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Abstract

:

Various chlorine-based disinfectants are being used during the COVID-19 pandemic; however, only a few studies on exposure to harmful gases resulting from the use of these disinfectants exist. Previously, we developed a personal passive air sampler (PPAS) to estimate the exposure level to chlorine gas while using chlorinated disinfectants. Herein, we investigated the color development of the passive sampler corresponding to chlorine exposure concentration and time, which allows the general population to easily estimate their gas exposure levels. The uptake and reaction rate of PPAS are also explained, and the maximum capacity of the sampler was determined as 1.8 mol of chlorine per unit volume (m3) of the passive sampler. Additionally, the effects of disinfectant types on the gas exposure level were successfully assessed using passive samplers deployed in a closed chamber. It is noteworthy that the same level of chlorine gas is generated from liquid household bleach regardless of dilution ratios, and we confirmed that the chlorine gas can diffuse out from a gel-type disinfectant. Considering that this PPAS reflects reactive gas removal, individual working patterns, and environmental conditions, this sampler can be successfully used to estimate personal exposure levels of chlorinated gases generated from disinfectants.
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1. Introduction


Coronavirus disease 2019 (COVID-19), an ongoing global pandemic, had resulted in 170,426,245 confirmed cases, including 3,548,628 deaths worldwide as of 1 June 2021 (WHO Coronavirus (COVID-19) Dashboard, available at https://covid19.who.int/ (accessed on 1 June 2021)). To prevent the transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes COVID-19, cleaning and disinfecting frequently touched surfaces in households and workplaces using disinfectants are highly recommended by the Centers for Disease Control and Prevention (CDC) [1] and the World Health Organization (WHO) [2]. With this current guideline, the demand for disinfectants has increased, resulting in a boosted supply of disinfectants against SARS-CoV-2 [3]. To prevent the improper use of unsafe products and accidental poisoning, the United States Environmental Protection Agency (EPA) and the Ministry of Environment (MOE) of Korea provided a list of approved disinfectants against SARS-CoV-2 with their active ingredients and guidelines for safe use [4,5].



The majority of registered disinfectants for COVID-19 have sodium hypochlorite (NaOCl) as an active ingredient [6]. A sodium hypochlorite solution, generally known as bleach, is an effective disinfectant against a broad range of microorganisms but has low toxicity toward humans [6]. Thus, bleach has been used in a broad range of applications, such as disinfecting surfaces, cleaning bathrooms, sanitizing swimming pools, and laundry bleaching. However, chlorinated gases, such as chlorine (Cl2), hypochlorous acid (HOCl), and chloramines, are generated when chlorinated disinfectants are used [7,8], and these chlorinated gases could be toxic via inhalation, causing diseases, such as asthma, respiratory issues, and lung injury [9,10]. The unsafe use of chlorinated disinfectants (e.g., mixing bleaches with acid solutions) generates high concentrations of chlorine gas, which causes reactive airway disinfection syndrome (RADS) [11,12]. Indeed, there was a sharp increase in the daily number of calls for exposure to disinfectants due to the COVID-19 pandemic in the United States, and bleaches and inhalation accounted for the largest percentage of the increase among all disinfectants and all exposure routes, respectively [13]. In addition, an internal panel survey conducted by the U.S. Department of Health and Human Services reported that many people do not know how to use the bleach solution safely [14], which results in accidental inhalation poisoning caused by chlorinated gases. Thus, it is imperative to estimate personal gas exposure from the use of chlorine-based disinfectants.



Previously, we developed a personal passive air sampler (PPAS) that can be used to effectively determine the exposure level to chlorine gas while using consumer products of chlorine disinfectants [15]. PPAS consists of polydimethylsiloxane (PDMS), a gas-permeable medium, and o-dianisidine, which is doped inside the PDMS sheets. o-Dianisidine is a redox dye that reacts with oxidizing gases, and it clearly changes its color from transparent to green after exposure to chlorinated gases, and the color intensity increases with increasing exposure concentrations and time. The detailed chemical reactions and the color changes after the reaction are shown in our previous study [15]. The PPAS-derived chlorine gas concentration can be calculated from the reduced amount of o-dianisidine by the oxidation reaction with the chlorinated gases and the sampling rate of PPAS determined in the previous study [15]. We also applied the passive samplers to a panel study to estimate the chlorine gas exposure concentration while cleaning residential bathrooms with spray and liquid types of household bleaches [15]. The PPAS-derived chlorine concentrations were determined as 69–408 ppbv (parts per billion by volume) and 148–435 ppbv with spray and liquid-type bleaches, respectively. The PPAS-derived exposure levels were similar to the direct measurements of chlorine gas concentrations generated from bleaches in previous studies [7,8].



Although the PPAS has been successfully developed and applied to a panel study to estimate the personal exposure level of chlorinated gases, color development of the passive samplers based on the exposure level to chlorinated gases was not assessed in detail. In addition, the effects of chlorinated disinfectant types (e.g., liquid, spray, and gel) and dilution of liquid bleach on exposure to chlorine gases were not evaluated. In previous studies, closed chambers were successfully used to calibrate the passive air samplers (e.g., determination of the sampling rate, gas uptake rates, and capacity of the samplers) because the closed chamber can minimize the effects of environmental factors, such as wind velocity and surface contaminations [16,17,18]. Thus, further assessment of the passive samplers deployed in the closed-chamber system is necessary to define the color changes according to the exposure concentrations and time, uptake and reaction rates, and maximum capacity of the samplers.



The objectives of this study were (1) to investigate the color development of the PPAS corresponding to the exposure concentrations and time, (2) to assess the uptake and reaction rate of the PPAS and determine its capacity; and (3) to investigate the effects of disinfectant type (e.g., liquid, spray, and gel) and dilution factors of liquid bleach on gas chlorine exposure.




2. Materials and Methods


2.1. Materials


PDMS was purchased from Specialty Silicone Products, Inc. (Ballston Spa, NY, USA). Liquid-type chlorinated disinfectants (4.00 w/v NaOCl) were obtained from Yuhanrox (Yuhan-clorox Inc., Seoul, Republic of Korea), and spray (~1.7% w/v NaOCl) and gel-type (~1.8% w/v NaOCl) disinfectants were the products of LG Household & Health Care, Ltd. (Seoul, Republic of Korea). o-Dianisidine and NaOCl solution (available chlorine 4.00–4.99%) was obtained from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Personal Passive Air Sampler (PPAS) Preparation


The method for preparing the passive air sampler was described in our previous study [15]. In brief, PDMS sheets with 0.55-mm thickness were cut into 1.5 cm × 1.5 cm, and the PDMS pieces were cleaned using n-hexane and methanol. Then, PDMS was soaked in 0.5 g L−1 o-dianisidine dissolved in a toluene solution over 24 h, followed by removal of the PDMS from the solution and drying for 2 h in a fume hood. Any remaining o-dianisidine on the PDMS surface was cleaned with methanol. The passive sampler patches were prepared by attaching three individual PDMS sheets on a paper using a stapler, as shown in Figure 1b. All passive sampler patches were wrapped with Kimwipes and aluminum foils and stored in plastic bags sealed with vacuum packing until use to prevent any reaction of o-dianisidine with oxidizing gases in the ambient air.




2.3. Measurement of Chlorine Concentration Using Proton Transfer Reaction/Selective Reagent Ionization Mass Spectrometer (PTR/SRI-MS)


To measure the instantaneous concentration of chlorine gas in the chamber (CPTR-MS, instataneous), a proton transfer reaction/selective reagent ionization-mass spectrometer (PTR/SRI-MS, IONICON, Innsbruck, Austria) was employed with O2+ as the selective ion. The instantaneous chlorine concentration was calculated by summation of the PTR/SRI-MS raw response differences between the inside and outside chambers at m/z = 70 (35Cl35Cl−), 72 (37Cl35Cl−, 35Cl37Cl−), and 74 (37Cl37Cl−) and the Cl2 gas calibration curve of PTR/SRI-MS, which is described in detail in our previous study [15]. The time-weighted average concentration of chlorine gas (CPTR-MS,TWA, ppbv) was calculated using Equation (1):


   C  P T R − M S , T W A   =     ∫  0 t  (  C  P T R − M S , i n s t a n t a n e o u s    ( t )  × t )   d t     ∫  0 t  d t    



(1)




where CPTR-MS, instantaneous is an instantaneous chlorine concentration measured by PTR/SRI-MS, and t is the deployment time of the passive samplers in the chamber (h).




2.4. Chamber Study for Estimating Passive Sampler-Derived Chlorine Gas Equivalent Exposure


The chamber design is illustrated in Figure S1. A 125 L acryl chamber was used, and each amount of chlorinated disinfectant was spread or sprayed onto the bottom of the chamber. The passive sampler patches were hung on the top of the chamber and taken out of the chamber at the designated times. Then, each individual passive sampler was placed into 10 mL isopropyl alcohol to extract o-dianisidine from the sampler overnight while waiting for the UV/Vis measurement (instrument model). o-Dianisidine shows maximum absorbance at 305 nm from the UV/Vis measurement of extraction solvents. The oxidized form of o-dianisidine synthesized from the oxidation reaction of o-dianisidine with chlorine (i.e., dianisidine quinonediimine) has a maximum absorbance at 429 nm.



The chlorine mass reacted with o-dianisidine per unit volume of passive samplers (Cs, mol m−3) was calculated as follows:


   C S  =  (   C i  −  C f   )  ×  V E  ×  1   M w    ×  1   V  s a m p l e r     ×  1 2   



(2)




where Ci and Cf are the initial and final concentrations in the extraction solvents (g L−1), respectively; VE is the volume of the extraction solvent (isopropyl alcohol, 0.01 L); Mw is the molecular weight of o-dianisidine (244.30 g mol−1), and Vsampler is the volume of the individual passive sampler (m3).



Then, the time-weighted average chlorine concentration in air obtained from the passive air sampler (Cv,TWA, mol m−3) was calculated using Equation (3):


   C  v , T W A   =    M  s a m p l e d      R s  t   =    C S   V  s a m p l e r      R S  t     ( 3 )  



(3)




where Msampled is the mass of o-dianisidine inside the passive sampler that reacts with chlorine gas (mol), Rs is the sampling rate (0.00253 m3 h−1), t is the deployment time of the passive sampler in the chamber (h), and CS and Vsampler are described in Equation (2). We obtained the sampling rate of the passive sampler using NaOCl solution (available chlorine 4.00–4.99%) spread on the bottom of the 125 L chamber, and more details for calibrating the sampling rate are described in our previous study [15].





3. Results and Discussions


3.1. Color Changes of the Passive Sampler According to Chlorine Exposure Concentration and Time


Instantaneous chlorine gas concentrations generated by spreading 20 mL of NaOCl solution (available chlorine 4.00–4.99%) at the bottom of the 125 L test chamber are shown in Figure 1a. The instantaneous chlorine concentrations were measured using a proton transfer reaction/selective reagent ionization-mass spectrometer (PTR/SRI-MS). The time-weighted average (TWA) chlorine concentrations were also calculated from instantaneous concentration measurements and are shown in Figure 1a. Zero min in Figure 1a indicates 2 h after spreading the NaOCl solution in the chamber and the time point when the passive samplers were deployed in the chamber. As shown in Figure 1a, the chlorine concentration continuously increased and reached 1160 ppbv at 120 min after passive sampler deployment, and the TWA chlorine concentrations ranged from 552 to 878 ppbv. The raw response of PTR/SRI-MS, observed ratios of chlorine isotopes, and instantaneous chlorine concentrations at each time point are presented in Table S1.



Figure 1b shows the color changes of the passive samplers after 5–120 min of deployment in the 125-L chamber and the corresponding TWA chlorine concentration times and exposure time (CT, unit: ppbv min). Green color density significantly increases with increasing CT values, and the color changes can easily be distinguished by the naked eye. According to the occupational safety and health administration (OSHA), the permissible exposure limit of chlorine is 500 ppbv (time-weighted average) [19]. In addition, the acute exposure guideline level 1 (AEGL-1, end point: no to slight changes in pulmonary function parameters in humans) for chlorine was reported as 500 ppbv for 10 min–8 h of exposure [20]. Assuming that inhalation toxicity depends on CT values, Figure 1b shows that exposure times with constant 500 ppb chlorine exposure can be easily estimated by the color changes of the passive samplers. Thus, this passive sampler can be used as an indicator of low levels of chlorine gas exposure generated from consumer products of chlorinated disinfectants without any detection instruments.




3.2. Uptake and Reaction Rate of the Passive Samplers


The passive air samplers used in this study have two main processes: (i) chlorine mass flow from ambient air to the passive sampler and (ii) oxidation of chlorine molecules with o-dianisidines doped inside passive samplers (Figure 2a). Thus, the total mass flux (Ftotal) can be determined by the mass flow rate of chlorine gas diffusion from air to the sampler (Fdiffusion), and the reaction rate of chlorine with o-dianisidine (Freaction). Fdiffusion can be calculated by Fick’s first law, and Freaction can be determined using first-order reaction kinetics, assuming that the reaction is a first-order reaction. The total mass flux (Ftotal) is:


   F  t o t a l   =  V s    d  C s   ( t )    d t   =  1   1   F  d i f f u s i o n     +  1   F  r e a c t i o n       =  1   1   k o   A s   (   C A  −    C s   ( t )     K  S A      )    +  1   k  r e a c    A S   C s   ( t )  δ      



(4)




where CS (t) is the chlorine concentration diffused inside the passive samplers (mol m−3), t is the passive sampler deployment (h), Vs is the volume of the passive sampler (m3), kO is the overall mass transfer coefficient including air and sampler sides (m h−1), AS is the surface area of the passive samplers (2.25 × 10−4 m2), CA is the air-side chlorine concentration (mol m−3), KSA is the partitioning constant of chlorine between the sampler and air, kreac is the first-order reaction-rate constant for the redox reaction of chlorine with o-dianisidine (h−1), and δ is the thickness of the passive samplers (0.005 m).



In the early stage, since the reaction rate is much faster than the diffusion mass flux (Freaction ≫ Fdiffusion), and chlorine concentration in passive samplers are negligible (Cs(t)~0), Equation (4) can be simplified to Ftotal = kOASCA. On the other hand, at the stage when chlorine gas inside the passive samplers reaches the maximum concentration that can react with o-dianisidine, the reaction rate is negligible compared with the diffusion flux (Freaction ≪ Fdiffusion), which results in Ftotal ~ 0. Thus, theoretically, at the initial step, the chlorine mass reacted with o-dianisidine (CS) linearly increases with time, assuming that CA is constant, and finally, it reaches maximum capacity with no CS changes with time. The theoretical uptake and reaction curves of chlorine gas for the passive samplers are shown in Figure 2b.



Figure 2c shows the changes in CS of the passive samplers with time until equilibrium is reached and the effects of a fan on it. It is generally acknowledged that wind around passive samplers decreases the thickness of the air boundary layer, which allows faster diffusion of gas molecules and aerosols [21,22]. As shown in Figure 2b, the experimental reaction and diffusion curve (Figure 2c) follow the theoretical curve (Figure 2b) as well as the theoretical uptake profiles of the passive air samplers for volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs), and explosive vapors [23,24,25]. It is obvious that the chlorine mass transfer rate from air to the passive sampler is faster with a fan than without a fan. However, the maximum CS values reached approximately 1.8 mol m−3 regardless of using a fan, which corresponds to a concentration time (CT) value of 104,000 ppbv min at 3 h (the concentration can be calculated using Equation (4) below). Thus, the maximum capacity of the passive samplers is 1.8 mol m−3, which corresponds to an exposure level of 104,000 ppbv min. To apply passive samplers to CT values above 104,000 ppbv min, the samplers should be modified to increase the surface area.




3.3. Effects of Disinfectant Types on the Chlorine Gas Concentration


Liquid, spray, and gel types are the three most commonly used chlorine disinfectants. Herein, we spread a liquid-type disinfectant with different dilution factors, spray type with different usage amounts, and gel-type disinfectant in a 125-L chamber, which reacted with a redox dye in the passive samplers (CS) and time-weighted average concentration of chlorine gas (Cw,TWA) (Figure 3).



Liquid household bleach typically contains 4–10% sodium hypochlorite (NaOCl), and there are various dilution ratios (from 25 to 500 times dilution) recommended for consumers depending on the purpose of the bleach use. It is generally believed that more diluted liquid bleach can generate a lower chlorine gas concentration. However, as seen in Figure 3a,d, the chlorine gas concentration generated from the original bleach (liquid bleach without dilution) was slightly higher than the gas concentrations from bleach with 50 times and 100 times dilution, and there was no significant difference between the concentration of chlorine gas generated from the 50 times dilution and 100 times dilution bleach. The formation of chlorine gas from a sodium hypochlorite solution strongly depends on the pH of the solution. Undiluted bleach is a strong alkaline solution (11 < pH <13) that minimizes chlorine gas generation. However, once the bleach was diluted, the pH of the solution decreased, generating more chlorine gas. The pH of the undiluted bleach in this study was 12.1, and the 50 times dilution and 100 times dilution bleach had pH values of 10.4 and 10.1, respectively. These decreases in pH can overcome the decrease in total chlorine concentration in bleach by dilution, creating the same level of chlorine gas. With 200 mL of original and diluted liquid bleach, Cs values linearly increased with time, and the time-weighted average air concentration of Cl2 gas after 2 h ranged from 300 to 500 ppbv.



With a spray-type chlorinated disinfectant (~1.7% NaOCl), Cs, Cv, and TWA were significantly affected by the total mass of use (Figure 3b,e). When the spray was used one and five times, CS linearly increased with time until 3 h, and when the spray was used 10 times, CS values reached the maximum capacity. The average Cv,TWA values after 1 h when the spray was used 10 times, 5 times, and 1 time were 947 ppbv, 756 ppbv, and 204 ppbv, respectively. Even though the NaOCl content in the spray disinfectant (~1.7% NaOCl) was significantly lower than that in the liquid-type disinfectant (4.00% NaOCl), the chlorine gas concentration level created by the spray-type disinfectants was higher or similar to that of the liquid bleach, indicating that gas compounds easily diffused out from the small droplets of the spray-type disinfectants.



Finally, a gel-type disinfectant (50.80 g) containing 1.8% sodium hypochlorite was used. As shown in Figure 3c, CS increased with time, with a relatively lower linear increasing rate at the beginning (from 0 to 1.5 h) and a higher increasing rate after 1.5 h. This result implies that components in the gel-type product (e.g., thickener) prevent the diffusion of gases from the product at the beginning. The absorbance of the extraction solution of the passive sampler at 429 nm, which represents the oxidized form of o-dianisidine, clearly shows that a small amount of oxidized o-dianisidine was synthesized, but a significant amount of oxidized o-dianisidine was synthesized after 1.5 h (Figure S2). The average Cv,TWA values ranged from 215 to 301 ppbv (Figure 3f), suggesting that the level of chlorine gas exposure after using a gel-type disinfectant can be similar to the exposure level from liquid bleach, especially those used in enclosed chambers without ventilation.





4. Conclusions


The passive air samplers for detecting chlorine gas while using chlorinated disinfectants effectively developed the color in the TWA chlorine concentrations ranging from 552 to 878 ppbv. We also investigated the uptake and reaction rate of the passive samplers, indicating that the maximum capacity of the samplers is 1.8 mol m−3. In addition, the samplers were successfully applied for estimating the level of chlorine gas concentrations generated from different types (e.g., liquid, spray, and gel) of chlorinated disinfectants.



The personal wearable passive air sampler assessed in this study can reflect the working environment (e.g., temperature, humidity, indoor and outdoor lights, surface contamination, and indoor air quality) and personal working patterns, which are critical factors for estimating exposure to reactive gases. In addition, this brooch-type passive sampler attached near the breathing zone can properly approximate inhalation exposure, as reported in previous studies [26,27]. Furthermore, this passive sampler can prevent accidental inhalation poisoning caused by chlorinated gases because color changes of the samplers can be easily detected with the naked eye.



Considering that the active chlorine form in chlorinated disinfectants varies (e.g., HOCl, NaOCl, Ca(OCl)2, and ClO2), and oxidizing gases generated from the use of these disinfectants are even more diverse, future work is required to test the reactivity of the passive samplers with different chlorinated gases. In addition, using passive samplers, further experiments can be conducted to confirm the importance of indoor environments and personal working patterns on inhalation exposure.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijerph18178940/s1, Table S1: Raw response of PTR/SRI-MS, observed chlorine isotope ratios, and chlorine concentration at each time point shown in Figure 1; Figure S1: Scheme of the chamber design used in this study; Figure S2: UV/Vis absorbance of passive sampler extraction solvent at 305 nm and 429 nm after passive sampler deployment in 125 L chamber with spreading 50.8 g of a gel type of chlorinated disinfectant.





Author Contributions


Conceptualization, Y.H. and J.-H.K.; methodology, Y.H. and Y.K.; investigation, Y.H., Y.K., and J.-H.K.; data curation, Y.H. and Y.K.; writing—original draft preparation, Y.H.; writing—review and editing, J.-H.K.; supervision, J.-H.K.; funding acquisition, J.-H.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Korea Environment Industry and Technology Institute (KEITI) through “Development of methods measuring cumulative exposure to hazardous chemicals under the use of consumer products using passive samplers,” funded by the Korea Ministry of Environment (MOE) (No. 2021002970002).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



CDC. COVID-19: How to Protect Yourself & Others. Atlanta, GA: US Department of Health and Human Services, CDC. Available online: https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/prevention.html (accessed on 1 June 2021).

	



WHO. Preventing and Mitigating COVID-19 at Work; WHO: Geneva, Switzerland. Available online: https://www.who.int/publications/i/item/WHO-2019-nCoV-workplace-actions-policy-brief-2021-1 (accessed on 1 June 2021).

	



Klemeš, J.J.; Van Fan, Y.; Jiang, P. The energy and environmental footprints of COVID-19 fighting measures–PPE, disinfection, supply chains. Energy 2020, 211, 118701. [Google Scholar] [CrossRef]

	



EPA. List N Tool: COVID-19 Disinfectants. Available online: https://cfpub.epa.gov/wizards/disinfectants/ (accessed on 7 June 2021).

	



MOE. Guidelines for Disinfection of COVID-19 and Detailed Guidelines for Safe use of Disinfection Products (Written in Korean). Available online: https://ecolife.me.go.kr/ecolife/bbs/notice/show/2897 (accessed on 7 June 2021).

	



Rutala, W.A.; Weber, D.J. Uses of inorganic hypochlorite (bleach) in health-care facilities. Clin. Microbiol. Rev. 1997, 10, 597. [Google Scholar] [CrossRef]

	



Wong, J.; Carslaw, N.; Zhao, R.; Zhou, S.; Abbatt, J. Observations and impacts of bleach washing on indoor chlorine chemistry. Indoor Air 2017, 27, 1082–1090. [Google Scholar] [CrossRef]

	



Mattila, J.M.; Lakey, P.S.; Shiraiwa, M.; Wang, C.; Abbatt, J.P.; Arata, C.; Goldstein, A.H.; Ampollini, L.; Katz, E.F.; DeCarlo, P.F. Multiphase chemistry controls inorganic chlorinated and nitrogenated compounds in indoor air during bleach cleaning. Environ. Sci. Technol. 2020, 54, 1730–1739. [Google Scholar] [CrossRef]

	



Achanta, S.; Jordt, S.-E. Toxic effects of chlorine gas and potential treatments: A literature review. Toxicol. Mech. Methods 2019, 31, 244–256. [Google Scholar] [CrossRef] [PubMed]

	



Bernard, A.; Carbonnelle, S.; de Burbure, C.; Michel, O.; Nickmilder, M. Chlorinated pool attendance, atopy, and the risk of asthma during childhood. Environ. Health Perspect. 2006, 114, 1567–1573. [Google Scholar] [CrossRef]

	



Racioppi, F.; Daskaleros, P.; Besbelli, N.; Borges, A.; Deraemaeker, C.; Magalini, S.; Arrifta, R.M.; Pulce, C.; Ruggerone, M.; Vlachos, P. Household bleaches based on sodium hypochlorite: Review of acute toxicology and poison control center experience. Food Chem. Toxicol. 1994, 32, 845–861. [Google Scholar] [CrossRef]

	



Gorguner, M.; Aslan, S.; Inandi, T.; Cakir, Z. Reactive airways dysfunction syndrome in housewives due to a bleach–hydrochloric acid mixture. Inhal. Toxicol. 2004, 16, 87–91. [Google Scholar] [CrossRef] [PubMed]

	



Chang, A.; Schnall, A.H.; Law, R.; Bronstein, A.C.; Marraffa, J.M.; Spiller, H.A.; Hays, H.L.; Funk, A.R.; Mercurio-Zappala, M.; Calello, D.P. Cleaning and disinfectant chemical exposures and temporal associations with COVID-19—national poison data system, United States, january 1, 2020–march 31, 2020. Morb. Mortal. Wkly. Rep. 2020, 69, 496. [Google Scholar] [CrossRef]

	



Gharpure, R.; Hunter, C.M.; Schnall, A.H.; Barrett, C.E.; Kirby, A.E.; Kunz, J.; Berling, K.; Mercante, J.W.; Murphy, J.L.; Garcia--Williams, A.G. Knowledge and practices regarding safe household cleaning and disinfection for COVID-19 prevention—United States, May 2020. Wiley Online Libr. 2020, 2946–2950. [Google Scholar] [CrossRef]

	



Ha, Y.; Kim, Y.; Song, E.; Yoo, H.J.; Kwon, J.H. Development of a personal passive air sampler for estimating exposure to effective chlorine while using chlorine-based disinfectants. Indoor Air 2021, 31, 557–565. [Google Scholar] [CrossRef]

	



Tromp, P.C.; Beeltje, H.; Okeme, J.O.; Vermeulen, R.; Pronk, A.; Diamond, M.L. Calibration of polydimethylsiloxane and polyurethane foam passive air samplers for measuring semi volatile organic compounds using a novel exposure chamber design. Chemosphere 2019, 227, 435–443. [Google Scholar] [CrossRef]

	



Bohlin, P.; Audy, O.; Škrdlíková, L.; Kukučka, P.; Vojta, Š.; Přibylová, P.; Prokeš, R.; Čupr, P.; Klánová, J. Evaluation and guidelines for using polyurethane foam (PUF) passive air samplers in double-dome chambers to assess semi-volatile organic compounds (SVOCs) in non-industrial indoor environments. Environ. Sci. Process. Impacts 2014, 16, 2617–2626. [Google Scholar] [CrossRef] [PubMed]

	



Seethapathy, S.; Górecki, T. Polydimethylsiloxane-based permeation passive air sampler. part I: Calibration constants and their relation to retention indices of the analytes. J. Chromatogr. A 2011, 1218, 143–155. [Google Scholar] [CrossRef] [PubMed]

	



Safety, O.; Administration, H. Method ID-101: Chlorine in workplace atmospheres. In Analytical Methods Manual; OSHA: Washington, DC, USA, 1981. [Google Scholar]

	



Council, N.R. Chlorine: Acute Exposure Guideline Levels. In Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 4; National Academies Press (US): Washington, DC, USA, 2004. [Google Scholar]

	



Tuduri, L.; Harner, T.; Hung, H. Polyurethane foam (PUF) disks passive air samplers: Wind effect on sampling rates. Environ. Pollut. 2006, 144, 377–383. [Google Scholar] [CrossRef]

	



Zhang, X.; Brown, T.N.; Ansari, A.; Yeun, B.; Kitaoka, K.; Kondo, A.; Lei, Y.D.; Wania, F. Effect of wind on the chemical uptake kinetics of a passive air sampler. Environ. Sci. Technol. 2013, 47, 7868–7875. [Google Scholar] [CrossRef]

	



Bartkow, M.E.; Booij, K.; Kennedy, K.E.; Müller, J.F.; Hawker, D.W. Passive air sampling theory for semivolatile organic compounds. Chemosphere 2005, 60, 170–176. [Google Scholar] [CrossRef]

	



Bartkow, M.E.; Hawker, D.W.; Kennedy, K.E.; Müller, J.F. Characterizing uptake kinetics of PAHs from the air using polyethylene-based passive air samplers of multiple surface area-to-volume ratios. Environ. Sci. Technol. 2004, 38, 2701–2706. [Google Scholar] [CrossRef]

	



McEneff, G.L.; Murphy, B.; Webb, T.; Wood, D.; Irlam, R.; Mills, J.; Green, D.; Barron, L.P. Sorbent film-coated passive samplers for explosives vapour detection part A: Materials optimisation and integration with analytical technologies. Sci. Rep. 2018, 8, 5815. [Google Scholar] [CrossRef]

	



Wang, S.; Romanak, K.A.; Stubbings, W.A.; Arrandale, V.H.; Hendryx, M.; Diamond, M.L.; Salamova, A.; Venier, M. Silicone wristbands integrate dermal and inhalation exposures to semi-volatile organic compounds (SVOCs). Environ. Int. 2019, 132, 105104. [Google Scholar] [CrossRef]

	



Nguyen, L.V.; Gravel, S.; Labrèche, F.; Bakhiyi, B.; Verner, M.-A.; Zayed, J.; Jantunen, L.M.; Arrandale, V.H.; Diamond, M.L. Can Silicone Passive Samplers be Used for Measuring Exposure of e-Waste Workers to Flame Retardants? Environ. Sci. Technol. 2020, 54, 15277–15286. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 18 08940 g001 550] 





Figure 1. (a) Instantaneous chlorine concentration and time-weighted average (TWA) chlorine concentration (ppbv) in the 125 L chamber after spreading 20 mL NaOCl (available chlorine, 4.00–4.99%) solution. The chlorine concentrations were measured by PTR-MS. (b) Color change of passive samplers after 5–120 min of passive sampler deployment in the 125 L chamber. The table shows CT (TWA chlorine concentration × time, unit: ppbv min) at each time and the exposure time when chlorine concentration was assumed to be 500 ppbv, with permissible exposure limits of chlorine reported by the Occupational Safety and Health Administration (OSHA) and acute exposure guideline 1 (AEGL-1). 
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Figure 2. (a) Diffusion and reaction scheme of the passive sampler and (b) theoretical uptake and reaction curve of chlorine gas for the passive sampler. (c) Changes of Cs (chlorine mass reacted with o-dianisidine per unit volume of passive samplers) with time. Error bars represent the standard deviations of triplicates. 
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Figure 3. Effects of the type of chlorine-based disinfectants on Cs (chlorine mass reacted with o-dianisidine per unit volume of passive samplers) and Cv,TWA (time-weighted average chlorine concentration in air obtained from passive samplers). (a–c) shows how Cs changes with time using liquid bleach, spray-type, and gel-type chlorinated disinfectants, respectively. Dotted lines in (a–c) are linear regressions applied in the range that Cs increased linearly with time. (d–f) shows Cv,TWA using liquid bleach, spray-type, and gel-type chlorinated disinfectants, respectively. Error bars represent the standard deviations of triplicates. 
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