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Abstract

:

Indian cities have some of the poorest air quality globally but volatile organic compounds (VOCs)—many of which adversely affect health—and their indoor sources remain understudied in India. In this pilot study we quantified hundreds of VOCs inside and outside 26 homes in Ahmedabad and Gandhinagar, Gujarat, in May 2019 and in January 2020. We sampled in the morning and afternoon/evening to capture temporal variability. Total indoor VOCs were measured at higher concentrations in winter (327.0 ± 224.2 µgm−3) than summer (150.1 ± 121.0 µgm−3) and exceeded those measured outdoors. Using variable reduction techniques, we identified potential sources of compounds (cooking, plastics [with an emphasis on plasticizers], consumer products, siloxanes [as used in the production of consumer products], vehicles). Contributions differed by season and between homes. In May, when temperatures were high, plastics contributed substantially to indoor pollution (mean of 42% contribution to total VOCs) as compared to in January (mean of 4%). Indoor cooking and consumer products contributed on average 29% and 10% to all VOCs indoors in January and 16% and 4% in May. Siloxane sources contributed <4% to any home during either season. Cooking contributed substantially to outdoor VOCs (on average 18% in January and 11% in May) and vehicle-related sources accounted for up to 84% of VOCs in some samples. Overall, results indicate a strong seasonal dependence of indoor VOC concentrations and sources, underscoring the need to better understand factors driving health-harming pollutants inside homes to facilitate exposure reductions.
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1. Introduction


Poor air quality in India has long been recognized as a threat to human health [1] and the environment [2]. Various measures have been taken to curb air pollution in India [3,4], yet Indian cities remain some of the most polluted in the world. It is estimated that in 2017 alone approximately 1.24 million deaths, or 12.5% of all deaths in the country, were attributable to air pollution [5]. This includes 0.48 million deaths from household air pollution. In 2019, in a focused attempt to improve air pollution in 122 cities, India implemented the National Clean Air Program (NCAP)—a cross-government effort to increase awareness of the dangers of air pollution, to improve monitoring of pollutants (with a focus on particulates), and to build capacity for air pollution management [6]. In part due to this program, the routine monitoring of ambient particulate matter (PM) continues to gain momentum in India. However, ambient and indoor air pollution comprise a complex mixture of pollutants (e.g., particulate matter, ozone, volatile organic compounds [VOCs]) which may contribute to health effects. Few studies have been done to examine speciated VOCs and their related sources [7]; there is a need to expand beyond the often measured benzene, toluene, ethylbenzene and xylene (BTEX) compounds to quantify other compounds that may affect health [7]. Numerous individual VOCs have well-studied associations with adverse health impacts which range from short-term problems (e.g., mild irritation of the mucous membranes) [8] to long-term health issues such as chronic respiratory problems [9] and cancer [10]; these compounds may be just as relevant to human health and the environment as PM. In addition, these compounds may present a greater threat to health in the context of climate change as increases in temperature can lead to increased off-gassing from indoor surfaces [11].



VOCs are defined by the USEPA as organic compounds that, due to their composition, can evaporate under normal indoor atmospheric conditions of temperature and pressure [12]. They have a plethora of anthropogenic sources (e.g., vehicular exhaust, coal combustion, industry, cooking, food, construction materials, and personal care and cleaning products) [13,14,15,16,17] in addition to being emitted by natural sources (e.g., vegetation) [18] and are often measured at higher concentrations indoors than outdoors [19,20,21]. From previous work in the United States, indoor exposures accounted for 66 to 78% of the total exposure to some individual compounds [22]. Furthermore, recent research has shown that the transport of indoor-generated VOCs to the outdoors may play an important role in the formation of secondary organic aerosols [23].



In review papers, researchers have stressed the need for increased work in India to better characterize the air pollution problem, especially due to India’s large population and high population density; with a population of this size, even minor changes in air quality may be devastating at the population level [24,25]. Furthermore, pollutant composition and sources in India may differ from those in other highly polluted regions of the world (e.g., China) due to different cultural practices, infrastructure, and policies (e.g., emission standards, rules about vehicle use, zoning), and differences in the topography, geography and climate that can drive ambient concentrations. This further highlights the need for region-specific research. To date, studies of VOCs in India have tended to focus on specific sources (e.g., petrol stations, petroleum refineries, vehicle, or evaporative emissions) [26,27,28,29,30]. A few studies have sought to characterize pollutants in indoor environments, but have targeted these efforts to kitchens [31,32,33,34], university campuses (e.g., in libraries, dormitories, campus shops) [35,36], or public spaces (e.g., restaurants, shops, shrines, temples) [37], or in other non-residential locations (i.e., a laboratory, a recently renovated central hall in a library, and a room with no apparent sources of VOCs) [34] or have characterized pollutants generated during specific events (e.g., ceremonies) [38,39]. A gap remains in identifying and quantifying VOCs in homes during normal daily activities, and especially in homes that do not rely on the combustion of biomass for cooking and heating. Additionally, little is known about the broad range of compounds that we might expect to encounter in these environments as much of the previous worked has targeted a small subset of compounds or measured total VOCs.



The current project was undertaken in Ahmedabad and Gandhinagar, Gujarat, India, to better understand the complex mixture of pollutants indoors in newer homes in urban India in which biomass combustion is not being used, and to understand how indoor air quality relates to home characteristics and ambient pollutants in this context. We also sought to identify potential sources of compounds at study sites, as understanding these sources and their contributions underpins the development of approaches to improve air quality. We conducted two sampling campaigns—one in the summer (May) and the second in the winter (January) as we expected sources, meteorology, and human behaviours during these periods to differ in ways that would lead to differences in the pollutants measured. During the field campaigns we collected 90-min integrated VOC/aldehyde samples inside and outside homes.




2. Materials and Methods


2.1. General Description of the Study Area


Approximately 31% of the population of India resides in an urban area, with a projected increase to 40% by 2030 [40]. Ahmedabad is the 7th largest city in India (population: ~7.8 million in the metropolitan area) and Gandhinagar (population: 292,797 in 2011), situated approximately 30 km north of Ahmedabad, is the capital of Gujarat state [40]. While the Sabarmati River divides Ahmedabad into older (east) and newer (west) districts, Gandhinagar lies solely on its western shores. The Indian Institute of Technology Gandhinagar, a number of small settlements, and the Gujarat International Finance Tec City (GIFT City) are located on the eastern side of the river, across from Gandhinagar proper. Approximately 60% of electricity in India is derived from the combustion of coal and lignite [41], and there are two coal-fired power plants in the area—one on the northern edge of Gandhinagar and the other on the western side of the Sabarmati River in Ahmedabad (Figure 1). In addition, the southeastern part of Ahmedabad contains expanding chemical and petrochemical industries and a large municipal dumpsite (Pirana) [42]. As in other Indian cities, trash and refuse burning are common here [43]. The local vehicle fleet consists of a mix of cars and jeeps, two- and three-wheelers, buses, trucks, and mid-sized vehicles for personal and public transport, and is upwards of 1.4 million [42]. This area is hot and dry during the summer (March-June), with temperatures often in the 40s Celsius, and cooler during the winter (November-February), with temperatures dropping to ~10 °C at night and rising to the mid-20s °C during the day. There is little to no rainfall during these periods.




2.2. Recruitment and Description of Homes


This study involved sample and data collection at 26 homes in Ahmedabad and Gandhinagar, Gujarat, India. We recruited participating households through the networks of our collaborators and local students working on the project and approached individuals from both cities in order to capture the diverse range of sources in this area. Homes with known smokers were excluded. Twenty homes were initially recruited for the study and sampled in May, and although we aimed to re-sample at these homes in January this was not feasible for all homes; 13 homes were re-sampled and six new homes were recruited for sampling in January. The study was approved by the Duke University Institutional Review Board (Protocol number: 2019-0466).



We sampled in apartments (n = 13; on floors ranging from the first to 10th), and row homes/stand-alone homes (n = 13). With two exceptions (a home on the eastern side of the Sabarmati on the campus of the Indian Institute of Technology Gandhinagar and one in the old city in Ahmedabad), all homes were on the west side of the Sabarmati River. Eight homes were in the Gandhinagar area, and 18 were in Ahmedabad (Figure 1). At the furthest, homes were approximately 30 km from each other. With one exception, homes were built between 1995 and 2019 with two homes newly constructed in the last year. Some homes were in predominantly residential areas somewhat removed from shops and the industrial region while others were located on busier roads and in closer proximity to restaurants, stores, and other commercial buildings. Homes were constructed almost exclusively of burnt brick and concrete with mosaic or tile flooring. The kitchens in the homes were either directly connected to the main living area and had no walls to separate them from the rest of the home or were in a separate room with a doorway to the adjacent room. Cooking in all homes was done with liquefied petroleum gas (LPG) or piped natural gas (PNG), with electricity used in a few homes as a secondary means of cooking. All homes used electricity for lighting, and no homes used any sort of air cleaner, be it a stand-alone device or a filter in an air conditioning unit. In one home, there was a smoker who smoked infrequently (i.e., on a monthly basis) but in all other homes there were no smokers and smokers did not visit the houses frequently (i.e., more than once per week).



Two homes had no air conditioning at all, although the majority had either central heating and air conditioning or a secondary type such as a wall-mounted unit. Sampling, which will be described in greater detail in the next section, occurred in the summer (May) and the winter (January). Of the homes with air conditioning, it was used for between 3 and 20 h/day during monitoring in May (mean: ~9 h/day). All homes had windows and/or exterior doors open for some amount of time during monitoring in May (range: 2–24 h, mean: 11 h). In January, windows and doors were always closed in seven homes and were always open in three; overall, doors and windows were closed more often in winter than in summer (mean: 7 h). Participants reported spending some time (range, May: 10–60 min; January: 0–60 min) sweeping/dusting and/or vacuuming during monitoring. In the majority of homes, no renovations had occurred within the year preceding monitoring although at least one room had been re-painted 12+ months prior in many of the homes. In addition to the two homes that had been built in the year preceding monitoring, rooms in one other home had been painted six months prior to monitoring and had been painted three months prior to winter monitoring in another home. One home was being painted on the days that we sampled in January. Participants in these homes are part of a growing middle class in India.




2.3. Overview of Volatile Organic Compound Sample Collection and Analysis


We conducted sampling at homes between 9 May and 23 May 2019 (temperature: 28–45 °C), and between January 10th and 23rd, 2020 (temperature: ~7–30 °C). There was no rain during either period. We collected 90-min integrated air samples on 2,4-dinitrophenylhydrazine (DNPH) (Sigma-Aldrich, Sternheim, Germany; flow rate 0.3 liters per min [LPM]) and Tenax cartridges (Tenax TA, SKC, Eighty Four, PA, USA; flow rate 0.2 LPM) at all homes using SKC AirChek XR5000 pumps and low-flow constant pressure controllers (SKC Inc., Eighty Four, PA, USA). Samples were collected simultaneously indoors in the main room of the home or in a secondary room and outdoors on a balcony or on the front step of the home with the cartridges situated at approximately breathing height using tripods. Once sampling equipment was set up, we used the time-delay function on the pumps to delay the start of the sample collection until the desired start time (i.e., afternoon/evening or early morning). We collected morning samples in all homes during both seasons and afternoon samples in all homes in January. In May, we collected afternoon samples in a subset of 12 homes selected based on project logistics and equipment and participant availability. Morning sampling began between 5:30 and 7:00 am (one exception: start time of 8:00 am at one home). Afternoon/evening sampling events began between 12:45 and 8:00 pm. We calibrated the flow rates in the homes prior to sampling using a MesaLabs Defender 510. Sample collection volumes were calculated using these flow rates and the duration of sampling, and under the assumption that the flow rate remained stable (or increased/decreased linearly) between the initial and final flow calibrations. Shortly after the samples ran to completion, we returned to the homes to check the final flow rates and to seal the sample cartridges prior to transport back to the laboratory; we kept samples on ice during the return journey. We subsequently kept Tenax cartridges in the freezer and DNPH cartridges in the fridge until completion of the field campaign, at which point we transported all samples to the US for analysis by Underwriters Laboratories Inc. Of 140 pairs (i.e., a Tenax/DNPH pair) of samples attempted, all but two ran for the full 90 min. Seventy-eight pairs of samples (for each indoor and outdoor: 20 in May, 19 in January) were collected in the morning and 60 (indoor: 12 in May, 19 in January; outdoor: 12 in May, 17 in January) were collected in the afternoon/evening. We followed the analytical procedures described in previous publications [44,45]. In summary, Tenax TA tubes were thermally desorbed and analyzed by gas chromatography—mass spectrometry. DNPH cartridges were eluted with acetonitrile and analyzed by reverse-phase high performance liquid chromatography with ultraviolet detection. Many of the targeted compounds have an individual LOQ below 1 µgm−3 for an 18 L sample collection volume, however a handful of chemicals (like 1,4-Dioxane and caprolactam) have LOQs slightly higher than 1 µgm−3. To cover all LOQs, the overall LOQ for the VOC analysis was therefore set to be 2 µgm−3. Quality assurance and quality control measures used, and the laboratory analysis of samples are described in the Supplementary text [46].




2.4. Home Survey


We developed a survey to complement the in-home sampling (the complete survey can be found in the Supplementary text). This was used to elucidate factors and sources that may contribute to the compounds measured and their concentrations in and near these homes. Survey questions were based on those used previously in India, or in studies of volatile organic compounds in homes elsewhere [47,48].




2.5. Statistical Analysis


2.5.1. Overview of Concentrations, Detection Rates, and Differences by Location and Sample Collection Time


We examined concentrations of all compounds to identify those prevalent in this area regardless of sampling location, and to determine which compounds were detected only indoors or only outdoors. In addition, we assessed whether concentrations of compounds differed based on the general time of sampling (e.g., morning vs. afternoon/evening). We assessed seasonal differences in the compounds detected and the concentrations at which they were measured. We calculated total VOCs (TVOC) and conducted the analyses discussed above for TVOC as well to investigate temporal and spatial differences.




2.5.2. Non-Negative Matrix Factorization and Investigation of Pollutant Sources


We used non-negative matrix factorization (NMF), a variable reduction technique, to investigate potential sources of the compounds measured. This method has been described previously [49], as has its application to similar data, for the purpose of source identification [45]. In brief, a matrix of samples by concentrations of compounds measured in each sample is decomposed into two matrices that, when multiplied, roughly approximate the input data. The first matrix contains underlying features (e.g., sources or underlying factors that influence concentrations) and an indication of which compounds define or load most highly onto these features, while the second matrix comprises these same features and the level of expression of each of these features in the individual samples. Feature identification was undertaken by selecting the compounds that loaded most highly onto each of the features and by examining, in the literature from both India and elsewhere, typical sources of these compounds and especially sources that emit these compounds in concert. The temporal and spatial patterns of expression were also used to identify factors (e.g., a factor that is expressed most strongly indoors is unlikely to represent vehicle exhaust but may rather point to indoor sources such as consumer or cleaning products). Source analyses were restricted to compounds detected five times or more above the limit of quantitation (LOQ; 2 µgm−3).






3. Results


3.1. Overview of Compounds Measured


3.1.1. Total Volatile Organic Compounds


TVOCs were higher indoors than outdoors in the morning (paired Wilcoxon signed rank test, p < 0.05) during both seasons (Figure 2). This may be due to a reduction in emissions from some sources overnight (e.g., traffic, industry). In addition, compounds emitted indoors during this time may persist indoors if the home is closed or partially closed overnight. For samples collected in the afternoon/evening, differences between indoor concentrations and outdoor concentrations were not significant at the α = 0.05 level in May (n = 12), although they were significant in January (n = 19). These seasonal differences may result from behavioural differences; in May, temperatures were frequently in the low 40s °C. In most homes the doors and windows were open during the day to encourage airflow and many people were using ceiling fans. These practices likely facilitated the circulation of ambient air indoors, and of indoor air outside leading to more complete mixing of the indoor and outdoor pollutants over the course of the day. This in turn resulted in less distinct indoor-outdoor patterns in these environments than were seen in January, and in our previous work in China [45]. In contrast, during the winter families may have encouraged differences in pollutant concentrations in these two environments to persist over a longer period of time by keeping some or all doors and windows closed.



For both indoor and outdoor sampling, concentrations were lower in the morning than in the afternoon/evening in May, although the opposite was observed in January. In previous work in Ahmedabad, researchers found that biogenic emissions of certain compounds (e.g., isoprene) follow temperature trends [50]. As such, some of the morning/late-day differences observed for May might relate to the increase in temperature that occurred over the course of the day, with temperatures usually dipping to 28 or 29 °C around 6 am and then increasing to 40–43 °C by mid-afternoon. In addition, in the previous work in Ahmedabad there were peaks in VOCs during the morning and evening, with some of these likely relating to traffic [50]. For some VOCs, especially those with outdoor sources, higher concentrations in the morning may relate to changes in boundary layer height and the stagnation of air flow overnight [50]. Similarly, some of the seasonal differences observed (e.g., with higher concentrations observed outdoors during winter sampling than during summer sampling) may relate to seasonal differences in the height of the boundary layer [51].



Lastly, concentrations of TVOCs were generally higher in January than in May. A lower mixing height in the winter may have led to higher concentrations of pollutants during this time. This seasonal difference is also consistent with previous work in India in which pre-monsoon concentrations of TVOC were lower than post-monsoon concentrations due to the high solar radiation in the pre-monsoon period which, indirectly, leads to the degradation of VOCs [52].




3.1.2. Individual Compounds: Prevalence and Temporal and Spatial Patterns


Although nearly 700 compounds were identified in May and nearly 950 were identified in January, only 149 and 380 compounds were measured above the LOQ in May and January, respectively. These compounds will be the focus of our analyses, with particular emphasis on compounds measured five times or more (n = 69, Table S1). Indoors, 381 compounds were detected at least once and outdoors, 181 compounds were detected at least once. Similar to what we observed in China during a study employing the same methods, some compounds were nearly ubiquitous across homes [45]; acetaldehyde was measured in all samples and formaldehyde was measured in all but one sample. In addition, 2,2,4,6,6-pentamethylheptane was measured in all samples in January, and in 72% and 84% of indoor and outdoor samples, respectively, in May.



As expected, there were also differences in the compounds that were measured by location, pointing to unique sources in these environments; 258 compounds were measured indoors but never outdoors and 58 were measured outdoors but never indoors. In Figure 3, we highlight the overlap between compounds detected at different times of day, in the two seasons, and indoors versus outdoors. While 20 compounds were measured in all sampling groups (with a sampling group defined by season, location, and time of day, e.g., all samples measured indoors, in the morning, in May; n = 8 total sampling groups), there were many compounds that were unique to each group. As a group, samples collected indoors in the morning in January had the highest number of compounds detected (n = 249) with 99 compounds measured exclusively in this sampling group. This may result from many families keeping their doors and windows closed overnight in the winter leading to a buildup of compounds during this time.



The diversity of compounds measured and the differential overlap between sampling groups (Figure 3) illustrate the complexity of air quality in these environments; a wealth of sources exists indoors, and the range of compounds measured indoors far outstrips those measured outdoors. Lastly, this highlights the importance of considering seasonal and diurnal effects when assessing air quality. To further investigate these differences by season, sampling time, and sampling location, we used paired Wilcox exact tests to determine whether, for compounds that were measured in two sampling groups, the differences in the concentrations were significant. For each comparison, a subset of compounds had statistically significant differences at the α = 0.05 level; the results of these tests are provided in Table 1. These comparisons were done for all compounds but only the compounds with statistically significant differences are listed in Table 1. For indoor samples, differences by time of day in May could be attributed to greater cooking activity prior to or during the afternoon/evening session than during the morning sampling session as aldehydes including decanal and nonanal have been previously identified as compounds emitted during rice cooking [53]. Temporal differences in ambient compounds may relate, in part, to diurnal patterns of vehicle traffic. In additional Ahmedabad-based work, researchers have shown that there is large diurnal and day-to-day variation in the concentrations of individual VOCs. In the aforementioned work the concentrations observed were bi-modal, with morning (8–10 h) and evening (18–21 h) peaks for compounds with anthropogenic sources and with slightly delayed peaks (from 10–12 h) for acetone and acetaldehyde, pointing to their photochemical generation from primary emissions [54]. In our work, seasonal differences likely relate to changes in the sources themselves (i.e., there is likely to be more heating occurring during the winter, and the products used in these two seasons might differ) and to the behaviours of families (i.e., window/door opening; fan use). Some differences might also be attributable to seasonal environmental factors (e.g., strength and direction of prevailing winds). Patterns of the compounds measured and identification of possible sources of these compounds are discussed in greater detail in Section 3.2.




3.1.3. Hazardous Compounds


Of the compounds measured above the LOQ, 46 present a potential inhalation health risk as outlined by the California Office of Environmental Health Hazard Assessment (OEHHA) [55], the International Agency for Research on Cancer (IARC) [56], and/or the US EPA’s Integrated Risk Information System (IRIS) [57] (Table S1). All but one of these compounds were measured indoors. Two of these compounds—benzene and formaldehyde—are known human carcinogens (i.e., IARC Group 1 compounds). Two others—N,N-dimethylformamide and styrene—are probable human carcinogens (Group 2A compounds under IARC) and nine compounds (acetaldehyde; naphthalene; 1,4-dichlorobenzene; 1,4-dioxane; methyl isobutyl ketone; cumene; benzofuran; ethylbenzene; benzophenone) are possible human carcinogens (i.e., IARC Group 2B compounds). The health effects of exposure to compounds listed in the OEHHA database range from acute effects such as nausea, dizziness, headache, and respiratory and eye irritation to longer-term reproductive and developmental effects [55]. It is of particular concern that for a number of these compounds (e.g., formaldehyde, toluene) the concentrations measured inside exceed those measured in ambient air.



Acetaldehyde and formaldehyde were two of the most prevalent hazardous compounds measured indoors in our study and in previous work. The median and maximum concentrations of acetaldehyde measured in our study were comparable to those measured in Los Angeles in the fall (our study—median [max.], winter: 10.57 [23.88] µgm−3; summer: 9.02 [28.15] µgm−3; Los Angeles—median [max.]: 8.6 [23] µgm−3), although the concentrations measured in Los Angeles in the winter were slightly higher than ours (median [max.]: 15 [36] µgm−3) [58]. From this same study, the maximum concentrations measured in New York in both the summer and winter exceeded those measured in either season in our study, although the median values were only slightly higher than ours (median [max.], winter: 14 [54] µgm−3; summer: 11 [92] µgm−3). Our concentrations were lower during both seasons than the concentrations we measured indoors using the same methods in Shanghai, China (13.9 [207.9] µgm−3) [45]. In general, our concentrations overlap with those measured by others sampling at homes in Europe and the United States, although the maximum concentrations in other studies were higher than those measured in the current work [59].



In 2010, based on studies of exposure to formaldehyde and the associated health effects, the World Health Organization established an indoor air quality guideline for short- and long-term exposures to formaldehyde; the guideline was set at 0.1 mgm−3 for all 30-min periods at lifelong exposure. Median concentrations in our study fall well below this guideline value, although concentrations at some individual homes (n = 3 instances; 2 homes) were higher. Further, a 2010 review of formaldehyde in the indoor environment highlighted how variable the concentrations of this compound can be even in indoor environments—in a number of studies, concentrations were in the single digits but in kitchens in Turkey they were as high as 2086 µgm−3 [60]. Concentrations indoors in our study in May (median [max.]: 22.73 [211.82] µgm−3) exceeded those measured in a study in New York (winter: 12 [22] µgm−3; summer: 19 [51] µgm−3) and Los Angeles (winter: 18 [59] µgm−3; summer: 15 [32] µgm−3) [58]. Although they were much higher than concentrations measured in classrooms in Sweden (<5–10 µgm−3) [61], our maximum concentrations were comparable to those measured in homes in Australia (mean [max.] in child’s bedroom: 30.2 [224] µgm−3; mean in living room: 27.5 [189.7] µgm−3) [62]. In the current work, concentrations in India in May and the median concentration in January (25.85 µgm−3) were slightly higher than what we measured indoors in the spring in China (17.9 [137.5] µgm−3). Overall, our concentrations are not drastically different than those measured previously indoors, and instead further reflect variability between concentrations in indoor spaces already recorded in the literature. Understanding and quantifying this variation—with some homes exceeding guideline values for harmful pollutants although, on average, homes did not—is critical when thinking about how to limit exposure to these harmful pollutants.



Naphthalene was measured indoors in 47% of samples in May and in 84% of samples in January. In addition, the maximum values measured were quite high (109.21 µgm−3 in May and 140.89 µgm−3 in January). These values far exceed the WHO guideline value of 10 µgm−3 for annual average concentrations [63]. The use of mothballs in the home might explain the naphthalene measured in some homes—the home with the highest concentration in January reported always using mothballs—but it does not explain all the variations observed as, for example, the home with the highest concentrations in May reported never using mothballs. Naphthalene is also used in some paints and in some other pesticides [63].



Lastly, benzene—detected in 65% of indoor samples in our previous work employing the same sampling strategy in China—was detected in 6% and 87% of indoor samples in May and January, respectively, in the current study. This further illustrates the importance of understanding geographic and temporal variation in the prevalence and concentrations of these health-relevant compounds.





3.2. Source Identification Using Non-Negative Matrix Factorization


Given the complexity of the data, we used non-negative matrix factorization—a variable reduction tool—to identify compound groupings that may represent sources or point to factors (e.g., environmental conditions) that affect compound emissions. With data from both seasons combined (n = 138 samples), restricting to compounds measured above the LOQ five times or more (n = 69), and based on adjusted Eigenvalues >1, we extracted ten underlying features from the data set which explained approximately 64% of the variance in the data. As has been pointed out previously, while these clusters or factors represent one solution to the matrix decomposition, this is not the only solution [64]. Our identification of the factors followed from an examination of the sampling locations (e.g., indoor or outdoor), times (e.g., morning or afternoon/evening) and seasons during which these factors were expressed most strongly (Figure S1, Figure 4 and Figure 5), combined with the compounds that loaded most highly onto each of the factors. Factor interpretations are outlined in the following sections.



3.2.1. Factor 1: Cooking


This factor was represented more in indoor than outdoor samples, although it was present in both. It had higher loadings in January than in May, and was defined by high loadings of butanal, ethylbenzene, naphthalene, diethyl phthalate and hexanal. All of these compounds have been associated with rice [65], and a few are associated with cooking with oils at high temperatures [15]. Seasonal differences in this factor may relate to differences in how open the homes were during these periods, allowing for more (May) or less (January) dispersion of the compounds emitted during cooking activities indoors. Outdoor samples with high expression of this factor may indicate contributions from street vendors or individuals cooking outdoors, as both were commonly observed. It is also possible that some of the compounds emitted indoors migrated outdoors during the cooking process if the windows or doors were open.




3.2.2. Factor 3: Vehicle-Related


This factor was represented more outdoors than indoors, and in the afternoon/evening than in the morning. It was stronger in May than in January. Compounds defining this factor include 2-methylpentane, 3-methylpentane, methylcyclopentane, hexane, acetone and 2-ethyloxetane. Some of these compounds have been measured in the exhaust of 2-wheelers [66], which were commonplace in the streets near these homes, while others have been measured in vehicle exhaust in general [67]. These profiles—with some representation indoors—point to the ability of ambient pollutants to infiltrate homes, especially when doors and windows remain open for extended periods of time (e.g., in May). Although benzene is often associated with gasoline and vehicles, there has been a push to remove benzene from gasoline in India; it is thus not surprising that benzene does not load as highly onto these vehicle-related factors as might be expected in other locations or as would have been expected in the past [68].




3.2.3. Factor 7: Vehicle-Related


Similar to factor 3, this factor was strongest outdoors, although it was also measured indoors in May. It had little representation indoors in January, when we expect homes to be better sealed than in the summer. It was associated most strongly with unresolved hydrocarbons, propanal, and benzaldehyde, which have been measured at petrol pumps in Kolkata, India [69]. Although this factor and factor 3 both appear to be related to the emissions of vehicles, it is possible that the differences highlight a shift in the vehicle fleet over the course of the day, or that this factor relates partly to activities taking place at/emissions from vehicle refueling stations.




3.2.4. Factor 8: Plastics


This factor was identified predominantly indoors in May, although it was still detected indoors a number of times in January. It was seldom detected outdoors in either season. Compounds common to this factor include di-isobutyl phthalate and diethyl phthalate—plasticizers which have been measured in dust in homes, child-care facilities and salons in the United States [70]—and 2-ethyl-1-hexanol, which is produced by the microbial degradation of plasticizers [71]. Plasticizers are generally used to make products more flexible and the phthalate class of compounds is widely used to this end [72]. This factor also had high loadings of (1R)-1,7,7-trimethylbicyclo [2.2.1] heptan-2-one (aka D-camphor) and pentadecane; pentadecane and camphor isomers have been associated with plastic products [73]. Octanal also loaded highly onto this factor. This factor may relate to the off-gassing of plastics, which may occur more readily at the high temperatures observed in May than in January.




3.2.5. Factor 9: Consumer Products


This factor had low representation in general, but was highest indoors, in the morning, in January. It had high loadings of octane; camphor; hexanoic acid; 1,4-dichlorobenzene; methanol. oxo-. benzoate; and D-limonene. Camphor and limonene have been associated with fragranced consumer products [13,74]; hexanoic acid has been associated with odors, including from latrines and farms with livestock [75], and measured in trace amounts in seaweed collected in Tamil Nadu, India [76]; and 1,4-dichlorobenzene is sometimes emitted from mothballs, essential oils, and other consumer products [36]. These compounds may point to the use of consumer products during the winter, and the fact that compounds may be more likely to linger indoors during the winter if the home is closed.




3.2.6. Factor 10: Siloxane Source


This factor was expressed almost exclusively outdoors, during the later-day sampling sessions in May. Siloxanes (hexadecamethyl-cyclooctasiloxane [D8], dodecamethyl cyclohexasiloxane [D6], and tetradecamethyl-cycloheptasiloxane [D7]) loaded most highly onto this factor. Siloxanes including D6, D7, D8 and decamethylcyclopentasiloxane (D5) have been measured previously in dust collected indoors in Patna, India, and in other countries [77], and are a common component in household products including electronics, furniture, and cookware [78]. They are also found in health-care products, cosmetics (e.g., deodorants, anti-perspirants, hair care products, foundation), and medical devices, with their ubiquity in a diverse range of products stemming from the low surface tension, high thermal stability, and smooth surface of silicone products [78]. However, their prevalence in these products and thus their manufacture has led to siloxanes being measured in ambient air globally, even in parts of the world with very low populations (e.g., the Arctic) [79]. As such, this factor may indicate emissions from the production of these types of products.




3.2.7. Unidentified Factors


A number of factors were unidentified, although related to some sampling groups but not others (e.g., based on season, time of day). Factor 2 was strongest indoors in January, and compounds that loaded the most highly onto this factor (tridecane, dodecane, undecane and tetradecane) have been measured previously in pesticides [80]. However, these and other compounds on this factor (3-methyldodecane and 2-methyldecane), have also been associated with chickpea seeds and roasted chickpea [81,82]. 1-butanol, which also loaded highly onto this factor, was measured in indoor (workplace, home) environments in Finland, where authors indicated it might relate to paint and the presence of mold or bacteria in these environments [21], but it has also been associated with rice bran and scented rice [65]. 2-butyl-1-octanol also loads onto this factor. Seasonal differences such as those observed here may point to differences in the products that are used indoors in the winter and summer, or to differences in behaviours (e.g., seasonal variation in the foods cooked). Our winter sampling campaign overlapped with the kite festival—a holiday enjoyed broadly in Gujarat. Certain foods are made specifically for this festival.



Factor 4 differed greatly by season, with much stronger representation in January than in May and slightly higher representation outdoors than indoors in May. There is no clear indication of common sources of the compounds defining this factor (see Table 2 for compounds).



Factor 5 was strongest in the morning (indoors and outdoors) and had much stronger representation in January than May. Octane and 3-(chloromethyl)heptane, which loaded strongly onto this factor, have been measured in Nardostachys jatamansi DC, a plant found in India that is used for its medicinal properties, and which is sometimes used in essential oils [83]. Octane has also been measured during ritual burning in India [39], and during stir-frying of vegetables in soybean oil [84]. Given how strong this factor was in the morning, but almost exclusively in January, it is possible that it relates to a seasonal ritual that only takes place in the morning. It is also possible that some of the unidentified factors that are stronger outdoors reflect some of the trash and refuse burning observed in the city—burning may be more common in the winter on cool mornings as a source of heat than at other times of day or in other seasons.



Factor 6 had low representation in general, being most strongly represented in four homes. It was expressed more in January than in May. Texanol, which loaded highly onto this factor (see Table 2 for other prominent compounds) is a component of paints [85], and one of the homes was being painted during the days that sampling occurred. This home had the strongest loading of this factor in all samples in January, although it was not represented in this same home during May sampling—prior to the painting. One of the other four homes had been fumigated prior to sampling, and there were closed paints being stored in the home. At this same home, two rooms had been painted in the past year, but it was unclear exactly when.





3.3. Factor Contributions


Contributions from each of the 10 factors varied greatly between samples (Figure 5). There were noticeable trends by season and by sampling location; in May, contributions from plastics appeared to be much greater than in January, especially for indoor samples. This was consistent for indoor samples regardless of time of day at which the sampling was done and may relate to greater off-gassing of compounds during the hotter temperatures. Some sources such as the siloxane source and consumer products had very strong representation in a small number of homes, with much smaller contributions in other homes. Contributions from cooking were more noticeable in January than in May and were reflected more in indoor than in outdoor samples. In January, when the temperatures were cooler, homes were more likely to have doors and windows closed. Of note, not all homes had sampling done in each of these locations for all times; this is reflected in gaps in bars missing for some homes in Figure 5.





4. Discussion


Many compounds that we quantified have also been measured in previous work in India. Phthalates including di-isobutyl and diethyl phthalate were previously measured with concentrations higher during summer than winter [86]. Authors speculated that the seasonal differences observed may relate to the higher temperatures during summer; these compounds are often used as plasticizers but are not chemically bonded to the polymer making it possible for them to evaporate. Some of these compounds are also emitted when plastics are burned, as is frequently the case in India; during the sampling campaign, evidence of trash burning or the practice itself was observed throughout the city and over the course of the day. In our work, concentrations of diethyl phthalate differed by sampling location in January and differed between seasons for samples that were collected indoors in the morning. In this same study, the authors observed higher concentrations of benzoic acid during the day than during the night and attributed these temporal differences to a photochemical source [86]. We observed a similar trend in May, with concentrations of benzoic acid typically higher during later day than morning sampling sessions. Our ambient values for benzene contrast with those measured at three different sites in Kolkata, where the mean values ranged from 24.97 to 79.18 μgm−3 [86]; our values were all <10 μgm−3. In previous work in Ahmedabad, researchers observed a shift in the concentrations of compounds measured between February and March, which they indicated was the transition from winter to summer—during the hotter and sunnier months they measured higher concentrations of compounds with photochemical sources such as acetaldehyde and acetone [87]; in the current study, acetaldehyde was measured during all ambient sampling events in both seasons (range of concentrations: 3.63–26.11 μgm−3) but acetone was measured in 34% of ambient samples in May (range of concentrations: <LOQ-21.52 μgm−3), but in only 3% of samples in January and at quite low concentrations (range of concentrations: <LOQ-2.05 μgm−3). Numerous compounds detected in our study (i.e., benzene, toluene, styrene, formaldehyde, acetaldehyde, chlorobenzene, benzaldehyde, propanal, butanal, and hexanal) have been detected at municipal waste sites in India [88]. It is possible that the Pirana landfill in the south of Ahmedabad contributed to some of the concentrations being measured in our work, although there was no clear signal in our analyses. This may, in part, be due to the relatively small sample size and the geographic distribution of the homes, as well as differences in the prevailing winds in these seasons. The winds may push contaminants from the landfill away from homes in one season but towards some homes in the other season.



We compared our findings with previous concentrations measured indoors as well. In previous work in non-residential, indoor, public spaces (i.e., an office, food courts, theaters, a restaurant, a conference room and a bar), concentrations of benzene were as high as 113.89 μgm−3 [37]. In contrast, they were between <LOQ and 9 μgm−3 in our study. Naphthalene—a possible carcinogen—was consistently below 0.1 μgm−3 in public spaces during previous work but was measured in 47% of indoor sampling events in May and 84% in January in our study although there were discrepancies in concentrations between duplicates. In a study of university-provided housing for staff and students in India [36], concentrations of toluene were higher, on average (mean in living room: 32.9 μgm−3), than in the current study (mean in May: 7.90 μgm−3; January: 11.05 μgm−3).



These important discrepancies between our findings and those of others in India may be in part because the materials and products used in public spaces and campus housing do not reflect those used in residential spaces, and the behaviours of individuals may differ between these environments. This highlights the importance of conducting research in these unique spaces. As most time spent indoors is spent at home and the majority of people in India are not living in student dormitories, quantifying pollutants in non-dormitory residential environments is particularly relevant to understanding exposures and their consequences on a broader scale.



To our knowledge, this is the first work done to quantify such a diverse range of VOCs inside and outside homes in urban India that do not rely on biomass fuels for cooking and heating, and to do so in two seasons. As such, although our sample size was somewhat small (n = 26 homes) this work provides much needed insight about indoor air quality in these spaces and how this relates to ambient air quality; given the time spent indoors at home, pollutants in these environments can have a disproportionately large effect on health. While our work begins to fill this void, it has a number of limitations. Our 90-min samples only provide a snapshot of the pollutants in the homes at a particular time of day. In addition, although it would have been beneficial to standardize the sampling start times, this was not feasible in the current study given logistical constraints related to equipment and personnel, time commuting to and between sites, and the schedules of study participants. Having sampled only for one morning and one afternoon at each home (in each season), we are unable to account for day-to-day differences in the concentrations of VOCs at these homes. To address this, future work should include repeat sampling in homes at the same time of day but on different days. A strength of our work is that by doing both morning and evening sampling on the same day at a subset of homes in May and for all homes in January we were able to capture some of the differences we might expect to see over the course of a day. For example, pollutant composition and concentrations may change throughout the day due to the photochemical generation of VOCs, changes in temperature and humidity that lead to increased off-gassing of VOCs, and because many VOCs are emitted by products used by humans on short time scales (e.g., personal care products) or are associated with human behaviours such as opening windows and activities such as cooking. We anticipated seasonal differences in pollutant concentrations due to changes in meteorological factors (e.g., wind direction), shifts in pollutant sources (e.g., perhaps there is more combustion for heating in the winter) and human behaviours over the course of the year. By sampling in two seasons, we were able to capture some of these differences and their effect on both indoor and outdoor air quality. Of note, our approximately two weeks of sampling in each season may not represent the full seasonal profile—extended sampling in each season is warranted. Quantifying these temporal, indoor/outdoor, and geographic patterns of pollutants is crucial in the context of health and thinking about interventions that could be used to improve air quality in these environments. Lastly, additional sampling at ambient sites could facilitate the interpretation of pollutant sources by allowing for better identification of source fingerprints in this region.




5. Conclusions


In summary, we measured VOCs indoors and outdoors at 20 homes in May and 19 homes in January in Gandhinagar and Ahmedabad, India, during early morning sampling sessions in all homes and during afternoon/evening sampling sessions in a subset of 12 homes in May and at all homes in January. There was large variability in the concentrations of VOCs measured across homes, although in general concentrations were higher in the later-day sampling sessions compared to the morning sessions in May, and higher indoors than outdoors in both seasons. Ten potential source groupings were identified for compounds detected at least five times, although for some of these groupings there was not a single clear underlying source or factor. Factors identified related to cooking, plastics, consumer products, siloxanes, and vehicles. It is worthwhile to note that plastic sources contributed substantially to poor indoor air quality in May but not January, pointing to potential impacts of off-gassing at higher temperatures. The large number of compounds quantified above the LOQ that have previously documented adverse associations with health highlights the importance of understanding where these compounds are coming from and how prevalent they are in the indoor environments where people spend the majority of their time. This work represents a first step towards quantifying indoor VOCs in Indian cities and their contribution to poor air quality and associated health impacts.
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Figure 1. Approximate home locations in Ahmedabad and Gandhinagar, and major infrastructure. Black lines indicate railroads. 
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Figure 2. Concentrations of total volatile organic compounds indoors and outdoors during morning and afternoon/evening sampling for homes in Gandhinagar and Ahmedabad, India (n = 20 in summer, n = 19 in winter). Boxes illustrate the 25th percentile, the median, and the 75th percentile, and the upper and lower whiskers extend from these percentiles to the largest and smallest values equal to or less than 1.5 times the interquartile range; dots indicate values lying outside of this range. 
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Figure 3. Overlap of the compounds measured in each of the different sampling groups (n = 8) for all compounds detected at least once above the limit of quantitation (2 µgm−3). The number of compounds measured in each sampling group is indicated in the bottom left. Black dots indicate that the bar applies to that sampling group. For example, 36 compounds were measured indoors in January during both the AM and PM sampling sessions, but these 36 compounds were not measured in any other sampling group. 
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Figure 4. Results of the non-negative matrix factorization for all compounds detected 5 times or more above the LOQ. (A) Weights (range: 0–1) for each of the 10 underlying factors as they relate to each sample and (B) the loading of each compound onto each factor. 
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Figure 5. Estimated contributions of each factor to the total sum of species for a sample, with black dots indicating the measured sum of species. Samples (n = 138) are separated by season (January or May), sampling location (indoors or outdoors) and time of day the sampling occurred (morning, or afternoon/evening). Not all homes had samples for each of these time frames/locations. 
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Table 1. Summary of tests of differences (Wilcoxon exact test) between concentrations of compounds in different sampling groups. Compounds in blue were detected in all sampling groups, compounds in black were detected in some but not all sampling groups.
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	Sampling Group
	Variable for Comparison
	Compounds in Both Groups
	Compounds with Statistically Significant Differences (p < 0.05)





	Indoors, AM
	Season 1
	52
	Toluene; Decanal; Butanal; Nonanal; 2,2,4,6,6-pentamethylheptane; Trimethylbenzene *; Hexanal; Benzene; Diethyl phthalate; Naphthalene; Xylene (para/meta); Undecane; Benzoic acid; Hexanoic acid; Ethylbenzene; Xylene (ortho)



	Indoors, PM
	Season 1
	45
	Butanal; 2,2,4,6,6-pentamethylheptane; Benzene; Benzoic acid; Trimethylbenzene *; Acetone



	Outdoors, AM
	Season 1
	27
	Benzaldehyde; Toluene; Hexane; 2,2,4,6,6-pentamethylheptane; Nonanal; Benzoic acid; Xylene (para/meta); Decanal; Trimethylbenzene *; Naphthalene



	Outdoors, PM
	Season 1
	32
	2,2,4,6,6-pentamethylheptane; 2,2,4,4-Tetramethyloctane; Benzoic acid; Acetaldehyde; Benzaldehyde; Methylcyclopentane



	May, indoors
	Time 2
	49
	Nonanal; Decanal; Benzoic acid



	May, outdoors
	Time 2
	31
	Hexane; Benzoic acid; Trimethylbenzene *; Benzaldehyde; Decanal; Butanal



	January, indoors
	Time 2
	114
	Toluene; Formaldehyde; Benzene; Acetaldehyde; Naphthalene; Benzoic acid; Hexanoic acid; Heptane



	January, outdoors
	Time 2
	60
	Benzoic acid; Benzene



	May, AM
	Location 3
	32
	Toluene; Nonanal; Formaldehyde; Xylene (para/meta); Decanal; Trimethylbenzene *; Naphthalene



	May, PM
	Location 3
	34
	Toluene; Hexane; Decanal; Nonanal; Formaldehyde; Benzoic acid; Acetone; Benzaldehyde; Naphthalene



	January, AM
	Location 3
	67
	Toluene; Decanal; Butanal; Nonanal; Decamethylcyclopentasiloxane; Formaldehyde; Hexanal; Acetaldehyde; Diethyl phthalate; Naphthalene; Xylene (para/meta); Hexane; Benzoic acid; Ethylbenzene; Xylene (ortho)



	January, PM
	Location 3
	78
	Butanal; Nonanal; Formaldehyde; Acetaldehyde; Diethyl phthalate; Decanal; Benzoic acid; Naphthalene







1 May or January; 2 Morning or afternoon/evening; 3 Indoors or outdoors; * All isomers.
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Table 2. Factors (sources) identified through non-negative matrix factorization and compounds with the strongest associations for each factor.
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	Factor
	Compounds with Strongest Associations
	Strongest Representation in Samples





	1: Cooking
	Butanal; ethylbenzene; naphthalene; diethyl phthalate; hexanal
	Stronger indoors but present outdoors; January



	2: Unidentified
	Tridecane; dodecane; undecane; tetradecane; 3-methyldodecane; 2-methyldecane; 1-butanol; 2-butyl-1-octanol
	Indoors; January



	3: Vehicle-Related
	2-methylpentane; 3-methylpentane; methylcyclopentane; hexane; acetone; 2-ethyloxetane
	Outdoors; afternoon/evening; May



	4: Unidentified
	2,2,3,3-tetramethylpentane; 2,6,6-trimethyldecane; 2,5-diphenyl-2,5-cyclohexadiene-1,4-dione; 2,2,4,4-tetramethyloctane; phenylmaleic anhydride;

Medium loadings: benzene; benzoic acid; 2,2,4,6,6-pentamethylheptane; 4-(4′-hydroxyphenoxy)biphenyl; 2-ethyl-1-hexanol
	Higher outdoors than indoors in May; January



	5: Unidentified
	Octane; 1.4-methano-1H-cyclopenta[d]pyridazine.4.4a.5.7a-tetrahydro; 2,5,6-trimethyloctane; and 3-(chloromethyl)heptane
	Indoors and outdoors; morning; much stronger in January than May



	6: Unidentified
	3a.4.5.6.7.7a.hexahydro.4.7.methanoindene; propyl benzene; indane; benzene, 1-ethyl-2-methyl (aka 2-ethyltoluene); benzene, 1-methylethyl (aka Cumene); propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester (aka Texanol)
	January



	7: Vehicle-Related
	Unresolved hydrocarbons; propanal; benzaldehyde
	Outdoors, but indoors as well in May



	8: Plastics
	Di-isobutyl phthalate; diethyl phthalate; 2-ethyl-1-hexanol; (1R)-1,7,7-trimethylbicyclo [2.2.1]heptan-2-one (aka D-camphor); pentadecane; octanal
	Indoors; May



	9: Consumer

products
	Octane; camphor; hexanoic acid; 1,4-dichlorobenzene; methanol. oxo-. benzoate; D-limonene
	Indoors; morning; January



	10: Siloxane source
	Hexadecamethyl-cyclooctasiloxane [D8]; dodecamethyl cyclohexasiloxane [D6]; tetradecamethyl-cycloheptasiloxane [D7]
	Outdoors; afternoon/evening; May
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