in a mixture of 2% O2 with 98% He. The oxidation to CO2 occurs in a furnace containing MnO2 maintained at 870°C. This CO2 is then cryo-trapped with liquid N2 in a U-shaped glass trap which is introduced in a vacuum line for further purification by sequential distillation using three cryo-traps. Purified CO2 is flame-sealed in glass ampules for AMS analysis.
PERSPECTIVE ON THE STATE-OF-THE-ART AND RECOMMENDATIONS
We note that radiocarbon, 14C, analysis is a powerful tool with a unique potential to quantitatively distinguish fossil fuel sources (fm = 0) from biomass-burning and biogenic emissions (fm > 1 in the present-day living biosphere and atmospheric CO2). Furthermore, we conjecture that thermal treatment remains the most common method used to separate OC from BC (EC) for 14C measurements. However, in our review we find that challenges remain regarding the chemical delineation of the OC and EC fractions as neither of them are a discrete chemical species, but a chemical continuum. Here, we identified six different BC isolation methods that are currently used for radiocarbon analysis of BC worldwide. Detailed protocols show that they operate over a large range of temperature settings as well as filter pre-treatments (Table 1). In terms of commonality, several methodologies have attempted to minimize the inevitable charred OC fraction created during the thermal treatment in order to isolate ‘pure’ BC. However, they inherently differ in the manner in which the charring issue is addressed. This probably is one of the key factors leading to the disagreement in 14C-BC results in inter-comparison studies. While the most common routine for minimizing this effect on the isotope analysis of BC has been the pre-treatment of filters (water extraction) followed by temperature optimization (e.g., AT 2), some methods (e.g., AT 5 and 6) tackle this issue through the introduction of intermediate heating steps in temperature protocols alone. AT 1 on the other hand is the only method which neither includes a pre-treatment step nor uses an intermediate temperature-based optimization for correcting/minimizing the charring effect. We echo the opinion from previous studies (e.g., Zenker et al., 2017) that it is likely that radiocarbon-isotope analysis of BC by this method may lead to an overestimation of the “modern” fraction of BC. A thorough chemical/isotope investigation of the charring-induced discrepancy on the Δ14C-BC composition is warranted for AT 1.
Several corrections are generally applied when reporting the final fm values, which also differ among the various methods (Zhang et al., 2012; Zenker et al., 2017). While background and blank contamination, OC charring corrections are common in most ATs, the “yield correction” is used only by a few. This is much needed for an accurate uncertainty estimation. In general, it is very likely that a 100% recovery of BC is not attainable for all samples when including pre-treatments and charring corrections. As such, the ideal approach should be to incorporate the yield correction—the final fm values are reported corresponding to a 100% recovery based on an extrapolation of the empirically determined relationship between the BC yield (upon isolation) and the measured fm (BC). As an example, a recent study mentioned that BC recovery with the AT 1 for filters from a sampling campaign in S Asia were as low as 65% (Dasari, 2021). Incorporating yield correction on such recoveries could lead to a difference of upto 100% in the reported fm (BC) based on reported empirical correlations (Zhang et al., 2012). Also, there could be the issue of laser pegging on heavily loaded filters that are analysed for 14C-BC (Khan et al., 2012). This largely depends on the filter collection location (Khan et al., 2012). We have not found any ancillary information on the laser attenuation for the reported 14C-BC values from polluted sites (e.g., Andersson et al., 2015; Fang et al., 2018; Bikkina et al., 2019). This information along with BC recoveries ought to be reported in the publications dealing with radiocarbon-based BC studies for improving transparency in the results. We recommend that filter pre-treatment with water extraction step needs to be incorporated in AT 1 to better tackle the possible charring issue.
We also find a geographical bias in the application of the different techniques, for e.g., in the case of East Asia various ATs have been used to conduct the source apportionment of BC (Liu et al., 2017; Fang et al., 2018; Ni et al., 2018) and in general agree that this is a fossil fuel dominated BC regime, however, in the case of South Asia only AT1 has been applied to different sites over a decade (Bosch et al., 2014; Bikkina et al., 2019; Dasari et al., 2020). There is an acute need to cross-validate these estimates as South Asian BC has a high contribution from biomass burning and AT1 is a technique wherein the fm is likely overestimated.
A few other methods have been also developed for 14C-BC analysis such as the CTO-375 method (Zencak et al., 2007) which is thought to harvest only the most refractory part of EC (soot-EC) and is thus associated with much lower EC recoveries than the thermo-optical analysis, and hydropyrolysis method (Ascough et al., 2009; Zhang et al., 2019) which is believed to avoid the charring effect by using high-pressure hydrogen during the pre-treatment phase. However, the latter remains in infancy in terms of application. A comprehensive inter-comparison exercise is much needed to fully deconvolute the influence of the different approaches on the reported results. Prior to that, suitable (EC) reference materials for 14C analysis on aerosols need to be defined. This is because, presently, only ambient filter samples are used in 14C inter-comparisons where the “true” fm is not known (Liu et al., 2017; Zenker et al., 2017; Huang et al., 2021). Therefore, despite similar or different results, the accuracy of all methods still remains impossible to decide.
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