Direct Generation of DBPs from City Dust during Chlorine-based Disinfection
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Abstract
[bookmark: _GoBack]Chlorine-based disinfectants, such as sodium hypochlorite, are extensively used in our daily lives. In particular, during the recent Covid-19 pandemic and post-pandemic period, excessive amounts of chlorine-based disinfectants were used both indoors and outdoors to interrupt virus transmission. However, the interaction between disinfectants and city dust during the disinfection process has not been sufficiently evaluated. In this study, we conducted a comprehensive investigation into the intrinsic characteristics (e.g. morphology, size, elemental composition, and organic content, etc.) of dust collected from various indoor and outdoor areas. The results showed that the organic carbon content of indoor dust reached 6.14%, with a corresponding measured dissolved organic carbon value of 4.17 ± 0.23 mg/g (normalized to the dust weight). Concentrations of regulated DBPs, resulting from the interaction between dust and NaClO, ranged from 57.78 ± 2.72 to 102.80 ± 22.63 µg/g for THMs and from 119.18 ± 6.50 to 285.14 ± 36.95 µg/g for HAAs (normalized to the dust weight). More significantly, using non-target analysis through gas chromatography quadrupole time-of-flight mass spectrometry (GC-qTOF-MS), we identified a total of 68, 89, and 87 types of halogenated DBPs from three typical indoor and outdoor sites (R-QH, C-JS, and W-BR, respectively). These unknown DBPs included compounds with higher toxicity compared to regulated DBPs. These findings highlight that city dust is a significant source of DBP generation during chlorine-based disinfection, posing potential harm to both the ecological environment and human health.
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Introduction
The outbreak of the COVID-19 pandemic in late 2019, and subsequently, has caused unprecedented harm to public health and the global economy. Similar to many other respiratory viruses, the environment and its associated elements, such as inanimate surfaces and fomites, can serve as underappreciated pathways for the spread of SARS-CoV-2.1-3 Moreover, airborne fine particles were also recently found to promote the budding and dispersal of progeny virions, increasing the occurrence and severity of respiratory virus infection in humans4. In this regard, intensified disinfection measures have been implemented in many countries during the pandemic, involving the extensive use of chlorine-based disinfectants in water/wastewater treatment and the spraying of these disinfectants to sanitize indoor and outdoor public facilities and environments. It is well-known that chlorine-based disinfectants can react with natural organic matter (NOM), leading to the formation of halogenated disinfection byproducts (DBPs). To date, more than 700 types of DBPs have been identified in drinking water treatment field,5,6 including commonly regulated compounds such as trihalomethanes (THMs) and haloacetic acids (HAAs), as well as other DBPs present in low concentrations but exhibiting highly carcinogenic and mutagenic properties, such as N-nitrosamines (e.g., N-nitrosodimethylamine (NDMA)), haloacetonitriles (HANs), and aromatic DBPs.7-10 The occurrence of DBPs during intensified disinfection can have far-reaching impacts not only on human health but also on natural aquatic ecosystems.11
It has been reported that the excessive use of chlorine-based disinfectants during the lockdown period resulted in an increase in residual chlorine levels in some lakes in Wuhan, exceeding 0.4 mg/L.12 This lead to a significant increase in DBPs in surface water.13 Additionally, it was revealed that the total concentration of 35 types of DBPs in the surface water of Wuhan was more than twice that of Beijing during the pandemic, with an average concentration of 8.8 µg/L compared to 4.0 µg/L.14 Normally, in natural aquatic environment, the occurrence of DBPs, especially (semi)volatile species like THMs, is insignificant due to the dilution and fast decay effects.15 However, excessive anthropogenic interferences can undoubtedly result in high levels of DBPs in surface water. As demonstrated in a previous study, in surface waters throughout Turkey, DBPs (four THMs and nine HAAs) reached concentrations as high as 338 µg/L, even with the lowest concentration recorded at 39 µg/L, in the presence of an average DOC (dissolved organic carbon) of 2.58 mg/L.16 
In addition to surface aquatic systems, inhalation could be another potential route for human exposure to DBPs.17 When chlorine-based disinfectants are applied to solid surfaces, they can react with adsorbed or adhered organic compounds, continuously generating DBPs until the disinfectants or organics are depleted.18 Wong et al. further indicated that the use of bleach can increase the presence of both HOCl and Cl2 in the air.19 These compounds can undergo photolysis, which transforms them into volatile reactive species, including the chlorine radical (Cl•) and hydroxyl radical (•OH),20 subsequently initiating a series of reactions that result in the formation of DBPs. A previous study showed that highly disinfected indoor areas (with 100–200 mg/m3 of hypochlorite) resulted in a significant generation of DBPs, reaching levels as high as 66.8 μg/m3.21 In our daily lives, dust and/or particulate matter (e.g., PM10 and PM2.5) are ubiquitous pollutants and are formed from various sources and reactions, resulting in a complex composition.22,23 It was shown that dust inputs can influence the pool of dissolved organic matter in aquatic ecosystem,24 and the total organic carbon of the dust from a provincial capitals in Central China was shown ranged from 6.6 to 70.5 mg/g.25 During indoor or outdoor disinfection processes that involve chlorine-based disinfectants, reactions between the disinfectants and particulate matter are unavoidable. However, the generation of DBPs during this process remains unclear. Understanding the interactions between disinfectants and dust or particulate matter could have significant implications for environmental and human health management. 
In this study, dust samples were collected from 9 deliberately selected areas in Beijing, representing outdoor public and indoor spaces. The investigation focused on the organic compounds present on the surface of dust particles. Specifically, the study examined the interactions between the disinfectant (NaClO) and the organics released during the disinfection process, particularly regarding the formation of disinfection byproducts (DBPs). In addition to analyzing regulated DBPs, the study also conducted measurements of unknown DBPs using gas chromatography quadrupole time-of-flight mass spectrometry (GC-qTOF-MS) for non-target identification. The results demonstrated that city dust and/or airborne particulate matter should be regarded as a significant source of reactive organics during the disinfection process. This source contributes to the generation of potentially harmful DBPs in the environment and emphasizes the importance of considering them as a non-negligible source.

Materials and Methods
Chemicals and Reagents
Standards of trihalomethanes (THMs), including CHCl3, CHBrCl2, CHBr2Cl, and CHBr3, as well as haloacetic acids (HAAs), including BrCH(Cl)COOH, BrC(Cl)2COOH, Br2C(Cl)COOH, Br2CHCOOH, CH(Cl)2COOH, BrCH2COOH, CH2(Cl)COOH, Br3CCOOH, C(Cl)3COOH, were obtained from Sigma-Aldrich (St. Louis, MO), Aladdin (Shanghai, China), or Sinopharm Chemical Reagent Co., Ltd, at the highest purity. Methyl tert-butyl ether (MTBE) and methanol were purchased from Fisher Scientific (Fair Lawn, NJ) at the highest purity. Ultrapure water (18.2 MΩ, Millipore) was utilized throughout the experiments, unless otherwise stated, and other chemicals used were of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd.
Dust Collection
Three representative scenarios, namely public roads (R-QH, R-SM, and R-LD), residential or community areas (C-JS, C-JM, and C-BJ), and indoor spaces (W-BR, W-BD, and W-SN), a total of 9 different places, were selected for dust collection. Significant differences exist among the dust sources from the three represented regions: public roads were more affected by motor vehicles, while community areas were more impacted by daily residential activities. When it comes to indoor spaces, dwelling habits and air quality played a more influential role. A noticeable accumulation of dust was observed on both indoor and outdoor surfaces, particularly following smoggy days. An electric vacuum machine equipped with a collection bag (LydstoH3, China) was employed to collect the dust (Max vacuum: 16 kPa at 112000 rpm). After freeze-drying, the collected dust from each scenario was initially sieved using a coarse sieve (10 mesh) and subsequently stored in vacuum bags within a desiccator until further use.
Characterizations of the Dust
To determine the size distribution of the dust, 0.2 g of dust was mixed with 800 mL of deionized water, and the size distribution was measured using a laser diffraction instrument with a Hydro MU adapter (Malvern Mastersizer 2000, Malvern, UK) at a stirrer speed of 3000 rpm. Thermo-gravimetric differential thermal analysis (TG-DTA) was employed to examine the weight loss of the dust in the temperature range of 25 0C to 900 °C using a TA Instruments (NEJSCH STA 449 F3 Jupiter) instrument, with a heating rate of 10 0C/min. The carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) content of the dust were determined using an organic elemental analyzer (Vario EL CUBE, Elementar, Germany) and XRF.
Fourier Transform Infrared Spectroscopy (FTIR) with a Quest ATR Accessory was utilized to investigate the chemical bonding details of the organics present on the dust (Spectrum TWO, PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS) was performed to obtain spectra of the dust using an ESCALAB 250XI instrument (Thermo Fisher Scientific Co., USA) with Al-Kα radiation (photon energy 1486.6 eV) at 150 W. The binding energies were calibrated using the C (1s) peak (284.8 eV), and curve fitting was conducted using PeakFit software.
For scanning electron microscopy (SEM) observations and energy dispersive X-ray (EDX) analysis, dust samples were affixed to conductive tape, coated with Pt using a sputter coater, and examined using a field emission electron gun scanning electron microscope (Zeiss SUPRA 55, UK).
Simulated Disinfection Process
To examine the presence of organic compounds on the dust, 1 g of dust was placed in a conical flask along with 50 mL of ultrapure water, which was then sealed using Parafilm. The flask was positioned on an oscillator overnight at a moderate frequency to allow sufficient dissolution of the organics. Subsequently, the suspended liquid was filtered using a syringe filter (0.22 µm) before the characterization of the dissolved organics.
For the simulated disinfection, 1 g of dust was initially spread across the bottom of a conical flask. The dust was then evenly moistened by spraying it with approximately 10 mL of a 0.05% sodium hypochlorite solution, a concentration commonly recommended for practical disinfection. The flask was sealed to initiate the disinfection process. To ensure the adequate interactions between the dust and disinfectant, a sufficient reaction time of 12 hours was adopted. Subsequently, 30 mL of ultrapure water was introduced to dissolve the generated DBPs, and ascorbic acid was simultaneously added to halt the ongoing reactions. The resulting supernatant was collected by centrifugation at a speed of 8000 g. The dust was then re-suspended in 30 mL of ultrapure water and subjected to another round of centrifugation. This process was repeated twice, resulting in a total volume of approximately 100 mL of water sample containing the generated DBPs for further measurements.
Characterizations of the Dissolved Organics
Total organic carbon (TOC) analysis was conducted using a TOC analyzer (TOC-Vwp, Shimadzu, Japan). Excitation and emission matrix (EEM) fluorescence measurements were performed using a fluorescence spectrophotometer (F-4600, HITACHI, Japan). Size exclusion chromatography (SEC) was employed to determine the molecular weight distributions of organic matter, with details described in the SI.
Quantitative Analysis of Regulated DBPs
The collected 100 mL water sample containing the generated DBPs was directly used for the extraction and analysis of regulated DBPs. The extraction of THMs followed the United States Environmental Protection Agency (USEPA) Method 551.1. Similarly, the extraction of HAAs followed the USEPA Method 552.3. The extracted DBP samples were then analyzed using gas chromatography with an electron capture detector (GC-ECD) (Clarus 590, PerkinElmer, USA) (See SI for more details). All measurements were performed at least in duplicate, and the results were reported as the mean ± standard deviation.
Non-target Identification of Unknown DBPs
For the analysis of non-target unknown DBPs, a liquid-liquid extraction method was employed. 3 g anhydrous sodium chloride was added to 100 mL of the quenched water sample obtained during the simulated disinfection experiments, to increase the ionic strength. Subsequently, 10 mL of MtBE was added to extract the unknown DBPs. The mixture was vortexed for 10 minutes and allowed to stand for 30 minutes. The MtBE extracts were then collected and dried using anhydrous sodium sulfate. The dried MtBE extracts were further concentrated to 200 µL using high-purity N2 for measurement using GC-qTOF-MS (7890B/7200B, Agilent) (See SI for more detailed information). Dust samples without disinfection were processed and measured using the same protocols and regarded as the control.

Results and Discussion
Morphology and Composition of Dust
SEM images revealed that the dust samples consisted of particles with various shapes and sizes (Figures 1a to 1f), and that the average size of the indoor dust was significantly smaller than the outdoor dust. Furthermore, the surface of the indoor dust appeared crumbly, with spherical and irregular particles agglomerating together (Figure 1f), while the outdoor dust surface appeared relatively rigid, with tiny debris stacked together (Figures 1b and 1d). The size distribution of dust analyzed using a laser diffraction instrument is consistent with the SEM observations (Figures 1g and S1). Dust sourced from the public road exhibited d50 values ranging from 86.22 to 142.71 µm, which were slightly smaller than the dust from the community areas (with d50 values ranging from 111.76 to 185.65 µm). In contrast, the dust collected from indoor spaces had the lowest d50 values, ranging from 25.26 to 37.94 µm. Specifically, the average volume of PM10 and PM2.5 in the indoor dust (16.51 ± 2.92% and 4.37 ± 0.87%, respectively) was significantly larger than that of the public road and residential area (both less than 4% and 1.5%, respectively), indicating a higher percentage of fine particulates in indoor spaces. Previous studies also revealed that the indoor fine particles are mainly introduced through infiltration from outdoors,26 and the higher traffic or human disturbances could suspend the fine particles outdoors into air and therefore a lower proportion of fine particles was observed from the dust collected outdoors.
EDS mapping revealed that the main elements present in the dust were C, O, Si, Ca, Mg, Fe, and Al, with minor traces of Pb and Hg (Figures S2 to S4), revealing the dust is primarily composed of crustal material,27 soil and humic materials,28 and heavy metals.29 The organic composition of the dust was further analyzed using an organic elemental analyzer. The results indicated that dust collected from indoor spaces had the highest weight percentage of carbon (6.14%) but the lowest percentage of hydrogen (0.192%). This could probably results from a higher aromaticity and the presence of graphite-like structures in the indoor dust. As for nitrogen, all dust samples exhibited similar weight percentages ranging from 0.7% to 1.0%. However, dust sourced from indoor spaces showed a significantly higher weight percentage of sulfur (1.114%) compared to that collected from the public road (0.077%) and community area (0.155%). This observation is also in line with the XRF results (Table S1). It is well-known that sulfur in dust is often a result of anthropogenic activities, particularly industrial processes and biomass burning. The particulate matter generated during these processes can travel long distances through the air before finally settling indoors. 
Figure 1
Dissolved Organic Matters from Dust
The investigation of organic matter within the dust involved dissolving the dust in DI water. Consistent with the elemental analysis results, the total organic carbon (TOC) content of the dust collected from indoor spaces was the highest, ranging from 2.69 ± 0.19 mg/g to 4.17 ± 0.23 mg/g (Figure 2a). Similar TOC values were observed for outdoor dust, with maximum values of 0.73 ± 0.23 mg/g for the public road and 0.76 ± 0.02 mg/g for the community area (Figure 2a). Generally, particles with smaller (d50) sizes have larger surface area, resulting in a higher adsorption ability,30 this can contribute to the greater organic content found in smaller-sized indoor dust particles. Size exclusion chromatography (SEC) measurements demonstrated a wide range of molecular weight distribution for the organic matter present in the dust, ranging from approximately 20 kDa to less than 100 Da (Figures 2b and S5). Notably, compared to the outdoor dust, the dust sourced from indoor spaces exhibited a significantly higher abundance of UV-active organics, indicating a higher concentration of aromatic and/or unsaturated organic compounds within the indoor dust. 
Excitation and emission matrix (EEM) spectra further revealed that the dust contained various types of organic substances. These included aromatic protein-like substances (Region I, low molecular weight and aromaticity; Region II, high molecular weight and aromaticity or phenolic compounds), fulvic acid-like substances (Region III), soluble microbial by-product-like substances (Region IV), and humic acid-like substances (Region V) (Figures 2c to 2e, and S6).31,32 The fluorescence intensities of the dust collected from the public road were comparable to those of the community area, indicating similar compositions and concentrations of organic matter (Figures 2c to 2e). However, for the indoor dust, the fluorescence intensities were substantially higher, suggesting elevated concentrations of aromatic organics. As also indicated previously, indoor dust could contain a significant amount of semi-volatile organic compounds originally from the extensively used synthetic organic compounds (e.g. polybrominated diphenyl ethers, di(n-butyl) phthalate, butylbenzyl phthalate, and di(2-ethylhexyl) phthalate, etc.).33 Furthermore, the TOC fluorophores from the indoor space exhibited a red shift, which could be attributed to the presence of more highly substituted aromatic nuclei in the organic matter, indicating a higher degree of aromaticity or a more condensed chemical structure within the indoor dust.34 
Figure 2
Chemical composition of organics on dust
FTIR and XPS techniques were employed to provide further insights into the composition of the dust (Figure 3). The FTIR analysis revealed several characteristic peaks: a broad peak centered around 3433 cm-1 and 1612 cm-1, indicating the presence of strong -OH functionalities; dual peaks at approximately 2927 cm-1 and 2821 cm-1, representing aliphatic C-H stretching; intense peaks in the range of 1700 to 1500 cm-1 could be assigned to vibrations of amide I (C=O), C=C in aromatic rings, and C=O in ketones and/or quinones; bands at 1273 cm-1 and 1378 cm-1, corresponding to the deformation of aliphatic C-H, symmetrical bending of –CH3, or anti-symmetric stretching vibration of –COO- and C–O stretching in carboxylic acids.35 The sharp peaks between 1170 and 1000 cm-1 primarily indicated O-H stretching coupled with C-O bending of C-OH groups in carbohydrates, while the peaks at lower frequencies were attributed to the deformation vibration and bending of Si-O bonds (470 cm-1 and 775 cm-1) and the stretching vibration of C=O in calcite (875 cm-1).36 XPS analysis provided further information (Figures 3c to 3e), revealing that the ratio of aliphatic/aromatic carbon in the dust collected from the public road and community area was similar, approximately 46.76% and 46.45% respectively, and lower than that of the indoor space, which was 51.24% (Table S2). In contrast, the carbon content with higher oxidation states (C=O, O-C-O, and O-C=O) in the indoor space (18.83%) was lower than that in the dust from the public road (24.32%) and community area (25.74%) (Table S2).
The thermal decomposition of the dust under a N2 atmosphere can be categorized into four stages (Figure 3b). The first stage (100-200 0C) typically involves the loss of physically absorbed and chemically bound water from organics or minerals. The second stage (200-400 0C) corresponds to the dehydrogenation and decarboxylation of labile organic matter or the dehydroxylation of minerals. The third stage (400-700 0C) primarily results from the condensation reaction of organic matter, which is a relatively slow charring process, or the depolymerization reaction of complex macromolecules. At temperatures higher than 700 0C, the weight loss is typically associated with the carbonization of high molecular weight hydrocarbons or the decomposition of carbonate-associated inorganic compounds such as calcium carbonate.37-40 It is evident that the dust from indoor spaces exhibited a higher moisture content, indicating that airborne dust particles adhere and settle on indoor surfaces due to elevated indoor humidity. Furthermore, it is apparent that the indoor dust and dust from the public road contained a greater amount of labile organics compared to that of the community area. Additionally, prominent peaks observed at approximately 650 0C and above 800 0C in the indoor dust confirmed the presence of a higher quantity of aromatic hydrocarbons that had undergone thermal polymerization and carbonization processes.40
Figure 3
Generation of Regulated DBPs
The quantification of regulated disinfection byproducts (DBPs), specifically trihalomethanes (THMs) and haloacetic acids (HAAs), was initially conducted using GC-ECD based on standard methods (Figures 4a and 4b). It is evident that the dust sourced from indoor spaces exhibited the highest levels of THMs, ranging from 96.26 ± 3.94 to 102.80 ± 22.63 µg/g (normalized to the dust weight) in total. In comparison, the average THM levels in the dust collected from public roads were lower than those in indoor spaces but higher than those in the community area, with maximum values of 87.09 ± 9.18 µg/g and 57.78 ± 2.72 µg/g, respectively. The generation of HAAs followed a similar trend as THMs but at higher levels, with total values of 227.48 ± 28.00 µg/g, 119.18 ± 6.50 µg/g, and 285.14 ± 36.95 µg/g for R-QH, C-JS, and W-BR, respectively. It is interesting to note that MBAA had a relatively higher proportion compared to other types of HAAs. The bromine element (weight percentage  was measured to be lower than 0.01%, Table S1) in city dust mainly originates from human activities, such as industrial processes and the use of brominated flame retardants in consumer products,41 and the higher percentage of MBAA may result from the conversion of other types of HAAs to MBAA at higher chlorine levels, for example, from BCAA to MBAA.42
By examining the correlation between the DOC (Dissolved Organic Carbon) content of dust samples and the corresponding generation of DBPs (refer to Figures 4c and 4d), we observed that higher DOC content led to increased production of both THMs and HAAs. However, this relationship eventually reached a plateau with further increases in DOC. It is worth noting that during the disinfection process, not only does the DOC content play a role, but other factors like chlorine concentration, contact time, types of DOC, pH, and more can all influence DBP generation. Consequently, the overall generation of DBPs can be restricted by other parameters during the disinfection process, resulting in a saturation phenomenon under certain conditions. Furthermore, it's important to highlight that the generation of HAAs is significantly higher than that of THMs. Previous studies have indicated that hydrophilic organic substances are the primary precursors of THMs, whereas both hydrophilic and hydrophobic organic substances contribute significantly to the formation of HAAs, and hydrophobic acid would produce more HAAs than THMs during chlorination.43,44 This leads to higher HAAs generation, with dust from indoor spaces having the highest potential for generating regulated DBPs, followed by dust from public roads and the community area.
Figure 4
Generation of Unknown DBPs
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK2][bookmark: OLE_LINK3]To gain further insights into the generation of unknown DBPs during the interaction between dust and the disinfectant, GC-qTOF-MS was employed for the non-target identification (Figures 5a to 5c). It is evident that the response of unknown DBPs generated from W-BR was significantly higher than that of R-QH and C-JS, likely due to the higher concentration of generated DBPs. These unknown DBPs exhibited a range of carbon numbers, from 1 to 35, and generally, the types of DBPs decreased as the carbon numbers increased (Figure 5f). By comparing the structures of halogenated DBPs generated from dust obtained from different locations, distinct properties were observed, as depicted in the Venn diagram (Figure 5g). A total of 68, 89, and 87 types of halogenated DBPs were identified from R-QH, C-JS, and W-BR, respectively (Figure 5g, Tables S3 to S5), including some suspected highly toxic compounds like haloacetonitriles, halobenzenes, haloadehydes, and halophenols, etc. Moreover, it was found that the different dust types shared only a small number of identical DBPs (9 types, e.g. chlorodifluoroacetonitrile and p-chloroaniline, as shown in Figures 5d and 5e), with 47, 64, and 66 types of unique halogenated DBPs formed for R-QH, C-JS, and W-BR, respectively (Figure 5g), indicating the heterogeneity of the DBPs precursors from different areas. In contrast, dust without exposure to the disinfection reaction had both significant lower counts responses (one to two orders) and types (28, 11, and 28 types for R-QH, C-JS, and W-BR, respectively) of halogenated organics (Figure S7, Tables S6 to S8), which may have originated from flame retardants, pesticides, and drugs, etc.45,46 
To characterize the redox potential and the number of double bonds in the generated DBPs, the NOSC (Normalized Oxidation State of Carbon) and DBE (Double Bond Equivalent) were employed (Figure 3h, see SI for the calculations), which could also to indirectly reflect the properties of the precursors. It could be observed that organics with NOSC≤0 were more prone to form DBPs compared to those with positive NOSC values (51 out of 68, 74 out of 89, and 54 out of 87 for dust from R-QH, C-JS, and W-BR, respectively). Additionally, more than 73% of DBPs had NOSC values between -1 and +1, indicating that organics with a moderate reductive state were the major contributors to DBP formation, while oxidized compounds with great polarity were less likely to form DBPs.47,48 Furthermore, DBPs with lower DBE (≤5) were found to have a greater presence of substituted halide atoms (≥2) compared to DBPs with higher DBE (>5) (68 vs. 35), suggesting that aliphatic compounds were more likely to form DBPs with multiple halide atoms than unsaturated compounds.49 This is because aromatic DBPs are prone to serve as precursor sources and can undergo a decomposition process (leading to the formation of small aliphatic DBPs during the electrophilic substitution process), via ring opening and cleavage of the side chain during chlorination.9,50 
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Implications for the Environment
Dust is ubiquitous in our daily lives and originates from various sources. Common outdoor sources include soil, vehicle emissions, and industrial emissions, while indoor sources can stem from activities such as cooking, smoking, and the infiltration of outdoor dust. During the recent Covid-19 pandemic and in the post-pandemic period, sodium hypochlorite disinfection has been widely employed to control and mitigate the spread of viruses, for instance in household environments and work place,51,52 health-care facilities,53 hospitals,54 athletic facility,55 food industry,56 etc., and outdoors.57 While large-scale city-wide disinfection spraying is not recommended, surface and localized disinfection is necessary for rapid and efficient pandemic response. This study has revealed that a significant amount of DBPs can be generated during the disinfection process, primarily resulting from reactions between the organic compounds present in dust and the disinfectant used. When chlorine-based disinfectants come into contact with dust, whether suspended in the air or deposited on a surface, a simultaneous dissolution of organic substances from the dust and their reaction with chlorine occurs. This process differs from disinfection in water treatment, where the organics are already present in the water phase and subsequently react with added chlorine. During the reactions between dust and chlorine, the ratio of chlorine to organics is usually high, making the dust a significant source of DBPs, could be referred to as a ‘hot spot’. The types of DBPs generated depend largely on the properties of the organics present on the dust. In aquatic environments (e.g., rivers, lakes, and streams), dissolved organics primarily consist of natural organic matter derived from soil, plants, and animal debris. However, in urban dust, in addition to natural organic matter, a significant amount of anthropogenic organic compounds may be present due to activities like n-alkanes, pentacyclic triterpanes, regular steranes, polycyclic aromatic hydrocarbons, n-fatty acids, n-alkanols, sterols, and levoglucosan, among others.58 Compared to the dissolved organic matter in aquatic environments, which can undergo long-term photochemical and microbial oxidation, the organics on dust may be more hydrophobic. It has been reported that hydrophilic organic substances are primary precursors of THMs, while both hydrophilic and hydrophobic organic substances significantly contribute to the formation of HAAs, and hydrophobic acids tend to produce more HAAs than THMs during chlorination.43,44 Therefore, urban dust can lead to higher HAAs formation as shown above. These formed DBPs can then enter aquatic environments, soil, and the air through various pathways, posing potential threats (cytotoxicity, genotoxicity, and carcinogenesis) to the ecological environments (e.g. to aquatic organisms like phytoplankton, zooplankton, and fish etc.) and/or human health (Figure 6).59 For instance, in an urban environment, the deposition of PM10 road dust varied from 3 to 328 mg/m2.60  This range corresponds to the potential generation of THMs and HAAs, with values ranging from 0.31 ± 0.07 to 33.72 ± 7.44 µg/m2 for THMs and 0.86 ± 0.11 to 93.53 ± 12.12 µg/m2 for HAAs, respectively. Such levels of THMs and HAAs could pose a significant health risk to citizens if they are exposed to and inhale these substances (Figure 6, pathway i). Furthermore, dust itself can lead to a number of detrimental health outcomes, such as pulmonary oxidative damage and systemic inflammation and increase the daily mortality,61,62 while the synergistic effects between inhaled dust and adsorbed DBPs to human health could be more detrimental. 
Figure 6
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK10][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK9]In addition to the regulated DBPs, this study demonstrates that the diversity of unregulated and unknown DBPs is actually much greater than anticipated. These compounds could potentially be more toxic than the regulated DBPs. For example, haloacetonitriles and halobenzenes, such as chlorodifluoroacetonitrile and p-chloroaniline, as mentioned-above (Figures 5d and 5e). These halogenated DBPs have carcinogenic properties and could be highly toxic to aquatic life, with long-lasting effects.63,64 Furthermore, interactions among different types of chemicals in a mixture could be additive, synergistic, or antagonistic.65 Therefore, considering the long-term perspective, the impact of the interactions between dust and disinfectants cannot be overlooked. Furthermore, dust can enter aquatic systems or reservoirs through direct contact at the air-water interface, windblown or rain-washed migration66,67, among other processes (Figure 6, pathway ii). These processes can result in the dissolution of organic compounds present in dust into water bodies, eventually passing into drinking water treatment plants. Subsequently, the residual dissolved organics entering the final disinfection stage can also react with disinfectants to generate undesirable DBPs (Figure 6, pathway iii). Similar to natural organic matter, the composition of dust is complex, and predicting the interactions between dust and disinfectants during the disinfection process, as well as the resulting DBPs, is challenging. Therefore, more attention should be given to this aspect, and comprehensive toxicity assessments from both ecological and human health perspectives should be conducted in future research.

Conclusions
Disinfection is a widely employed strategy in our environment to combat and disrupt virus transmission, particularly during epidemic outbreaks. This study assessed the interactions between urban dust originating from various locations and sodium hypochlorite disinfectant. The findings revealed that city dust can react directly with the disinfectant upon contact, and the quantity of DBPs, such as THMs and HAAs, produced is directly correlated with the organic content in the dust. Non-target analysis utilizing GC-qTOF-MS additionally unveiled a notably greater quantity and variety of halogenated organic compounds and/or DBPs generated following sodium hypochlorite disinfection. These unidentified DBPs could pose greater risks to human health and the ecological environment. In summary, this study demonstrates that urban dust can readily react with chlorine-based disinfectants during the disinfection process, highlighting the need for careful consideration of appropriate measures to address the ensuing consequences before implementing practical disinfection procedures.
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Figure Caption
Figure 1. SEM images of dust collected from R-QH (a, b), C-JS (c, d), and W-BR (e, f), respectively. Size distribution (g) and elemental analysis (h) of the dust collected from the respective areas.
Figure 2. (a) TOC values of dust collected from different places; (b) Apparent molecular weight distribution of dissolved organics on representative dust collected from different areas; (c-e) EEM analysis of the organics contained in the representative dust collected from different areas.
Figure 3. (a) ATR-FTIR spectra of dust collected from different areas; (b) TG and TG-DTG analysis of the representative dust collected from different areas; (c-e) XPS analyses of the organics contained on the representative dust collected from different areas.
Figure 4. Quantitative analysis of the regulated DBPs (i.e. THMs (a) and HAAs (b)) generated from the interaction between the dust sourced from different places and disinfectant (NaClO); (c-d) relationships between TOC of dust samples and the corresponding generated THMs (c) and HAAs (d), shade areas in c, d indicate the 95% confidential bands of the corresponding fitting curve.
Figure 5. Non-target identification of unknown DBPs generated from the dust collected from R-QH (a), C-JS (b), and W-BR (c) during the disinfection using GC-qTOF-MS. The observed mass spectrum, and standard mass spectrum, of chlorodifluoroacetonitrile (d) and p-chloroaniline (e), respectively, using GC-qTOF-MS. Types of DBPs formed during the disinfection stage as a function of carbon numbers (f). Venn diagram of the shared and unique DBPs generated with the dust from R-QH, C-JS, and W-BR during the disinfection process (g). NOSC and DBE of DBPs generated during the disinfection process using dust from R-QH, C-JS, and W-BR (area of circles are proportion to the number of halide atoms) (h).
Figure 6. The direct and indirect effects of the interactions between urban dust and chlorine-based disinfection on human health and the ecological environment.
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Figure 1. SEM images of dust collected from R-QH (a, b), C-JS (c, d), and W-BR (e, f), respectively. Size distribution (g) and elemental analysis (h) of the dust collected from the respective areas.

[image: C:\Research related\RCEES\宋时安\dust pandemic\MS pics\Dust Chlorination-Final version 0919 revised version\Figure 2.jpg]
Figure 2. (a) TOC values of dust collected from different places; (b) Apparent molecular weight distribution of dissolved organics on representative dust collected from different areas; (c-e) EEM analysis of the organics contained in the representative dust collected from different areas.
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Figure 3. (a) ATR-FTIR spectra of dust collected from different areas; (b) TG and TG-DTG analysis of the representative dust collected from different areas; (c-e) XPS analyses of the organics contained on the representative dust collected from different areas.
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Figure 4. Quantitative analysis of the regulated DBPs (i.e. THMs (a) and HAAs (b)) generated from the interaction between the dust sourced from different places and disinfectant (NaClO); (c-d) relationships between TOC of dust samples and the corresponding generated THMs (c) and HAAs (d), shade areas in c, d indicate the 95% confidential bands of the corresponding fitting curve.
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Figure 5. Non-target identification of unknown DBPs generated from the dust collected from R-QH (a), C-JS (b), and W-BR (c) during the disinfection using GC-qTOF-MS. The observed mass spectrum, and standard mass spectrum, of chlorodifluoroacetonitrile (d) and p-chloroaniline (e), respectively, using GC-qTOF-MS. Types of DBPs formed during the disinfection stage as a function of carbon numbers (f). Venn diagram of the shared and unique DBPs generated with the dust from R-QH, C-JS, and W-BR during the disinfection process (g). NOSC and DBE of DBPs generated during the disinfection process using dust from R-QH, C-JS, and W-BR (area of circles are proportion to the number of halide atoms) (h).
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Figure 6. The direct and indirect effects of the interactions between urban dust and chlorine-based disinfection on human health and the ecological environment.
32

image5.jpeg
Types of DBPs

x108 274163
21 A j Component RT: 2.0326
Ly 2
x10 21
0.8 R- QH § 14 76.0464
O
0.6- 0.8+
0.64
04 0.4+
0.2 G 135078 TR g0 o
ol e sz e 1Y% ) i ol i y 6525 000 e (T
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000 32000 34000 36000 38000 40.000 '3-2- %00
Acquisition Time (min) 44
X108 b 274340 -0.6-
21 -0.8+
}g- C-J S A
64 76.0
14 -1.24
124 6 L Y- I
14 50 100 150
0.8-
0.6-
0.4 301888
] 259624 | 28.3486 253373 6: —
me £33 51w gagay O 133185 150050 184637 201921 s e dPURRPE WP\ o | R . C;"W'e'“ RT: 132420
i 1 ) \J \J \J — 1 1 1 1 1 1 1 1 1 1 ! 1 1 L L - _-; 2 b 3 [
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000 32000 34000 36000 38.000 § “01_ N4 127.0164
Acquisition Time (min) 0.8 A
x108- C 16.0045 28.4004 gg- Q
26.1212 ‘” 7 44 %
124 'IBIR- 024 65.0370
135111 24,8472 : 0 e s A
1 18.2212 219117 1 1
201973 -0.2- 650
0.8 -0.44 '
0.6 -0.64
-0.84
5 10.8716 = 1270
0.2 l -1.24 .
i &%&f 5.8771_7.3501 A ll A 19,0627 L == - == 0 D 10 1o 2
ot 1T T | T T T T T T T
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000 32000 34000 36000 38
Acquisition Time (min)
g 18
f [ ]rR-QH I ) 16 ° ® R-QH
] B C-Js 1 o 3
g 14 ] °up ® Cs
Ew- R- . e ® ® W-BR
12 @
W 10 -
m ]
o g
6 o
4 m
1 @
24 @ o
0- o O

5 10 15 20 25 30 35
Carbon numbers NOSC




image6.jpeg
i. Direct ii. Indirect

E 2 2 °
inhalation h “F\ intake
4 | \Y
0 - \ I
& ‘ \ue -'AD \';r ikl
[ e ¥

x A

it. Ecological impacts

x T —
ﬁ . =
5
3 e

Aquatic systems Waterworks





image1.jpeg
120

R-QH - 100
~ W-BR Hﬂﬂ lsg

y FF |60
Fr | _'40
|
il |

Mag= 10.00K X Signal A = SE2

= —
i
S

e el T |
il |H <|‘"’I‘ .muu

1 10 100 1000 10000
Size (um)
W-BR
I |
R-QH
B ' C-JS
|

Weight percentage (%)

- 1,

H

0_
I_
2_
o
co—-l
-
2_
-

C H N

Cumulative volume (%)




image2.jpeg
Qo
U‘

5 - Indoor space < 124 R-QH
- ! = ! - — C-JS
2 41 * W-BR
£, - % 81
O v >
o | 1 5
— > ®)
- . q) ]
{ Public road Community e 4
area ©
14 1 o | e -
] 9’ — A
1 Q0 ] D — ,/J\/\/\—/\——L el
O I—T—] T ’_T—‘-"'-"'_ i L < 0 L LI I I [rer e o T T R |"""-'N "
Q_,\,o 9* 9‘2‘ 0,5“ 032:5 0,59$g, $g, $9\“ 100 10 1 0.1 0.01
¢ <& Apparent Molecular Weight (kDa)
C 450 ; d 450 ; e 450
- 1 ixfix - : C-JS ! W-BRY I >
400 400 - 400 - 50:00
E 350 'E 350- ' 350 - -
S ' < = |
> ' / : > X
W 300- V4 : W 300 4 W 300 -
ey v !
250 AR - - N 250 AR . A 250 1
_ I g S 1 _
200 N : e O o e e A L e 200 e SR : L
250 300 350 400 450 500 550 250 300 350 400 450 500 550 250 300 350 400 450 500 550

EM (nm) EM (nm) EM (nm)




image3.jpeg
a 1612 cm™ 1057 cm™

~~ ]

g | raH

— | RSM

() g

Q | RLD

-

®

2 7 cum

8 C-BJ

fe) 1 C-JS

< -

] 0
| w-sD . /{T\\ e
| wesn - .\ ) 1386 cml e b i1 g
W-BR 2821 cm 470 ém?
g I = N I K X ! T T T T T T
4000 3000 2000 1000
-1
Wavenumber (cm™)

1 RQH . > Observed data 1 C-JS
Aliphatic/ ] Fitting cure 5 | |
aromatic C Aliphatic/

o) 284.48 eV | = 7] aromatic C
3 5 ] 284.48 eV
> =

D - £

C [

2 [0}

= -

280 282 284 286 288 290 292 280 282

Binding Energy (eV)

b 0.5
100 -
4 0.0
~ 90-
=2
Q) —4-0.5
|_
80 A
4-1.0
70 | | | | | _1-5
0 200 400 600 800 1000

» Observed data
Fitting cure

c=0
0-C-0
% . = 287.48eV

284 286 288
Binding Energy (eV)

Temperature (°C)

C

Intensity (a.u.)

L « (Observed data
Fitting cure
Aliphatic/
aromatic C
284.73 eV
Cc-0
C-N
1 28578 eV
: Cc=0
O-C-0
286.53 eV
—

284 286 288 290 292

Binding Energy (eV)

280 282

DTG (%/min)




image4.jpeg
d 125 b s
| [L_] CHBrCI, [ ] CHBr,CI ] CHClI, _ [ JTCAA [ |TBAA [__|DCAA
. [ IMBAA [ |CDBAA[ |MCAA
S 100 o 400+ [ BDCAA
o o
S Ea
s "] s
< <
£ 50 T 200-
o %
: :
O 25- O 100-
0- 0-
) S J
RPN YV PR L ARV LD L L P q M 0% (W 8 (1 (80 (of N
C | — 450
140 ] i’ > 400 - Increasing TOC
Ly ‘L SA 350 - I c
_ f Zaw S
= % | | S = 2501 —o- L5
= 80- ° g V7] T >
> 40 = 2 200- ) 2
= T < }
60 - +) — I ]
T r=0.70 = _ o i
= o R g O 150 - r=0.78 -
40- p=s @ oo p=102x10° &
_ © 1
20 2 50 - 5
] = _ <
O'|'|'|'|'|'|'|'|'|' O'|'|'|'|'|'|'|'|'|'
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0

TOC (mg/g) TOC (mg/qg)




