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Abstract

:

Endotoxin is a bioaerosol component that is known to cause respiratory effects in exposed populations. To date, most research focused on occupational exposure, whilst much less is known about the impact of emissions from industrial operations on downwind endotoxin concentrations. A review of the literature was undertaken, identifying studies that reported endotoxin concentrations in both ambient environments and around sources with high endotoxin emissions. Ambient endotoxin concentrations in both rural and urban areas are generally below 10 endotoxin units (EU) m−3; however, around significant sources such as compost facilities, farms, and wastewater treatment plants, endotoxin concentrations regularly exceeded 100 EU m−3. However, this is affected by a range of factors including sampling approach, equipment, and duration. Reported downwind measurements of endotoxin demonstrate that endotoxin concentrations can remain above upwind concentrations. The evaluation of reported data is complicated due to a wide range of different parameters including sampling approaches, temperature, and site activity, demonstrating the need for a standardised methodology and improved guidance. Thorough characterisation of ambient endotoxin levels and modelling of endotoxin from pollution sources is needed to help inform future policy and support a robust health-based risk assessment process.
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1. Introduction


Endotoxin, a cellular component of the outer membrane of the cell wall of Gram-negative bacteria, consisting of lipids and lipopolysaccharides (LPS), is one component of bioaerosols that can cause symptomatic effects in exposed individuals. Endotoxin is found in high concentrations in the air at sites that handle organic material such as composting facilities, intensive farms, and wastewater operations [1,2,3]. Occupational exposure to endotoxins from such sites was previously documented [4,5]. However, much less is known about the emissions of endotoxins from these facilities to the wider environment and the potential exposure of communities around bio-waste facilities.



Inhaled endotoxin is linked to various health outcomes, for example, fever, headaches, wheezing, and nose and throat irritation, and was also shown to cause an immune response in humans [6,7]. There is also evidence that endotoxin exposure may offer some protective effects, reducing cases of allergic sensitisation, particularly in children, for example, atopic asthma [5,8,9]. Despite this, endotoxin is more widely associated with negative health outcomes [8]. There are currently no exposure limits for endotoxin in the United Kingdom (UK); however, an occupational health limit for endotoxin (averaged over 8 h) of 90 endotoxin units (EU) m−3 was suggested by the Heath Council of The Netherlands [10] based on a no-observed-effect level (NOEL). A 30 EU m−3 exposure limit is proposed for the general public which is the occupational NOEL of 90 EU m−3 divided by an uncertainty factor of 3. This is due to a lack of understanding as to how to discount the averaging time used in occupational health limits for the general public [10].



This review aims to identify reported endotoxin levels in ambient environments and at sites where high endotoxin concentrations may be expected. Factors that may influence endotoxin concentration such as temperature, size fraction, and sampling environment are also considered. To our knowledge, no studies currently summarise existing data on airborne endotoxin concentrations from different sources of pollution at varying distances from the source.




2. Materials and Methods


A review of the literature was undertaken using three databases (PubMed, ScienceDirect, and Web of Science). The grey literature was also searched using Google and Google Scholar. All searches included the keyword endotoxin or bioaerosol or airborne first, followed by additional relevant keywords separately in turn (Supplementary Materials). Studies were excluded if they did not measure and analyse endotoxin in outdoor air and report endotoxin concentrations per m3. They were also excluded if gas chromatography–mass spectrometry (GC–MS) was used to measure endotoxin due to lack of a standardised GC–MS method for endotoxin analysis and a potential overestimation of endotoxin concentrations [4,11]. Where necessary, endotoxin concentrations were converted from nanograms (ng) to endotoxin units (EU) using a conversion factor of 10 (United States Pharmacopeia (USP) Reference Standard Endotoxin; 1 EU = 0.1 ng).




3. Endotoxins in Ambient Air


3.1. Endotoxin Concentrations in Urban and Rural Areas


Characterising ambient concentrations of endotoxins is vital for evaluating the impact of potential sources such as waste sites and intensive farms. Reported endotoxin concentrations in ambient air are generally below the proposed threshold of 30 EU m−3. Mean or median concentrations reported in the literature are in the range of 0.006–5.7 EU m−3 (Table 1). These results are in line with another study that reported ambient endotoxin concentrations generally below 10 EU m−3 [8].



The highest reported maximum ambient concentrations originated from polluted urban areas. Concentrations up to 75 EU m−3 were recorded in an urban environment in Beijing [12] where particulate matter concentrations are known to exceed the World Health Organisation air quality guidelines by more than 30 times [13]. There appears to be no significant difference between endotoxin concentrations in urban and rural areas. Menetrez et al. [14] reported higher endotoxin concentrations in rural areas compared to urban areas, but concentrations were very low (means of 0.0057 and 0.023 EU m−3 in the respirable particulate matter (PM2.5) fraction in urban and rural areas, respectively). Tager et al. [15] measured endotoxin concentrations in an urban area surrounded by agricultural land. Endotoxin concentrations decreased with distance from agricultural activities during the dry season (4.3–5.7 EU m−3). This is unsurprising as soil and vegetation were previously identified as potential sources of airborne endotoxin [16]. In contrast, Mueller-Anneling et al. [17] reported endotoxin concentrations at urban sites downwind of Los Angeles higher than at rural sites (geometric means of 1.07 and 0.36 EU m−3, respectively).



A more important determinant of endotoxin concentrations in urban and rural areas is likely to be activity that is occurring in the local area. For example, Schulze et al. [18] reported mean endotoxin concentrations of up to 23.2 EU m−3 in a rural area heavily impacted by intensive livestock production. This can also be seen indoors with much higher endotoxin levels reported in the floor dust of rural farmhouses compared to urban houses (6600 and 3800 ng·g−1, respectively) [19]. In contrast, Madsen [20] reported higher endotoxin concentrations from the air around a biofuel plant (median of 5.3 EU m−3) and heavily congested streets (median of 4.4 EU m−3) compared to residential areas (median of 0.33 EU m−3) and an agricultural field (median of 2.9 EU m−3), where there was little activity.



Another important consideration when determining endotoxin concentration is the sampling approach. A range of sampling methods were used in ambient endotoxin studies. Flow rates varied from 2 to 1270 L min−1 and sampling duration ranged from 0.17 to 193 h with the most common period being 24 h (Table 1). These factors could have a significant impact on reported concentrations; long sampling times or high flow rates could lead to the destruction of cells or potential release of bioactive endotoxins. Sampling height also varied from 0.5 m to the top of a 23-story building. Sampling several metres above the ground is unlikely to give an accurate indication of concentrations that could be used to assess potential exposure. These factors make direct comparisons between studies challenging, as comparisons between sites can only be accurately interpreted when the same sampling and analysis methods are used. Despite this, most studies report mean or median endotoxin concentrations within a similar range with none exceeding the proposed 30 EU m−3 endotoxin limit.




3.2. Temperature


Ambient endotoxin concentrations often vary seasonally with most studies reporting fewer airborne endotoxins during the winter than during the summer, when conditions may support the growth of Gram-negative bacteria [15,21,22,29,31,36]. Mueller-Annelling et al. [17] reported higher endotoxin concentrations in June–September, but no obvious seasonal patterns, whilst another study undertaken in Beijing reported the highest endotoxin concentrations during the spring when the weather is usually dry and windy (0.15–75.02 EU m−3) [12]. Several studies showed that temperature has an effect on endotoxin concentration [21,25,27]. Allen et al. [21] found endotoxin concentrations in PM10 to be related to temperature with low endotoxin concentrations independent of temperature below 5 °C. Endotoxin concentrations were found to be highest during warm periods and moderate humidity (35–75%) [21]. Several studies reported a negative association between endotoxin concentrations and increasing humidity, probably due to rapid aerosol sedimentation [23,25,34]. In contrast, Degobbi et al. [27] found endotoxin to be correlated with temperature, but not humidity. This may be due to other influences, such as temperature and wind being more important in determining concentrations than humidity [34].



In many environments, the relationship between endotoxins and temperature and humidity is likely to be complex. For example, in a year-long study, Cheng et al. [26] found different endotoxin concentration profiles in different cities despite them having similar climatic conditions. Whilst the impact of differences in vegetation was discounted, the authors suggested the differences could be explained by differences in bacterial fauna and growth rates [26]. Furthermore, the size fraction may impact how the particle behaves [33]. They reported a moderate negative correlation between PM2.5 and humidity, and a moderate positive correlation for PM10. The same study also reported a weakly negative correlation for PM10 and temperature, and a weakly positive correlation for PM2.5 [33]. It is likely that a range of factors including temperature, humidity, vegetation, wind speed, presence of gaseous pollutants, and specific meteorological conditions will impact endotoxin concentrations. To fully understand the seasonal profile of endotoxins in ambient air, it would need to be measured on a case-by-case basis, and may vary dependent on the exact conditions of the measuring location.




3.3. Size Fractionation


Studies reported endotoxins in PM10–2.5 or PM10 (coarse) or PM2.5 (fine) fractions. Most studies used the coarse fraction (PM10–2.5); however, two studies reported PM10, which would also include the fine fraction [14,21]. Higher concentrations of endotoxins are largely associated with coarser-size fractions in the literature (Figure 1). Reported endotoxin concentrations measured in the fine and coarse particulate range are significantly different (p < 0.05) with means and ranges of 0.11 (0.006–0.65) EU m−3 and 1.13 (0.05–5.7) EU m−3 respectively, however data reporting endotoxin concentration in the coarse fraction is more readily available (Figure 1). Two studies identified endotoxin levels in the coarse fraction to be 10 times higher than in the fine fraction [29,33]. Comparisons between the coarse and fine fraction of particles are only possible if the study was undertaken in the same area. Of the six studies that meet this criteria, endotoxin levels were consistently higher in the coarse fraction. There is moderate-to-good correlation between reported endotoxin and PM10 [17,32]. Other studies indicated that the relationship may be seasonal with high correlation in the summer (r = 0.72) and low correlation in the winter (r = 0.33) [17].



The reason for higher endotoxin concentrations in the coarse fraction remains unclear. Particle surface chemistry can influence the particle interaction with macrophage surface receptors, which may, in turn, also affect the inflammatory response [37]. An examination of particles collected from an urban area identified that the main difference between the coarse and fine fraction was the presence of more carbon-rich particles in the fine fraction and silicates in the coarse fraction [38]. Lipopolysaccharides (LPS) may preferentially associate with the silicates or heavy metals found in larger (coarse) particles in urban environments, leading to higher concentrations [33,38]. PM10 was shown to be important in generating an inflammatory response in humans [39,40]; it was suggested that the contaminants adsorbed onto the particles, such as endotoxins, may be responsible for the release of inflammatory mediators [38]. Soukup and Becker [41] identified that particle-bound endotoxins from an urban area are prominent pro-inflammatory components of inhalable particulate matter (PM10).





4. Anthropogenic Sources of Endotoxins


4.1. Endotoxins from Composting Facilities


Several studies measured endotoxin emissions and immissions from waste facilities such as compost sites (Table 2). Pankhurst et al. [42] identified that composting can impact ambient endotoxin concentrations, which has a similar dispersal pattern to viable bioaerosols. Endotoxin measurements at the source are highly variable ranging from 0.56 to greater than 18,000 EU m−3. This could be due to a range of reasons, but most likely varies with site activity during sampling (Table 2). Endotoxin concentrations are significantly higher during periods of activity when material is being agitated. For example, one study reported that the mean endotoxin concentration from samples taken 0–290 m from the site during compost turning was 10.73 EU m−3 compared to 2.04 EU·m−3 at the source when no activity was taking place [43]. Sykes et al. [44] identified that manual sorting of the waste resulted in the highest exposure for employees at compost facilities (86.11 EU m−3), and shredding resulted in the highest increase in endotoxin concentration measured from static samplers placed close to the different operational areas (23.48 EU m−3). However, there was no significant difference between employee exposure to endotoxin during sorting, shredding, turning, and screening of waste. Variability of endotoxin release has implications for its measurement. It is important that the impact of site activity is considered when assessing emissions to the environment and the subsequent exposure for nearby residents.



Different approaches to composting may result in variable bioaerosol concentrations, for example, whilst in-vessel composting allows for close control of temperature and pathogens, it does not necessarily result in a lower bioaerosol load [45]. Sykes et al. [44] reported that employees working outdoors at composting facilities were exposed to higher endotoxin concentrations compared to those working indoors, possibly due to higher indoor humidity (42.33 and 14.09 EU m−3, respectively). This highlights the potential for nearby communities to be affected by outdoor operations, especially as endotoxins may be easily dispersed and remain an issue regardless of whether the agents in the bioaerosol are viable or not. Similarly, different types of compost will produce different amounts of endotoxin with different peak periods. For example, in a pilot-scale experiment with household waste, 9–11-week-old compost had significantly more endotoxins (0.83–2.4 × 106 EU g−1) than compost 0–5 weeks old (0.024–0.23 × 106 EU g−1) [46]. In a lab-scale experiment composting swine manure, the airborne endotoxin concentration was 1820 EU m−3 during the thermophilic phase of the experiment, which then decreased exponentially before rising slightly during the mesophilic stage [47]. The variability in release is probably due to early cell destruction in the swine manure, which reached a temperature of nearly 60 °C within 30 h, releasing high quantities of endotoxin through cell destruction and potentially convection due to the temperature. Cell-bound endotoxins are not effectively measured through the chromogenic process [11], and it can be expected that green waste would be broken down over a longer period.



Measuring the environmental emissions around composting facilities is challenging and it is difficult to draw conclusions about environment effects without many repeat sampling trips across an extended time period. Many of the studies focused on occupational exposure, rather than emissions to the environment, and this is something that requires more exploration. In particular, it would be useful to have more source emission data in order to help inform accurate models about the potential spread of endotoxins in the environment. Ideally, further studies designed to incorporate health data would be of most interest.




4.2. Endotoxins from Intensive Farming


Mean onsite or downwind endotoxin concentrations from a range of farms including, swine, poultry, and cattle ranged from 1.6–2576 EU m−3 (Table 3), which is similar to the range of concentrations reported from composting facilities. The impact of livestock farming on nearby communities was previously explored by Schulze et al. [18], who identified that people in rural areas are likely to be exposed to higher endotoxin concentrations than those in urban areas, possibly due to intensive farming operations. Indeed, people living within 500 m of more than 12 animal houses had a 7% lower mean forced expiratory volume in one second (FEV1) value compared to a control population with fewer than five animal houses within 500 m [55].



A variety of different farming types were reported which will be affected by a range of factors, including the number and type of animals present in the facility, the age of the animals, and animal activity. Intensive feeding operations in the United States of America (USA) and other parts of the world are also very different from facilities in the European Union. In the USA, for example, a concentrated animal feeding operation (CAFO) crates large numbers of animals in a small space. In the European Union, veal crates, battery cages, and sow stalls were all banned [56]. To illustrate, a comparison between a swine confinement operation, with a slatted floor over a manure pit, and a hoop system, where animals have more freedom and composted bedding, found endotoxin concentrations of 59.5 and 194 EU m−3, respectively, 30 m downwind of the operations; this paper demonstrated that higher standards of welfare did not necessarily translate into improvements in environmental emissions [57].



Very high endotoxin concentrations at intensive farms were previously reported in occupational studies. For instance, in a study of nine different industries, animal handlers were found to be exposed to the highest levels of endotoxin (719,950 EU m−3) [63]. Similarly, high concentrations of endotoxins, 98,990 EU m−3 and 83,640 EU m−3, were measured inside swine and poultry buildings, respectively [2,61]. In contrast, a study of bioaerosol exposure of workers on different types of farms found that, in cattle barns, the endotoxin concentration was just 0.925 EU m−3, whilst the highest endotoxin exposure was recorded on a thyme herb farm (42,955 EU m−3) [64]. It is unclear if certain types of farm can result in the release of more endotoxins, and it is likely that other not yet investigated agricultural sources may be important contributors to the endotoxin load. Overall, endotoxin concentrations are likely to vary significantly dependent on a number of factors, including the type of farm, number of animals, associated activity, ventilation systems, and waste management, all of which require more investigation.




4.3. Other Endotoxin Sources


A range of other environments were identified as potential sources of endotoxins (Table 4). The most significant sources include the spreading of biosolids to land where mean 2-m and 10-m downwind concentrations of 469 and 36 EU m−3, respectively, were reported [24,65]. Wastewater treatment facilities also appear to be a significant endotoxin source, where an average concentration of 70 EU m−3 was reported from outside processes [66], whilst endotoxin concentrations as high as 1850 EU m−3 were measured at an indoor facility [3]. Water features were also associated with endotoxins where concentrations exceeding 60 EU m−3 were reported 15 m downwind of the installation [67]. High levels of endotoxin exposure were also reported during refuse collection. Waste type had a significant impact on exposure with domestic, residual, and organic waste leading to higher concentrations (1.2–82.1 EU m−3) than recyclable waste (0.4–11.1 EU m−3) [68]. Endotoxin concentrations after flooding and from marine environments were also reported, but were not found to be significantly elevated compared to the ambient studies [69,70].




4.4. Distribution of Endotoxins from Anthropogenic Sources


Based on the data from Table 2, Table 3 and Table 4, it is possible to identify a number of studies that measured endotoxins at difference distances upwind and downwind of anthropogenic sources (Figure 2). Studies of endotoxins in ambient environments demonstrate that background endotoxin concentrations rarely exceed 10 EU m−3; however, the upwind concentrations reported in the distance studies often exceeded this value. One study reported 40-m upwind concentrations of 177.5 EU m−3 [52]. The authors proposed a number of reasons for the high concentration, including changes in wind direction or agricultural activity close to the sampling point [52]. Upon excluding three sample points with very high upwind concentrations [51,52,60], likely influenced by other sources, 46% of downwind samples exceeded the upwind 95th percentile, demonstrating that the source has a significant impact on local endotoxin concentrations.



The distance that endotoxins travel may vary due to a number of factors. Dungan and Leytem (2009) [58] reported that concentrations more than double the upwind values were measured more than a kilometre away from the source; although, at this distance, the influence of other endotoxin sources should be taken into consideration. Concentrations exceeding the occupational standard NOEL of 90 EU m−3 can occur up to 150 m away from the source, which could potentially impact nearby residents (Figure 2). Out of the 151 reported data points, 22 had levels exceeding 90 EU m−3, and an additional 25 data points exceeded the proposed limit of 30 EU m−3 for the general public (Figure 2). Of the samples taken 100 m or further away from the source, 38% of samples were above 30 EU m−3. Generally, intensive farming and composting emit a similar range of endotoxin concentrations; however, there is a lack of emission data beyond 300 m from the source, with just four studies reporting at this distance [51,53,58,61].



Most studies report decreasing endotoxin concentrations with distance from the source [61]. Heederik et al. [76] reported only a weak relationship between endotoxin concentration and wind direction; however, concentrations were higher close to the source. Meteorological and local conditions will have a large impact on measured concentrations, and it may be difficult to infer long-term averages from data collected at one time point or over a short period. Deacon et al. [50] and Pankhurst et al. [42] reported a secondary endotoxin peak at 100–150 m at two separate composting sites. This may indicate fine particles settling out at a distance from the site, or a different transport mechanism, or a secondary source of endotoxins, such as soil or vegetation. A better understanding of the physical nature of endotoxins and the mechanisms affecting their association with particles of different sizes and surface chemistries is needed before dispersion behaviour can be better characterised and simulated.



4.4.1. Temperature


Temperature and humidity is likely to have an impact on endotoxin concentrations, as shown by ambient endotoxin sampling. Few studies reported the conditions under which the sampling took place when reporting endotoxin concentrations from different studies. One composting study took samples at different sites throughout the year [51]. They reported no association between peak concentrations and temperature, with site activity being more important. However, the highest bioaerosol concentrations were associated with low wind speed and humidity. A study of two household waste collectors handling compostable waste by Thorn [77] found that endotoxin concentrations were not correlated with temperature, albeit with low concentrations (<10 EU m−3). In contrast, a study of waste collectors and sorters identified endotoxin concentrations to be higher when temperatures exceeded 20 °C and relative humidity was less than 50% [78].



Ko et al. [79] looked at endotoxin levels at swine farms, and reported that wind velocity was positively correlated with airborne endotoxin levels, whilst temperature and relative humidity were negatively correlated. Bønløkke et al. [80] reported that swine-farm workers were exposed to higher endotoxin concentrations in the winter than in the summer (25,690 and 6553 EU m−3, respectively), based on 24 workers sampled once during the summer and once during the winter. Ventilation rates from farm buildings are highest during the summer, which explains this finding. It may also be expected that more endotoxins are released to the environment during the summer from these facilities due to the high ventilation rates. In an area of intensive livestock production, Schulze et al. (2006) reported a small difference between summer and winter samples with geometric means of 2.95 and 1.98 EU m−3, respectively. Overall, season, weather, and proximity to a main road were found to account for 24% of the variability of ambient endotoxin concentrations in this area [18].




4.4.2. Sampling Approach


For most anthropogenic endotoxin sources, there is a lack of thorough, well-designed studies reporting endotoxin emissions. For example, some studies fail to report vital information, such as sampling durations, flow rates, and size fraction of particles collected. Replicates also seem to be lacking, and, in some cases, only a few samples are taken at each sampling point. There is also a lack of standardisation around filter material with different materials, including cellulose acetate, quartz, glass fibre, and polycarbonate, used in different studies. Mixed cellulose ester filters were previously associated with the irreversible binding of endotoxins, leading to an underreporting of concentrations [81], whilst glass fibre was recommend by Duquenne et al. and Spaan et al. [4,82]. A few studies used impingers rather than filters to collect endotoxins in a liquid medium. This was shown to be an acceptable collection method over short time periods, but unsuitable for extended sampling durations [83,84]. Several studies used personal, rather than stationary, samplers to measure onsite endotoxin concentrations. In a study of wastewater workers, Oppliger et al. [72] found that stationary samplers were not representative of personal endotoxin exposure with mean concentrations of 59.3 EU m−3 and 6 EU m−3, respectively; however, the equipment was not used in parallel, which may explain the differences. A study investigating three different samplers for endotoxin collection identified that impingers and a MOUDI impactor were more effective than filter cassettes at capturing endotoxin in a pilot field study [85], whilst another study found comparable endotoxin levels collected using filters and impingers, although impingers had lower variability [83]. In contrast, Stephenson et al. (2004) [86] found glass-fibre filters to have the lowest variability when endotoxin concentrations were high, although impingers again appeared to detect the highest amount of endotoxins.



One important factor in determining endotoxin emissions is the averaging time used in the studies. It is likely that very high emissions can occur periodically; however, over the course of a whole day, this effect is likely to be diluted. Nearly all anthropogenic sources of endotoxin will be time-varying as they fluctuate depending on the activity being undertaken. Few studies reported what onsite activity was occurring during downwind sampling. In contrast to ambient air sampling, sampling of pollutant sources tends to be a snapshot, typically lasting 0.5–4 h. If measurements are only taken during high activity or low activity, this may lead to uncertainty around how representative the measurements are of actual exposure. There are few mentions of averaging time, with two studies reporting time-weighted averages. In a study looking at occupational endotoxin exposure, results were extrapolated to an eight-hour time-weighted average based on four hours of sampling [44]. Hermann et al. [87] reported time-weighted averages in a study of different samplers measuring endotoxins from the application of biosolids to land. The study found HiVol and open-faced cassettes had higher time-weighted average measurements compared to closed-cassette and impinger samplers.




4.4.3. Size Fractions


Different samplers also have different efficiencies for collecting different size fractions; for example, 37-mm filter cassettes collect 70% of particles <10 µm, but <10% of particles greater than 25 µm [88]. In contrast, impingers collect almost 100% of particles greater than 1 µm, but are less efficient at collecting smaller particles [89].



Few studies of sources of endotoxins reported size fractions, and only one actively measured different size fractions around pollutant sources [35]. As with ambient sampling, it is likely that endotoxins are largely associated with the coarse fraction, particularly as large amounts of endotoxins may bind to the bigger particles. This can be overcome by reporting endotoxins per gram of particles, although few studies do this. Most studies at intensive farm sites measured endotoxins in the coarse fraction; how endotoxins concentrate in the different size fractions from such sources may not be straightforward. Kirychuk et al. (2010) [90] reported that caged hens had greater endotoxin concentrations in the fine fraction (340.4 EU m−3) compared to floor-housed hens (272.3 EU m−3), where endotoxin concentrations were higher in the coarse fraction (1121.6 and 2216.1 EU m−3, respectively). This has implications for policy makers, as different respiratory responses may be expected dependent on the size fraction; for instance, if most endotoxins reside in the coarse fraction, then upper respiratory issues such as mucous-membrane irritation are a more likely outcome, compared to lung impacts and issues, such as asthma, if they reside in the finer fractions.






5. Conclusions


This review demonstrates that a range of sources have the potential to elevate endotoxin concentrations in ambient air to levels that are above the current proposed guidelines. Activities that could be considered high risk for endotoxin emissions include composting, farming, spreading of biosolids to land, and wastewater treatment. However, the data so far are based on a limited number of studies with a limited number of repeated samples, which makes it difficult to draw conclusions about the impact of these activities. More work is also required to fully understand the impact of different parameters such as temperature and sampling approaches on endotoxin concentrations. Furthermore, this paper concentrates on endotoxins, and there are undoubtedly other parallel exposures that may impact health outcomes in an exposure situation. The paper did not comprehensively review health outcomes associated with endotoxins, although this is clearly an important area of work. This work highlighted endotoxin concentrations and spread, which have implications for policy makers who are faced with the difficulty of balancing potential health impacts with regulatory approaches to ensure developments close to potential endotoxin sources are not putting residents at unnecessary risk.
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Figure 1. Endotoxin concentrations as reported in the literature at different size fractions in urban or rural environments (means or medians). Error bars indicate the range of concentrations reported. The dotted line indicates the proposed exposure limit of 30 EU m−3. Coarse indicates inhalable particulate matter (PM10–2.5) with the exception of Allen et al. (2011) [21] and Menetrez et al. (2009) [14], who reported PM10; fine indicates PM2.5. 
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Figure 2. Mean concentrations of endotoxins as a function of distance from the source as reported in the literature. A negative value indicates samples taken downwind of the source (0 m), whilst positive values indicate upwind samples. The dashed and dotted lines represent the proposed 30 EU m−3 limit and a no-observed-effect level (NOEL) of 90 EU m−3, respectively. The dot-dashed line indicates the 95th percentile of mean upwind concentrations, excluding three points with very high concentrations likely influenced by other endotoxin sources (full dataset available in the Supplementary Materials). 
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Table 1. Reported endotoxin concentrations in urban and rural air. EU—endotoxin units; USA—United States of America; N/A—not applicable.
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	Country
	Environment
	Sampling Approach
	Season or Months of Measurement
	Number of Samples
	Flow Rate (L min−1)
	Sampling Duration (h)
	Mean Endotoxin Concentration (EU m−3)
	Reference





	Canada
	Urban
	Partisol sampler with glass-fibre filters
	All year
	460
	16.7
	24
	0.15–0.67
	Allen et al., 2011 [21]



	Canada
	Urban
	Harvard coarse impactor with polyurethane foam
	January–August
	242
	5
	24
	0.16–0.64
	Bari et al., 2014 [22]



	Chile
	Urban
	Partisol sampler with quartz filters
	November–December
	41
	16.67
	24
	0.094
	Barraza et al., 2016 [23]



	USA
	Rural
	Impinger
	November–December
	41
	12.5
	0.17
	2.6
	Brooks et al., 2006 [24]



	Germany
	Urban
	Harvard impactor with 37-mm Teflon filter
	All year
	158
	10
	42
	0.015
	Carty et al., 2003 [25]



	China
	Urban and rural
	High-volume sampler with quartz filters
	All year
	120
	1130
	24
	Urban 0.099–0.248

Rural 0.085–0.266
	Cheng et al., 2012 [26]



	Brazil
	Urban
	Filter heads with 37-mm polycarbonate filters
	April–July
	12
	10
	24
	0.1
	Degobbi et al., 2011 [27]



	USA
	Urban
	Tactical air samplers with 47-mm Teflon filters
	N/A
	14
	5
	24
	0.04–0.08
	Escobedo et al., 2014 [28]



	China
	Urban
	Automatic four-channel sampler with quartz filters
	All year
	321
	16.7
	23.5
	0.65
	Guan et al., 2014 [12]



	Germany
	Urban
	Graseby Anderson dichotomous samplers with 37-mm Teflon filters
	January–June
	84
	1.671–16.671
	123–193
	0.006–0.07
	Heinrich et al., 2003 [29]



	Taiwan
	Urban
	Filter heads with 37-mm polycarbonate filters
	November–August
	44
	5
	24
	2.75
	Kallawicha et al., 2015 [30]



	Denmark
	Urban and rural
	Filter heads with Teflon filters
	All year
	168
	3.5
	4–6
	Urban 0.33–5.3

Rural 2.9
	Madsen, 2006 [31]



	USA
	Urban and rural
	Filter heads or impactors with polytetrafluoroethylene (PTFE) filters
	January–May
	33
	2–16.7
	10–24
	Urban 0.006

Rural 0.023–0.051
	Menetrez et al., 2009 [14]



	Germany
	Urban
	Harvard impactor with 37-mm Teflon filters
	All year
	206
	10
	42
	0.02–0.08
	Morgenstern et al., 2005 [32]



	USA
	Urban and rural
	High-volume sampler with quartz filters
	All year
	99
	1132
	24
	Urban 0.2–1.07

Rural 0.36–0.66
	Mueller-Annelling et al., 2004 [17]



	Sweden
	Urban
	Harvard impactors with 37-mm Teflon filters
	May–September
	40
	10
	42
	0.015–0.05
	Nilsson et al., 2011 [33]



	USA
	Urban
	Partisol sampler with 47-mm Teflon filters
	All year
	N/A
	8.3
	24
	0.28–5.7
	Tager et al., 2010 [15]



	Italy
	Urban
	High-volume sampler with glass-fibre filters
	All year
	116
	1160
	24
	0.42
	Traversi et al., 2010 [34]



	Italy
	Urban and rural
	High-volume cascade impactor with glass-fibre filters
	Summer
	N/A
	1270
	4
	Urban 0.512

Rural 0.33–1.424
	Traversi et al., 2011 [35]



	Canada
	Urban
	Harvard coarse impactor with polyurethane foam
	January–March
	N/A
	5
	-
	0.12–1.57
	Wheeler et al., 2011 [36]
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Table 2. Endotoxin emissions from composting facilities as reported in the literature. UK—United Kingdom.






Table 2. Endotoxin emissions from composting facilities as reported in the literature. UK—United Kingdom.





	Country
	Type of Facility
	Sampling Approach
	Months of Measurement
	Number of Samples
	Flow Rate (L·min−1)
	Sampling Duration (h)
	Distance from Site (m)
	Endotoxin Concentration (EU m−3)

Mean or Median (min–max)
	Reference





	Sweden
	In vessel and open windrow; open windrow composting wastewater sludge, household waste and green waste
	Filter heads fitted with 2-mm grid and 37-mm cellulose acetate filters
	-
	14
	12
	1
	-
	Onsite 112.6 (10–420)
	Clark et al., 1983 [48]



	Germany
	Open windrow and in vessel composting green waste and bio-waste
	Stroehlein VC 25 dust sampler with 150-mm quartz filters
	-
	5
	-
	-
	75–150
	Onsite 207.0 a

Upwind 1.6 a

Downwind 2.4 a
	Danneberg et al., 1997 [49]



	UK
	Open windrow composting green waste
	Filter heads with polycarbonate filters
	All year
	-
	2
	0.5
	0–280
	Onsite 1.5–2.3 b

Upwind <0.15 b

Downwind 0.1–1.2 b
	Deacon et al., 2009 [50]



	UK
	Windrow; in vessel; indoor composting biodegradable household waste, food waste, and green waste
	Filter heads with polycarbonate filters
	All year
	35
	2
	1
	0–525
	Upwind 10.7 (0–62)

Downwind 52.7 (0–281)
	DEFRA, 2013 [51]



	France
	Indoor composting fermentable household waste and green waste
	Filter heads with 37-mm glass-fibre filters
	May–June
	3
	2
	1.4–3
	40
	Upwind 105–250 a
	Duquenne et al., 2012 [52]



	USA
	Open windrow composting green waste
	High-volume particulate sampler with 20 × 25 cm quartz fibre filters
	September–November
	18
	3
	6–8
	100–290
	Upwind 1.4 (0.1–3.6)

Downwind 1.6 (0.6–4.1)
	Hryhorczuk et al., 2001 [43]



	UK
	Open windrow composting green waste
	Filter heads with polycarbonate filters
	March–December
	115
	2.2
	0.5–2
	100–600
	Onsite (no activity) 4.1 (<0.01–32.0)

Upwind 0.15 (<0.01–1.7)

Downwind 3.1–116.2

(<0.01–359)
	Liu et al., 2011 [53]



	UK
	In vessel; open windrow and in vessel; open windrow; enclosed bays composting food waste and green waste
	Filter heads with glass-fibre filters
	All year
	117
	2
	4
	25
	Onsite 7.1–121.7 (0.8–4667)

Upwind 2.9 (0.6–107)
	Sykes et al., 2011 [44]



	Finland
	Indoor in vessel composting biodegradable household waste
	Filter heads with glass-fibre filters
	All year
	27
	2
	1.6–2
	-
	Onsite (composting hall) 2340 (0.2–18,000)

Onsite (receiving hall) 1900 (60–8200)

Onsite (control room) 100 (90.8–870)
	Tolvanen et al., 2005 [54]



	The Netherlands
	Indoor composting domestic and green waste
	Personal sampling with glass-fibre filters
	All year
	205
	2–3.5
	7.5–8.3
	-
	Onsite 6–1038 (<3–37,043)
	Wouters et al., 2006 [1]







a Single samples; b Estimated from graph.
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Table 3. Endotoxin emissions from intensive farming as reported in the literature.






Table 3. Endotoxin emissions from intensive farming as reported in the literature.





	Country
	Type of Farm

(Average Number of Animals)
	Sampling Approach
	Season or Months of Measurement
	Number of Samples
	Flow Rate (L min−1)
	Sampling Duration (h)
	Distance from Farm (m)
	Endotoxin Concentration (EU m−3)

Mean (min–max)
	Reference





	USA
	Cattle farm (10,000)
	Filter heads with 25-mm polycarbonate filters
	June–July
	162
	2
	1.25
	200–1390
	Onsite 19.8–895

Upwind 0.1–144

Downwind 15.8–358
	Dungan et al., 2009 [58]



	USA
	Cattle farm (10,000)
	Filter heads with 25-mm polycarbonate filters
	All year
	72
	2
	2
	5–200
	Upwind 0.8–140

Downwind 1.6–849
	Dungan et al., 2010 [59]



	Germany
	Swine (1000)
	High-volume impactor
	-
	3
	680
	24
	50–115
	Upwind 90

Downwind 150–600
	Hartung et al., 1997 [60]



	The Netherlands
	Poultry (4000–18,000)
	Filter head with conical inlet and 37-mm Teflon filter
	-
	24
	3.5–50
	0.3–6
	7–410
	Downwind 23 (<2–111)
	Jonges et al., 2015 [61]



	Denmark/Germany/

Switzerland
	Poultry (2100); pig (~1200)
	Personal sampling with 37-mm glass-fibre filters
	-
	176
	3.5
	-
	-
	Poultry 2575.8 (189.9–16,348)

Pig 671.6 (0.1–20,901)
	Radon et al., 2002 [62]



	Germany
	Cattle; swine; poultry
	Filter heads with 37-mm glass-fibre filters
	Winter and Summer
	64
	3.5
	24
	-
	Winter 3.6 (0.66–19.98)

Summer 4.4 (0.66–23.22)
	Schulze et al., 2006 [18]



	USA
	Swine
	Filter heads with glass-fibre filters
	March–November
	-
	2
	4
	30–160
	Upwind <10

Downwind 30–194
	Thorne et al., 2009 [57]
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Table 4. Endotoxin emissions from other sources as reported in the literature.






Table 4. Endotoxin emissions from other sources as reported in the literature.





	Country
	Source
	Sampling Approach
	Months of Measurement
	Number of Samples
	Flow Rate (L·min−1)
	Sampling Duration (h)
	Distance from Site (m)
	Endotoxin Concentration (EU·m−3)

Mean (min–max)
	Reference





	USA
	Application of biosolids to land
	Filter heads with 37-mm polycarbonate filters
	-
	80
	4
	-
	10
	Upwind control 7.8 (3.1–11.3)

Downwind control 14.5 (6.3–38.1)

Upwind application 2.1 (0–7.7)

Downwind application 36.0 (24.3–44.8)
	Barth et al., 2009 [65]



	USA
	Application of biosolids to land
	Impinger
	April–June
	125
	12.5
	0.2–0.3
	2–200
	Upwind 2.6

Downwind 33.5–627.3
	Brooks et al., 2006 [24]



	The Netherlands
	Endotoxin from water features
	Filter heads with 37-mm glass-fibre filters
	June–November
	73
	3.5
	3.1–8
	1–33
	2.6–61.8
	De Man et al., 2014 [67]



	India
	Wastewater treatment
	Impinger
	May–June
	-
	12.5
	1–1.5
	-
	Onsite 0.8–741
	Gangamma et al., 2011 [71]



	USA
	Wastewater treatment
	Filter heads with 37-mm glass-fibre filters
	All year
	40
	2
	4–5
	-
	Onsite 70.9 (35.6–147.8)
	Lee et al., 2006 [66]



	Switzerland
	Wastewater treatment
	Filter heads with 37-mm polycarbonate filters
	All year
	22
	1.5
	4
	-
	Onsite 8.8–29.8

(1.4–103)
	Oppliger et al., 2005 [72]



	USA
	Application of biosolids to land
	Impingers
	All year
	12
	12.5
	0.025–0.75
	-
	Onsite 2300

Upwind 3.3
	Paez-Rubio et al., 2007 [73]



	USA
	Bioaerosol exposure after flooding
	Filter heads with 37-mm Teflon filters
	October–November
	-
	10
	6
	-
	0.6–8.3
	Solomon et al., 2006 [69]



	Denmark
	Strawberry farm
	Filter heads with polycarbonate filters
	June–August
	12
	3.5
	1.3–4.8
	-
	8.9 (2.5–27.8)
	Tendal et al., 2011 [74]



	Italy
	Anaerobic digestion of biomass
	Multistage impactor with glass-fibre filters
	May–June
	12
	1270
	4
	-
	12.57–18.9
	Traversi et al., 2015 [75]











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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