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Size Distribution of Ambient Particulate Matter and Its Constituent Chemical Species Involving Saccharides During Early Summer in a Chinese Megacity
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The ambient particulate matter (PM) pollution adversely influences the human health and natural environment. The size distribution of ambient PM determines the physiochemical and optical properties of ambient aerosol, whereas it reflects the variability in local and regional PM emission sources and formation mechanisms. In the present work, the size distribution and characteristics of the carbonaceous, ionic, elemental, and saccharide species were categorically investigated for the fraction-wise PM in Tianjin during 2018 early summer. The average concentrations were 32.4, 20.9, and 49.3 μg/m3 for the PM1, PM1–2.5, and PM2.5–10, respectively. The coarse PM2.5–10 accounted for most of the PM10 mass (47%), followed by the fine PM1 (33%) and intermodal PM1–2.5 (20%). The carbonaceous and ionic species exhibited bimodal distribution and were distributed mostly to the fine size fraction and then to the coarse size fraction. The elemental species exhibited unimodal distribution and were distributed mostly to the coarse size fraction. The specific saccharide species indicated the significant contribution of biomass burning and primary biogenic emissions. The bimodal mass size distribution of levoglucosan indicated the significant biomass burning contributions to the fine and coarse size fractions. The unimodal glucose, fructose, and arabitol distribution and the bimodal mannitol distribution indicated the dominant primary biogenic contributions to the coarse size fraction. The PM1/PM10, PM1–2.5/PM10, PM2.5–10/PM10, OC/EC, SOC/OC, AE/CE, NO3–/SO42–, K+/EC, and levoglucosan/K+ ratios were used to investigate the characteristics of the ambient size-fractionated PM. The anthropogenic sources (combustion processes, traffic emissions, and secondary particles, etc.) contributed mostly to the fine PM1 and intermodal PM1–2.5 fractions, whereas the natural sources (primary biogenic, marine salt, and mineral dust, etc.) contributed mostly to the coarse PM2.5–10 fraction. This work is a significant addition to the multi-size ambient PM’s size distribution and characterization studies.
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HIGHLIGHTS


-The size-resolved PM (PM1, PM1–2.5, and PM2.5–10) was investigated in Tianjin, China.

-The carbonaceous, ionic, elemental, and saccharide species were categorically investigated.

-The saccharide species indicated the biomass burning and primary biogenic contributions.

-The anthropogenic sources contributed more to the fine and intermodal fractions.

-The natural sources were more evident in the coarse mass fraction.





INTRODUCTION

The ambient particulate matter (PM) pollution is a serious environmental concern, which adversely impacts the human health and natural environment. The ambient PM pollution leads to air quality degradation, haze formation, reduced visibility, climate change, global warming, ecosystem deterioration, and human health risks (Ari et al., 2020; Cesari et al., 2020; Jain et al., 2020). The ambient PM originates from diverse primary sources (anthropogenic and natural), as well as in the form of secondary particles formed by the photochemical processes involving both the anthropogenic and natural precursors (Dai et al., 2019; Zalakeviciute et al., 2020).

The ambient PM is a complex mixture ranging across various diameter sizes having different source origins, formation processes, physiochemical characteristics, and health effects. The ambient PM is constituted of the fine PM1 fraction, intermodal PM1–2.5 fraction, and coarse PM2.5–10 fraction. The PM10 enters the upper respiratory system, the PM2.5 reaches the lower respiratory system involving the alveolar part, and the PM1 crosses the blood–air barrier of the lungs entering the blood system of humans (Samek et al., 2018). The fine PM1 fraction is generally composed of the particles originating from the combustion processes, traffic emissions, industrial emissions, and secondary particles phenomena. The coarse PM2.5–10 fraction is generally composed of the particles originating from the mineral dust, marine salt, biogenic sources, and mechanical processes. The intermodal PM1–2.5 fraction is composed of the particles having both the finer and coarser source origins. The finer particles have a deeper reach and more toxic constituents, leading to more serious health risks, such as cardiovascular diseases, respiratory problems, and more (Liu et al., 2013; Pateraki et al., 2020; Rivas et al., 2020).

Tianjin is China’s major urban center influenced by the ambient PM pollution. The characteristics and sources of the PM10 and PM2.5 were comprehensively investigated in Tianjin (Kong et al., 2010; Tian et al., 2014, 2018; Liu et al., 2020). The characteristics and sources of the PM1 and PM2.5 were recently investigated in China (Zhang et al., 2018; Liang et al., 2019; Khan et al., 2021). The fine PM2.5 and coarse PM2.5–10 fractions were investigated in numerous studies worldwide, such as in Hong Kong, Nigeria, and Australia (Cheng et al., 2015; Owoade et al., 2016; Keywood et al., 2020). The characteristics and associations of the intermodal PM1–2.5 fraction were investigated in Czechia (Kozáková et al., 2018). Most research studies are focused on the characteristics and sources of the PM10 and PM2.5 (Tian et al., 2017; Dai et al., 2018; Hopke et al., 2020).

The specific saccharide species are the chemical markers of biomass burning and primary biogenic emissions. The levoglucosan is a typical marker of the biomass burning (agricultural residue burning, wood combustion, and forest fires, etc.), whereas the glucose, fructose, arabitol, and mannitol are the typical markers of the primary biogenic sources (vegetation, bacteria and viruses, and fungal spores, etc.) (Li et al., 2016; Theodosi et al., 2018; Alvi et al., 2020). The contributions of biomass burning (forest fires, agricultural residue burning, and wood combustion, etc.) are more evident during early summer. The elevated biological activity during early summer leads to more evident primary biogenic contributions (Graham et al., 2003; Waked et al., 2014). Therefore, the size distribution of specific saccharide species may provide valuable information regarding the contribution of biomass burning and primary biogenic emissions to the observed levels.

In the present work, the focus is given on the mass size and chemical characterization of ambient PM in Tianjin, China during early summer. The size distribution and characteristics of the carbonaceous, ionic, elemental, and saccharide species were categorically explored for the fraction-wise PM (PM1, PM1–2.5, and PM2.5–10). The important characteristic ratios of the fraction-wise PM were investigated. This work’s novelty and added value is the combined analysis of specific saccharide species together with carbonaceous, ionic, and elemental species. This work is a significant addition to the size distribution and characterization studies of the ambient PM involving the fine PM1, intermodal PM1–2.5, and coarse PM2.5–10 fractions.



MATERIALS AND METHODS


Site Information

Tianjin is China’s major urban center (megacity) having 11,947 km2 area and above 15 million inhabitants. The sampling location (NKU Air Quality Research Supersite; 38.99°N, 117.33°E) is situated in the sub-urban Jinnan District of Tianjin, China (Figure 1). The sampling site’s height is approximately 5 m above ground and situated in the Jinnan New Campus of Nankai University. The diverse sources of various origins influence the ambient PM pollution here due to the sub-urban location. The biomass relevant and biogenic sources are also more evident here due to the vegetative surroundings.
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FIGURE 1. Sampling site location.


At this site during sampling days, the meteorological conditions of the temperature, the wind speed, and the relative humidity were concurrently monitored. The temperature averaged at 25.6 ± 3.9°C ranging from 17.0 to 32.7°C, the wind speed averaged at 3.1 ± 0.8 m/s ranging from 1.4 to 6.0 m/s, and the relative humidity averaged at 55.8% ± 18.2% ranging from 23.4% to 96.3%. These meteorological parameters exhibited lesser fluctuations during the sampling period, and their influence was lesser on the ambient PM concentrations. The temporal trends of the meteorological conditions (temperature, relative humidity, and wind speed) are presented in Supplementary Figure 1.



Sampling Details

The 23-h daily sampling (9:40 am till the following day at 8:40 am) was carried out for the PM1, PM2.5, and PM10 from May 6th till July 4th during early summer in 2018. During this season, the biomass burning and primary biogenic contributions become more evident due to more frequent biomass burning events and elevated primary biogenic emissions. The China’s Ministry of Ecology and Environment ‘‘Technical Guidelines for Source Apportionment of Atmospheric Particulate Matter’’ were followed for the ambient PM sampling1.

The PM1, PM2.5, and PM10 sample collection was conducted by a Sunray ZR3930 six-channel ambient air PM sampler (Chongrui, Qingdao, China). The 47-mm polypropylene filters (Beijing Synthetic Fiber Research Institute, China) were fitted at the 1st, 3rd, and 5th channels. The 47-mm quartz filters (Pall Life Sciences, United States) were fitted at the 2nd, 4th, and 6th channels. The PM10 samples were collected using the 1st and 2nd channels, the PM2.5 samples were collected using the 3rd and 4th channels, and the PM1 samples were collected using the 5th and 6th channels. An air flow rate of 16.7 L/min was employed for all the channels. The collected samples (placed in the glass boxes) were kept under dark and cold settings at −20°C in a freezer before subsequent chemical analyses.

The electronic microbalance MX5 (Mettler Toledo, Switzerland) having 1 μg precision was used for the gravimetric analysis of sample filters. Under controlled conditions of 50% ± 5% relative humidity and 20 ± 2°C temperature in the balance room, the filters were equilibrated before weighing for 48 h. The filters’ gravimetric analysis was in accordance with the quality controlled procedures for avoiding the probable contamination.



Chemical Analyses

The chemical analyses were carried out for the carbonaceous, ionic, elemental, and saccharide species. The polypropylene filter samples were used for the chemical analyses of the ionic species (Cl–, NO3–, SO42–, Na+, NH4+, and K+) and the elemental species (Al, Ca, Fe, Mg, Si, As, Cu, Mn, Ni, Pb, Ti, V, and Zn). The quartz filter samples were employed for the chemical analyses of the carbonaceous species [organic carbon (OC) and elemental carbon (EC)] and the saccharide species (levoglucosan, glucose, fructose, arabitol, and mannitol).

The carbonaceous species were detected using the carbon analyzer DRI/OGC (Atmoslytic Inc., Calabasas, CA, United States) with TOR (thermal/optical reflectance) IMPROVE protocol. Daily before and after analysis, the calibration within 2% precision was performed for the carbon analyzer. The ionic species were detected using the DX-120 ion chromatography (DIONEX, United States) having the chromatography columns (anion AS22 and cation CS12A). The lower relative standard deviations were ensured by preparing and analyzing the standard solutions for three times, and also the samples’ adequate extraction into solution was ensured by performing all the extractions for three times. The elemental species were detected using the inductively coupled plasma atomic emission spectroscopy (ICP-AES, IRIS Intrepid II; Thermo Electron, United States). The QA/QC (quality assurance and quality control) was ensured by employing the same procedures for the reference standards keeping precision within 5% of the certified values. Please refer to our previous studies for further details about the QA/QC, pre-treatment, and analysis procedures (Tian et al., 2014, 2017, 2018; Khan et al., 2021).

The saccharide species were detected using the HPAEC-PAD employing the Metrohm 940 ion chromatograph (Metrohm AG, Herisau, Switzerland) equipped with an integrated amperometric detector and a 919 professional sample processor. The RCX-30 250 Hamilton column (Hamilton Bonaduz AG, Switzerland) was used for saccharides’ separation. The USP (Rockville, MD, United States) reference standards were used for the standardization of levoglucosan and mannitol. The Dr. Ehrenstorfer (Augsburg, Germany) reference standards were used for the standardization of glucose, fructose, and arabitol. A half quartz filter was dipped in 0.5 ml ultra-pure water for extraction via 40 min ultrasonic agitation. A syringe filter was used for extract purification before transferring it to the sample injector vial for subsequent chemical analysis. All the quartz filters were extracted through this procedure. The sufficient blank tests were performed using the same procedure for calibration and validation of saccharides data. The QA/QC was confirmed by employing the same procedures for the saccharides’ reference standards, and the recovery was within 10% range of the certified values. Please see the relevant studies for standardization, pre-treatment, instrumental settings, and QA/QC details (Iinuma et al., 2009; Li et al., 2016; Khan et al., 2021).

For all constituent species, the PM1–2.5’s concentration values were determined as PM2.5–PM1 values, and the PM2.5–10’s concentration values were determined as PM10–PM2.5 values (Cheng et al., 2015). The statistical summary and temporal trends of the size-wise PM are presented in Supplementary Table 1 and Supplementary Figure 2.




RESULTS AND DISCUSSION


Mass Concentrations

The present ambient PM’s size distribution and characterization study involved the investigation of the fraction-wise PM (PM1, PM1–2.5, and PM2.5–10). The average PM1 concentration was 32.4 ± 17.4 μg/m3 ranging from 13.7 to 93.9 μg/m3, the average PM1–2.5 concentration was 20.9 ± 14.4 μg/m3 ranging from 1.5 to 84.2 μg/m3, and the average PM2.5–10 concentration was 49.3 ± 29.3 μg/m3 ranging from 9.7 to 151.2 μg/m3. The statistical summary of the fraction-wise PM concentrations and chemical compositions is presented in Table 1. The temporal trends of the fraction-wise PM and the PM ratios (PM1/PM10, PM1–2.5/PM10, and PM2.5–10/PM10) are presented in Figure 2.


TABLE 1. Statistical summary of the fraction-wise PM and its chemical compositions.
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FIGURE 2. Temporal trends of the PM1, PM1–2.5, and PM2.5–10 concentrations (μg/m3) and the PM1/PM10, PM1–2.5/PM10, and PM2.5–10/PM10 ratios.


The average PM1/PM10 ratio was 0.33 ± 0.10 ranging from 0.08 to 0.51, the average PM1–2.5/PM10 ratio was 0.20 ± 0.09 ranging from 0.02 to 0.43, and the average PM2.5–10/PM10 ratio was 0.47 ± 0.16 ranging from 0.19 to 0.74. The PM1 constituted 33%, the PM1–2.5 constituted 20%, and the PM2.5–10 constituted 47% of the ambient PM, on average. The PM mass was distributed mostly in the coarse PM2.5–10 fraction, distributed moderately in the fine PM1 fraction, and distributed considerably in the intermodal PM1–2.5 fraction. The statistical summary of the PM ratios is presented in Table 2. The higher PM2.5–10/PM10 average ratio indicated the significant contribution of coarse particles to the PM10 mass concentrations, due to the elevated mineral dust (soil, crustal, and re-suspended dust), mechanical abrasion, and primary biogenic sources (Xu et al., 2019). The moderate PM1/PM10 average ratio indicated the fine PM’s significant anthropogenic combustion, industrial, and traffic sources. The comparatively lower but considerable PM1–2.5/PM10 ratio indicated that the intermodal PM1–2.5 contains particles of both the natural and anthropogenic origins (Kozáková et al., 2018).


TABLE 2. Statistical summary of the fraction-wise PM’s characteristic ratios.
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Chemical Compositions

The ambient PM’s chemical compositions involved the carbonaceous species (OC and EC), the ionic species (Cl–, NO3–, SO42–, Na+, NH4+, and K+), the elemental species (Al, Ca, Fe, Mg, Si, As, Cu, Mn, Ni, Pb, Ti, V, and Zn), and the saccharide species (levoglucosan, glucose, fructose, arabitol, and mannitol). The statistical summary of the fraction-wise PM’s chemical compositions is presented in Table 1.

The PM1’s dominant chemical species (average concentration > 0.5 μg/m3) were the OC (16.46%), SO42– (7.98%), NO3– (7.47%), EC (6.62%), NH4+ (4.94%), and Si (1.93%). The PM1–2.5’s dominant chemical species (average concentration > 0.5 μg/m3) were the NO3– (13.31%), SO42– (8.35%), Si (5.49%), NH4+ (3.98%), and OC (3.02%). The PM2.5–10’s dominant chemical species (average concentration > 1 μg/m3) were the Si (10.54%), NO3– (7.70%), OC (6.15%), Ca (4.98%), Fe (3.32%), Al (3.31%), and SO42– (2.18%). The OC and EC were more abundant in the fine fraction, whereas the Si, Ca, Fe, and Al were more abundant in the coarse fraction. NO3– was more abundant in the intermodal and coarse fractions, whereas SO42– and NH4+ were more abundant in the fine and intermodal fractions. The fine PM1 was mostly composed of the carbonaceous (OC and EC) and ionic (NO3–, SO42–, and NH4+) species, the intermodal PM1–2.5 was more composed of the ionic (NO3–, SO42–, and NH4+) species, and the coarse PM2.5–10 had more elemental (Si, Ca, Fe, and Al) species. NO3–, SO42–, and NH4+ were mainly composed of the secondary inorganic aerosol (SIA). The SIA’s contribution to the total PM mass concentration was 6.60 (20%), 5.37 (26%), and 5.30 μg/m3 (11%) for the PM1, PM1–2.5, and PM2.5–10, respectively. The PM mass reconstruction can provide the contribution of component species to the total PM mass concentration for the PM size fractions. The PM mass reconstruction involved the PM components of organic matter (OM), EC, NO3–, SO42–, NH4+, Cl–, Na+, K+, mineral matter (MM), and trace elements (TE). The TE is the sum of As, Cu, Ni, Pb, V, and Zn. The OM and MM were estimated according to Equations 1, 2 (Tian et al., 2016).
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The component species’ contributions to the total PM mass concentration for the PM size fractions are presented in Supplementary Figure 3. The Pearson correlation coefficients were determined for the fraction-wise PM’s constituent chemical species and are discussed accordingly in the next size distribution section (Supplementary Tables 3–5).



Size Distribution

The size distribution of the ambient PM is an important aspect to be explored. The size distribution involved the concentration and percentage contributions of the constituent chemical species (carbonaceous, ionic, elemental, and saccharide species) to the fraction-wise PM.

The total carbon (TC) refers to the sum of carbonaceous species, the ions refer to the sum of ionic species, and the elements refer to the sum of elemental species. The size distributions and contributions of the TC, ions, and elements (major and trace elements) were investigated for the fraction-wise PM (Figure 3).


[image: image]

FIGURE 3. Size distributions and contributions of the TC, ions, and elements.


The fine PM1’s total species mass was composed of 46% TC, 44% ions, and 10% elements. The intermodal PM1–2.5’s total species mass was composed of 12% TC, 62% ions, and 26% elements. The coarse PM2.5–10’s total species mass was composed of 18% TC, 29% ions, and 53% elements. The fraction-wise PM’s TC, ions, and elements compositions are presented in Supplementary Figure 4. The fine composition had more TC, the intermodal composition had more ions, and the coarse composition had more elements.

The TC distribution was 7.47 (59%), 1.09 (9%), and 4.02 μg/m3 (32%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The ionic distribution was 7.09 (37%), 5.81 (30%), and 6.37 μg/m3 (33%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The elemental distribution was 1.68 (11%), 2.43 (15%), and 11.90 μg/m3 (74%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The TC and ions were mostly distributed in the fine fraction and then in the coarse fraction. The elements were mostly distributed in the coarse fraction and then in the intermodal fraction.

The TC and ions exhibited bimodal distribution peaking at the fine and coarse PM fractions. The elements exhibited unimodal distribution peaking at the coarse fraction, as increased with the increasing PM size. The categorical size distribution for the carbonaceous, ionic, elemental, and saccharide species is explored in the next sections.


Carbonaceous Species

The OC and EC are the carbonaceous species, which mainly indicate the primary combustion sources and some secondary organic particles and primary biogenic sources. The size distributions and contributions of the carbonaceous species were investigated for the fraction-wise PM (Figure 4).
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FIGURE 4. Size distributions and contributions of the carbonaceous species.


The fine PM1’s total carbonaceous mass was composed of 71% OC and 29% EC. The intermodal PM1–2.5’s total carbonaceous mass was composed of 58% OC and 42% EC. The coarse PM2.5–10’s total carbonaceous mass was composed of 75% OC and 25% EC. The fraction-wise PM’s carbonaceous compositions are presented in Supplementary Figure 5. The fine and coarse compositions had significantly higher OC, whereas the EC was more evident in the intermodal composition.

The OC originates from the combustion processes as well as the secondary organic particles and primary biogenic sources, whereas the EC primarily originates from the combustion processes (Liang et al., 2019). The OC and EC generally originate from the primary combustion processes (biomass burning, coal combustion, and traffic emission) in the fine and intermodal mass fractions, whereas the primary biogenic sources mainly contribute to the coarse mass fraction. Dust re-suspension may also enhance the adhesion of OC and EC onto the surface of coarse particles (Martins et al., 2020).

The OC distribution was 5.33 (59%), 0.63 (7%), and 3.03 μg/m3 (34%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The EC distribution was 2.14 (60%), 0.46 (13%), and 0.99 μg/m3 (27%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The OC and EC were mostly distributed in the fine fraction and then in the coarse fraction.

The OC and EC exhibited bimodal distribution peaking at the fine and coarse PM fractions. The OC and EC were strongly correlated in the fine fraction and moderately correlated in the coarse fraction. The OC and EC of the fine fraction had more similar sources, such as the primary combustion and traffic emissions, whereas the intermodal and coarse OC originated mainly from the secondary sources. The combustion sources of OC and EC contributed mostly to the fine fraction than other fractions, whereas the secondary organic particles were more evident in the intermodal fraction. The primary biogenic and re-suspended dust contributions were more evident in the coarse fraction. The combustion sources of OC and EC decreased with the increasing PM size and peaked at the fine fraction, whereas their re-suspended sources increased with the increasing PM size and peaked at the coarse fraction. The OC’s primary biogenic sources increased with the increasing PM size and peaked at the coarse fraction.



Ionic Species

The Cl–, NO3–, SO42–, Na+, NH4+, and K+ are the ionic species, which indicate various secondary and primary contributing sources of diverse origins. The size distributions and contributions of the ionic species were investigated for the fraction-wise PM (Figure 5).
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FIGURE 5. Size distributions and contributions of the ionic species.


The fine PM1’s total ionic mass was composed of 3% Cl–, 34% NO3–, 37% SO42–, 2% Na+, 23% NH4+, and 1% K+. The intermodal PM1–2.5’s total ionic mass was composed of 4% Cl–, 48% NO3–, 30% SO42–, 3% Na+, 14% NH4+, and 1% K+. The coarse PM2.5–10’s total ionic mass was composed of 8% Cl–, 60% NO3–, 17% SO42–, 7% Na+, 7% NH4+, and 1% K+. The fraction-wise PM’s ionic compositions are presented in Supplementary Figure 6. The SIA (NO3–, SO42–, and NH4+) was the major contributor to the total ionic mass for all the PM size fractions.


NO3–, SO42–, and NH4+

The NO3–, SO42–, and NH4+ are the main components of the SIA (Waked et al., 2014). The NO3–, SO42–, and NH4+ mainly originate from the gas-to-particle processes involving precursor gaseous reactions (Xu et al., 2019). The heterogeneous reactions of HNO3 and H2SO4 with the mineral dust or marine salts can enhance the adhesion of NO3– and SO42– onto the surface of coarse particles.

The NO3– distribution was 2.42 (27%), 2.79 (31%), and 3.79 μg/m3 (42%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The SO42– distribution was 2.59 (48%), 1.75 (32%), and 1.07 μg/m3 (20%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The NH4+ distribution was 1.60 (56%), 0.83 (29%), and 0.44 μg/m3 (15%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The NO3– was dominant in the coarse size fraction due to the heterogeneous reactions between the HNO3 and crustal species (mineral dust) or sea salts (marine salt), whereas the SO42– and NH4+ were more abundant in the fine and intermodal size fractions due to the gas-to-particle conversion processes. The average NH4+/SO42– ratios were 0.75, 0.87, and 0.46 for the PM1, PM1–2.5, and PM2.5–10, respectively. The lower NH4+/SO42– ratios indicated the heterogeneous reactions of HNO3 and H2SO4 with the mineral dust or marine salts leading to the NO3– and SO42– formation (Huang et al., 2011). The lower average NH4+/SO42– ratio for the coarse size fraction confirmed dominant NO3– and SO42– formation by the heterogeneous reactions of HNO3 and H2SO4 with the mineral dust or marine salts in the coarse size fraction.

The NO3– exhibited unimodal distribution peaking at the coarse PM fraction, as increased with the increasing PM size. The SO42– and NH4+ exhibited unimodal distribution peaking at the fine PM fraction, as decreased with the increasing PM size. The NO3–, SO42–, and NH4+ were more strongly correlated in the fine and intermodal fractions than in the coarse fraction. Therefore, the NO3–, SO42–, and NH4+ had more similar sources in the fine and intermodal fractions than in the coarse fraction. The secondary sources of the NO3–, SO42–, and NH4+ contributed mostly to the fine and intermodal fractions. The re-suspended contributing sources (adhesion onto the surface of particles) of the NO3– and SO42– were more evident in the coarse fraction. The secondary sources of NO3–, SO42–, and NH4+ decreased with the increasing PM size and peaked at the fine fraction, whereas the re-suspended (resulting from the interactions with MM and marine salts) sources increased with the increasing PM size and peaked at the coarse fraction (Ocskay et al., 2006; Kawamura et al., 2007).



Cl–, Na+, and K+

The Cl– mainly originates from the coal combustion, and the K+ mainly originates from the biomass burning (Wang et al., 2017). The Na+ mainly originates from the marine salt, but is also substantially released during the coal combustion and biomass burning (Zhang et al., 2018). The Cl–, Na+, and K+ are also substantially released during the waste incineration.

The Cl– distribution was 0.23 (23%), 0.23 (23%), and 0.55 μg/m3 (54%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Na+ distribution was 0.15 (21%), 0.14 (20%), and 0.43 μg/m3 (60%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The K+ distribution was 0.10 (39%), 0.07 (27%), and 0.09 μg/m3 (33%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Cl– and Na+ were mostly distributed in the coarse fraction and then in the fine fraction. The K+ was mostly distributed in the fine fraction and then in the coarse fraction.

The Cl–, Na+, and K+ exhibited bimodal distribution peaking at the fine and coarse PM fractions. The Cl– and Na+ were well correlated in the intermodal and coarse fractions. The K+ was well correlated with Cl– and Na+ in the fine and intermodal fractions. Therefore, the Cl– and Na+ had more similar sources in the intermodal and coarse fractions, whereas the K+ had more similar source with Cl– and Na+ in the fine and intermodal fractions. The coal combustion, biomass burning, and waste incineration sources of the Cl–, Na+, and K+ contributed mostly to the fine fraction and then to the intermodal fraction. The marine salt sources of the Cl–, Na+, and K+ were more evident in the coarse fraction. The marine salt sources of Cl–, Na+, and K+ increased with the increasing PM size and peaked at the coarse fraction, whereas their coal combustion, biomass burning, and waste incineration sources decreased with the increasing PM size and peaked at the fine fraction (Van Do et al., 2021).




Elemental Species

The Al, Ca, Fe, Mg, Si, and TE are the elemental species, which indicate various natural and anthropogenic sources of diverse origins. The size distributions and contributions of the elemental species were investigated for the fraction-wise PM (Figure 6).
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FIGURE 6. Size distributions and contributions of the elemental species.


The fine PM1’s total elemental mass was composed of 15% Al, 29% Ca, 10% Fe, 3% Mg, 37% Si, and 6% TE. The intermodal PM1–2.5’s total elemental mass was composed of 14% Al, 17% Ca, 13% Fe, 5% Mg, 47% Si, and 4% TE. The coarse PM2.5–10’s total elemental mass was composed of 14% Al, 20% Ca, 14% Fe, 6% Mg, 44% Si, and 2% TE. The fraction-wise PM’s elemental compositions are presented in Supplementary Figure 7. The Al, Ca, Fe, and Si were significantly higher in all the elemental compositions.

The Al, Ca, Fe, Mg, and Si are the well-known mineral dust indicators, and these mineral dust elements constitute the MM (Martins et al., 2020). The mineral dust elements have both local and regional origins and are mainly associated with soil, crustal, and re-suspended dust (Tian et al., 2018). The TE are the main indicators of anthropogenic sources.

The Al distribution was 0.25 (11%), 0.33 (15%), and 1.63 μg/m3 (74%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Ca distribution was 0.48 (14%), 0.41 (12%), and 2.46 μg/m3 (74%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Fe distribution was 0.17 (8%), 0.32 (15%), and 1.63 μg/m3 (77%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Mg distribution was 0.06 (6%), 0.13 (14%), and 0.73 μg/m3 (80%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Si distribution was 0.63 (9%), 1.15 (16%), and 5.19 μg/m3 (75%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The TE distribution was 0.10 (23%), 0.09 (20%), and 0.26 μg/m3 (57%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Al, Fe, Mg, and Si were mostly distributed in the coarse fraction and then in the intermodal fraction. The Ca and TE were mostly distributed in the coarse fraction and then in the fine fraction.

The Al, Fe, Mg, and Si exhibited unimodal distribution peaking at the coarse fraction, as increased with the increasing PM size. The Ca and TE exhibited bimodal distribution peaking at the fine and coarse PM fractions. The Al, Ca, Fe, Mg, and Si were well correlated in the intermodal and coarse fractions. The mineral dust (soil, crustal, and re-suspended dust) sources of Al, Ca, Fe, Mg, and Si contributed mostly to the coarse fraction and then to the intermodal fraction. The anthropogenic (construction, industrial, and road activities) sources of Al, Ca, Fe, Mg, and Si were more evident in the fine fraction. The mineral dust (MM) contribution increased with the increasing PM size, as the increasing contributions of soil, crustal, and re-suspended dust elements of Al, Ca, Fe, Mg, and Si (Martins et al., 2020). The bimodal TE distribution was due to the contribution of their mineral dust and re-suspended sources in the coarse PM fraction.


Trace elements

The As, Cu, Mn, Ni, Pb, Ti, V, and Zn are the TE, which have lower concentrations and are more toxic mainly indicating anthropogenic origins. The size distributions and contributions of the TE were investigated for the fraction-wise PM (Figure 7).
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FIGURE 7. Size distributions and contributions of the trace elements.


The fine PM1’s total trace elemental mass was composed of 6% As, 21% Cu, 6% Mn, 8% Ni, 11% Pb, 5% Ti, 1% V, and 42% Zn. The intermodal PM1–2.5’s total trace elemental mass was composed of 5% As, 11% Cu, 12% Mn, 4% Ni, 9% Pb, 11% Ti, 1% V, and 47% Zn. The coarse PM2.5–10’s total trace elemental mass was composed of 5% As, 24% Cu, 15% Mn, 3% Ni, 6% Pb, 20% Ti, 1% V, and 26% Zn. The fraction-wise PM’s trace elemental compositions are presented in Supplementary Figure 8. The Cu and Zn were significantly higher in all the trace elemental compositions.

The As, Cu, Mn, Ni, Pb, Ti, V, and Zn mainly indicate the combustion, traffic, and industrial sources and are more toxic in nature (Wu et al., 2007). The Cu mainly indicates the industrial and traffic sources, whereas the V is a good indicator of shipping emissions (Saraga et al., 2019). The Mn and Ti indicate the mineral dust as well as some industrial and traffic sources (Dai et al., 2018).

The As distribution was 6.5 (28%), 4.7 (20%), and 12.1 ng/m3 (52%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Cu distribution was 21.8 (23%), 9.7 (10%), and 61.3 ng/m3 (66%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Mn distribution was 6.5 (12%), 10.5 (19%), and 37.0 ng/m3 (69%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Ni distribution was 8.6 (42%), 3.3 (16%), and 8.4 ng/m3 (42%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Pb distribution was 11.3 (33%), 8.1 (24%), and 15.0 ng/m3 (44%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Ti distribution was 5.5 (8%), 10.4 (15%), and 52.3 ng/m3 (77%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The V distribution was 0.9 (18%), 1.3 (27%), and 2.6 ng/m3 (55%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The Zn distribution was 44.0 (29%), 42.0 (28%), and 66.7 ng/m3 (44%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The As, Cu, Pb, and Zn were mostly distributed in the coarse fraction and then in the fine fraction. The Ni was mostly distributed in the fine fraction and then in the coarse fraction. The Mn, Ti, and V were mostly distributed in the coarse fraction and then in the intermodal fraction.

The As, Cu, Ni, Pb, and Zn exhibited bimodal distribution peaking at the fine and coarse PM fractions. The Mn, Ti, and V exhibited unimodal distribution peaking at the coarse fraction, as increased with the increasing PM size. The Mn and Ti were well correlated with mineral dust elements in the intermodal and coarse fractions, whereas Cu and V in the coarse fraction. The mineral dust sources of Mn and Ti contributed mostly to the intermodal and coarse fractions, whereas their industrial and traffic sources were more evident in the fine fraction. The industrial, traffic, and shipping sources of Cu and V contributed mostly to the fine and intermodal fractions, whereas their mineral dust sources were more evident in the coarse fraction. The As, Ni, Pb, and Zn had various combustion, traffic, and industrial sources for all the PM fractions. The higher contributions of Cu, Mn, Ti, and V in the coarse PM fraction depicted their mineral dust nature with the increasing PM size. The significant contributions of As, Ni, Pb, and Zn in all the PM fractions depicted the anthropogenic contributions in all the PM size fractions.




Saccharide Species

The saccharide species are the levoglucosan, glucose, fructose, arabitol, and mannitol, which indicate the biomass burning and primary biogenic sources. The size distributions and contributions of the saccharide species were investigated for the fraction-wise PM (Figure 8).
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FIGURE 8. Size distributions and contributions of the saccharide species.


The fine PM1’s total saccharides mass was composed of 53% levoglucosan, 11% glucose, and 36% mannitol. The intermodal PM1–2.5’s total saccharides mass was composed of 22% levoglucosan, 42% glucose, 4% fructose, 12% arabitol, and 20% mannitol. The coarse PM2.5–10’s total saccharides mass was composed of 17% levoglucosan, 26% glucose, 11% fructose, 19% arabitol, and 27% mannitol. The fraction-wise PM’s saccharides compositions are presented in Supplementary Figure 9. The levoglucosan was the dominant saccharide species in the fine fraction, and the glucose was more abundant in the intermodal fraction, whereas the mannitol was more abundant in the coarse fraction.


Levoglucosan

The levoglucosan is a well-known biomass burning indicator and is the degradation product of cellulose burning generated during thermal breakdown (Simoneit et al., 1999; Puxbaum et al., 2007). The levoglucosan is released during biomass burning phenomena, such as agricultural residue burning, forest fires, wood combustion, bio-fuel combustion, and bio-waste incineration.

The levoglucosan distribution was 14.7 (37%), 6.1 (15%), and 18.8 ng/m3 (47%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The levoglucosan was mostly distributed in the coarse fraction and then in the fine fraction.

The levoglucosan exhibited bimodal distribution peaking at the fine and coarse PM fractions. The levoglucosan was better correlated with K+ in the fine fraction than in the other fractions. The levoglucosan in the fine fraction can also be influenced by the lignite (coal) combustion, but lesser during summer (Yan et al., 2018). The contributions of biomass burning were more evident in the fine and coarse fractions. The biomass burning particles are generally larger than the particles released during fossil fuel combustion. The bimodal levoglucosan distribution suggested the significant biomass burning contributions (particularly agricultural residue burning) to the fine and coarse fractions during early summer (Wang et al., 2009; Ari et al., 2020).



Primary biogenic saccharides

The glucose, fructose, arabitol, and mannitol indicate the primary biogenic sources, such as vegetation, plant fragments, bacteria and viruses, lichens, vegetative detritus, and fungal spores (Yttri et al., 2007; Theodosi et al., 2018).

The glucose distribution was 3.0 (7%), 11.6 (27%), and 28.4 ng/m3 (66%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The fructose distribution was 1.0 (8%) and 11.4 ng/m3 (92%) to the PM1–2.5 and PM2.5–10, respectively. The arabitol distribution was 3.3 (13%) and 20.9 ng/m3 (87%) to the PM1–2.5 and PM2.5–10, respectively. The mannitol distribution was 9.8 (22%), 5.4 (12%), and 29.4 ng/m3 (66%) to the PM1, PM1–2.5, and PM2.5–10, respectively. The glucose, fructose, and arabitol were mostly distributed in the coarse fraction and then in the intermodal fraction. The mannitol was mostly distributed in the coarse fraction and then in the fine fraction.

The glucose, fructose, and arabitol exhibited unimodal distribution peaking at the coarse fraction, as increased with the increasing PM size. The mannitol exhibited bimodal distribution peaking at the fine and coarse PM fractions. The glucose, fructose, arabitol, and mannitol were better correlated in the coarse fraction. The glucose and fructose refer to the vegetation, plant fragments, and lichens (Jia and Fraser, 2011). The arabitol and mannitol refer to the fungal sources, bacteria and viruses, and decomposed vegetation detritus (Bauer et al., 2008). The primary biogenic sources contributed mostly to the coarse fraction and then to the intermodal fraction. The primary biogenic saccharides are also released during biomass burning, as they are significant constituents of biomass. The unimodal distribution of glucose, fructose, and arabitol suggested the increasing primary biogenic contributions with the increasing PM size. The bimodal mannitol distribution revealed more fungal contributions in the coarse fraction, whereas there were bacteria, viruses, and decomposed vegetation detritus in addition to fungal sources in the fine fraction (Burshtein et al., 2011; Li et al., 2016).





Characteristic Ratios

The fraction-wise PM’s important characteristic ratios were investigated, and their statistical summary is presented in Table 2. The statistical summary of size-wise PM’s characteristic ratios is presented in Supplementary Table 2. The PM1/PM10, PM1–2.5/PM10, and PM2.5–10/PM10 ratios are described in the previous mass concentrations section. The OC/EC, SOC/OC, AE/CE, NO3–/SO42–, K+/EC, and levoglucosan/K+ ratios are discussed below.

The OC/EC ratio is usually employed to determine the sources of carbonaceous aerosols. The OC/EC ratios ranging 0.7–2.4 indicate the traffic emissions, 0.3–7.6 indicate the coal combustion, and 4.1–14.5 refer to the biomass burning (Watson et al., 2001; Sandrini et al., 2014). Moreover, the OC/EC ratios greater than 2.00 indicate the secondary OM presence (Chow et al., 1996). The OC/EC ratio’s temporal trends are presented in Supplementary Figure 10. The average OC/EC ratios were 2.81, 2.74, and 3.66 for the PM1, PM1–2.5, and PM2.5–10, respectively. The lower OC/EC ratios in the fine and intermodal fractions suggested more fossil fuel (coal combustion and traffic emissions) contributions to the fine and intermodal fractions, whereas the biomass burning contributions were more evident in the coarse fraction.

The OC is further made up of the primary OC (POC) and the secondary OC (SOC). The POC is released during the primary combustion and biogenic processes, whereas the SOC formation originates from the photochemical phenomena leading to secondary organic particles (Lim and Turpin, 2002). Equation 3 was employed for the SOC estimation (Turpin and Huntzicker, 1995; Castro et al., 1999).
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Where (OC/EC)pri) is the primary lowest OC/EC ratio observed during the sampling period. The estimated SOC was then used for the SOC/OC ratio to assess the SOC’s contribution to the OC. The SOC/OC ratio’s temporal trends are presented in Supplementary Figure 11. The average SOC/OC ratios were 0.44, 0.90, and 0.62 for the PM1, PM1–2.5, and PM2.5–10, respectively. The SOC contribution to OC was more evident in the intermodal fraction than in the other fractions.

The PM’s ions balance influences the toxicity, morphology, and heterogeneous reactions. The ions balance was calculated by the anion equivalent (AE) and cation equivalent (CE), where AE and CE were estimated by Equations 4, 5 (Tao et al., 2013; Shi et al., 2017).
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The AE/CE ratios above 1.00 suggest the acidic state and below 1.00 suggest the alkaline state of the PM. The AE/CE ratio’s temporal trends are presented in Supplementary Figure 12. The average AE/CE ratios were 0.53, 1.00, and 0.68 for the PM1, PM1–2.5, and PM2.5–10, respectively. The higher AE/CE ratio in the intermodal fraction than in the other fractions suggested more anion-rich and acidic contributions to the intermodal fraction, whereas there were more cation-rich and alkaline contributions to the fine and coarse fractions.

The significance of the mobile vs. stationary particulate nitrate and sulfate sources is generally determined by the NO3–/SO42– ratio (Arimoto et al., 1996). The high NO3–/SO42– ratios indicate more contribution from the mobile sources, and the low NO3–/SO42– ratios indicate more contribution from the stationary sources. The NO3–/SO42– ratio’s temporal trends are presented in Supplementary Figure 13. The average NO3–/SO42– ratios were 0.94, 6.58, and 4.17 for the PM1, PM1–2.5, and PM2.5–10, respectively. The higher NO3–/SO42– ratios in the intermodal and coarse fractions than in the fine fraction suggested more mobile and diverse contributions to the intermodal and coarse fractions, whereas there were more stationary and industrial contributions to the fine fraction.

The fossil fuels combustion and biomass burning contributions are generally assessed by the K+/EC ratio. The K+/EC ratios ranging 0.03–0.09 indicate more fossil fuels contribution and 0.2–0.5 indicate more biomass burning contribution (Tao et al., 2016). The K+/EC ratio’s temporal trends are presented in Supplementary Figure 14. The average K+/EC ratios were 0.05, 0.57, and 0.12 for the PM1, PM1–2.5, and PM2.5–10, respectively. The lower K+/EC ratios in the fine fraction suggested more fossil fuel contributions to the fine fraction, whereas the biomass burning contributions were more evident in the intermodal and coarse fractions.

The types of biomass burning sources are generally determined by the levoglucosan/K+ ratio. The lower levoglucosan/K+ ratios suggest the agricultural residue burning, whereas the higher levoglucosan/K+ ratios suggest different types of biomass burning, such as the softwoods and hardwoods burning. The levoglucosan’s emission rate remains the same during both the smoldering and flaming phases, whereas the K+ emission rate is higher in the flaming phase than in the smoldering phase (Urban et al., 2012). The levoglucosan/K+ ratio’s temporal trends are presented in Supplementary Figure 15. The average levoglucosan/K+ ratios were 0.27, 1.24, and 0.33 for the PM1, PM1–2.5, and PM2.5–10, respectively. The lower levoglucosan/K+ ratios in the fine and coarse fractions than in the intermodal fraction suggested more contributions of the agricultural residue burning to the fine and coarse fractions.




CONCLUSION

This work presents the size distribution and characterization of ambient PM during early summer in Tianjin, China. The size distribution and characterization involved the fraction-wise PM (PM1, PM1–2.5, and PM2.5–10). The fine PM1 constituted 33%, the intermodal PM1–2.5 constituted 20%, and the coarse PM2.5–10 constituted 47% of the ambient PM, on average. The carbonaceous and ionic species exhibited bimodal distribution and were distributed mostly to the fine mass fraction and then to the coarse mass fraction. The elemental species exhibited unimodal distribution and were distributed mostly to the coarse mass fraction. The individual size distributions and contributions of the carbonaceous, ionic, elemental, and saccharide species were categorically explored and investigated.

The mass size distributions of levoglucosan and the levoglucosan/K+ ratio in each size fraction indicated that the different types of biomass burning significantly contributed to both the fine and coarse mode particles. The primary biogenic sources mainly contributed to the coarse size fraction. However, considerable contributions to the fine and intermodal size fractions were observed as indicated by the mass size distributions of glucose, fructose, arabitol, and mannitol. The specific ratios (PM1/PM10, PM1–2.5/PM10, PM2.5–10/PM10, OC/EC, SOC/OC, AE/CE, NO3–/SO42–, K+/EC, and levoglucosan/K+) provide insight into the possible emission sources and formation mechanisms of the ambient aerosol. The anthropogenic sources (combustion processes, traffic emissions, secondary particles, and industrial activities) contributed mostly to the fine fraction and then to the intermodal fraction. The natural sources (primary biogenic, marine salt, mineral dust, and mechanical processes) were most evident in the coarse fraction. This work is a significant addition to the size distribution and characterization studies of the ambient PM involving the fine PM1, intermodal PM1–2.5, and coarse PM2.5–10 fractions.
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