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Sprays are used both in workplace and consumer settings. Although spraying has advantages, such as uniform distribution of substances on surfaces in a highly efficient manner, it is often associated with a high inhalation burden. For an adequate risk assessment, this exposure has to be reliably quantified. Exposure models of varying complexity are available, which are applicable to spray applications. However, a need for improvement has been identified. In this contribution, a simple 2-box approach is suggested for the assessment of the time-weighted averaged exposure concentration (TWA) using a minimum of input data. At the moment, the model is restricted to binary spray liquids composed of a non-volatile fraction and volatile solvents. The model output can be refined by introducing correction factors based on the classification and categorization of two key parameters, the droplet size class and the vapor pressure class of the solvent, or by using a data set of experimentally determined airborne release fractions related to the used spray equipment. A comparison of model results with measured data collected at real workplaces showed that this simple model based on readily available input parameters is very useful for screening purposes. The generic 2-box spray model without refinement overestimates the measurements of the considered scenarios in approximately 50% of the cases by more than a factor of 100. The generic 2-box model performs better for room spraying than for surface spraying, as the airborne fraction in the latter case is clearly overestimated. This conservatism of the prediction was significantly reduced when correction factors or experimentally determined airborne release fractions were used in addition to the generic input parameters. The resulting predictions still overestimate the exposure (ratio tool estimate to measured TWA > 10) or they are accurate (ratio 0.5–10). If the available information on boundary conditions (application type, equipment) does not justify the usage of airborne release fraction, room spraying should be used resulting in the highest exposure estimate. The model scope may be extended to (semi)volatile substances. However, acceptance may be compromised by the limited availability of measured data for this group of substances and thus may have limited potency to evaluate the model prediction.
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1 Introduction

For manufacturing and marketing chemicals or biocidal products in the European Union, enterprises must fulfill legal requirements. According to European chemicals legislation, a risk assessment is usually necessary, which also includes the assessment of occupational exposure that can be model-based if relevant monitoring data are not available. This model-based exposure assessment often follows a tiered approach, where it is expected that the degree of conservatism for the prediction decreases with increasing levels of detail and accuracy of the prediction. This comprises a series of models with increasing complexity and degree of detail. This means that the models should span a range from simple generic models, which need basic and easily obtained input parameters, to sophisticated (e.g., deterministic or probabilistic) models for which comprehensive information on the processes is required. Depending on the availability of input parameters, the suitable tier level can be selected for the exposure assessment. Due to these different demands and needs, there is a large number of models available for the exposure assessment (1). A review of available models and the status and further needs for modeling spraying activities are given in Hahn, Meyer (2). Spray applications are activities used to atomize liquids into droplets for dispersion of, e.g., pesticides, biocides, and paints (3). Thereby, spraying has several advantages such as uniform distribution of substances on surfaces in a highly efficient manner. However, non-volatile substances will become airborne as aerosols and thus inhalable by these activities. Moreover, the surface area of the products will increase so that volatile substances can more easily evaporate, resulting in potentially higher air concentrations. Tasks such as spraying solvents or pesticides can produce very high exposure levels (3), which are linked to several chronic health impacts such as cancer, neurotoxic effects, or reproductive toxicity. Respiratory effects such as temporary irritation and asthma during spray cleaning and by disinfection products have been discussed by Clausen, Frederiksen (4). The authors found that especially corrosive chemicals are chemicals of concern regarding respiratory effects (e.g., asthma). Furthermore, they concluded that the assessed epidemiological studies provide some evidence of increased asthma risk or worsening of asthma symptoms while using spray cleaning products in a professional or private context. Overall, occupational exposures continue to cause an important health burden worldwide, justifying the need for ongoing prevention and control initiatives (5). Spraying activities are often associated with high inhalation burden, and spray products require additional considerations to assess potential inhalation exposure.

The exposure assessment by modeling of chemicals applied by spray processes is challenging because of the high number of parameters and the variance of their values having influence on the airborne concentration. Especially the higher tier models require full details of the spraying process and the dispersion mechanisms, which are often not available. For this reason, simple model approaches and the improvement of existing spraying models are a valuable addition (6, 7).

The inhalation exposure during spraying is determined by the rate at which the spray is released into the air, the dispersion and the maturation of the released droplets by deposition (mainly settling on horizontal surfaces), and their evaporation. There are two modes of spray application: surface spraying and room spraying. While for room spraying, the entire mass released by the spraying system becomes airborne, only part of it – the overspray or airborne fraction – is available for airborne transport and exposure during surface spraying. The relevance of the exposure-determining mechanisms depends on the spray technology (such as airless versus air assisted, propellant sprays) and the associated parameters such as spray nozzle parameters, spray angle, distance to wall, and droplet size distribution. Further parameters related to the formulation are its chemical composition, the mass fraction, and partial vapor pressures of the relevant compounds (e.g., active substance or pigments and solvents).

In this article, we present a simple tier 1 approach for the assessment of the time averaged exposure concentration using only a minimum of input information and discuss possible refinements based on the classification and categorization of two key parameters: the droplet spectrum and the solvent vapor pressure. The model results are compared with measurements carried out at real workplaces. The degree of conservatism is assessed and discussed. Currently the model is restricted to binary spray liquids composed of a non-volatile fraction and volatile solvents.



2 Materials and methods


2.1 Modeling approaches

There are numerous approaches available for indoor occupational exposure modeling (1). Only very few of them focus on spray processes (2). A common way to assess indoor exposure concentration by deterministic modeling is to balance the mass flows of sources and sinks inside a closed system.


2.1.1 Generic 2-box spray model

On the lowest level a mass balance model requires knowledge of only a few generic parameters: the source strength of the spray process and the removal rate by air exchange together with the room volume, and spraying and post-spraying duration. Further mechanisms which also determine the air concentration, such as spray maturation by droplet evaporation and mass losses due to droplet settling onto the floor and other surfaces for example, are neglected in this modeling approach.

The mass balance model suggested here as a tier 1 screening model is based on a well mixed 2-box approach as shown in Figure 1, characterized by a personal volume, [image: image], and a room volume, [image: image]. We consider a single spraying event of duration, [image: image] composed of a spraying period, [image: image], and a post spraying time, [image: image]. The spray liquid is usually a system composed of [image: image] (non-volatile) substances with mass fraction, [image: image] (total mass fraction, [image: image]), and solvents with the complementary mass faction, [image: image]. The room air is constantly exchanged with exchange rate, [image: image]. The spray is released at a constant mass flow rate, [image: image]

[image: Figure 1]

FIGURE 1
 Schematics of the proposed 2-box approach. Assumptions: the personal volume (VP) is small compared to the room volume (VR), and the residence time (Tp) of the spray inside the personal volume is small compared to the exposure time T (spraying and post spraying). Qp = 100 m3/min, which, for example, corresponds to Tp of 0.1 min for VP of 10 m3.


In the 2-box approach, the near field is defined by a personal volume, [image: image], which is fed by the constant mass flow rate of the spray, [image: image]. Due to the movement of the spray operator, for example during wall spraying and/or the entrained airflow related to the spray process, the personal volume is exchanged by a constant airflow rate, [image: image]. Thereby [image: image] represents the residence time of the spray mass in the personal volume. Subsequently the mass will pass into the far-field room volume, VR, where it is assumed to be instantaneously homogenized inside the entire volume. This causes a constant (near field) concentration of the sprayed substances (and solvents) inside the personal volume during the spraying time, [image: image].

Accordingly, for the (non-volatile) substance the concentration in the near field (Eq. 1) can be expressed as

[image: image]

and the concentration pattern in the far field (Eq. 2) taking into account the air exchange rate, [image: image], is

[image: image]

inside the entire room volume, [image: image], during the spraying time and post spraying time if the material is instantaneously mixed. Time integration yields the contributions to the time weighted average (TWA) mass concentration of the sprayed formulation in the personal and the room volume:

[image: image]
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The TWA of the exposure concentration is approximated by the sum of the two terms which is a good approximation for [image: image]:

[image: image]

In summary, the mandatory input parameters for the simple generic 2-box model used here are: the room volume, the air exchange rate, the spraying and exposure time, the mass flow rate of the sprayed liquid, and the mass fraction of the substance under consideration in the sprayed liquid. For the volumetric exchange flow rate, [image: image], of the personal volume, a value of 100 m3/min is suggested as a fixed value. This value is larger than values found in the literature for stationary sources ranging up to 30 m3/min (8). The higher value has been chosen due to the movement of the sprayer and the forced airflow by air entrainment into the spray. For a value of 10 m3 for the personal volume[image: image], the volume flow rate of 100 m3/min corresponds to a residence time,[image: image], of the spray in the personal volume of 0.1 min.



2.1.2 Refined generic 2-box spray model

The generic 2-box model (Eqs. 3–5) assumes that all sprayed amounts end up in the air with the source term quantified by the release rate of the substance. For volatile substances, this approach assuming (instantaneous) complete evaporation is sufficient taking into account air exchange. For a non-volatile substance, the approach is expected to be over-conservative since droplet evaporation and settling is not taken into account as well as the reduced airborne fraction FA for surface spraying which is due to wall deposition.

For room spraying, a value of 1 is suggested for FA considering that all sprayed mass is released to air. For surface spraying, the value is usually <1 and strongly depends on the details of the spray nozzle such as cross-sectional surface area, spray angle, and exit velocity on the spray as well as on the droplet spectrum generated in the spray process. These parameters may vary significantly for different spraying systems, and usually the operational parameters of the spraying system are not known in detail. A default value of 30% for the airborne fraction seems to be a reasonable worst-case for surface spray applications since spraying systems leading to higher overspray formation are unlikely to be used for this type of application considering that the intention is that the substance is on the surface and not off the target. Measurements by Schwarz, Koch (9) and estimations derived from a detailed wall impaction model presented in Hahn, Schwarz (10) support this assumption.

Droplet evaporation is determined by the solvent vapor pressure and settling depends on the (resulting) droplet size distribution. For exposure situations for which at least some generic information or assumptions on solvent vapor pressure and droplet size distribution are available, a refined version of the generic 2-box model was developed. This refined 2-box model accounts for droplet maturation and settling by correction factors [image: image] and [image: image]applied to the far field and near field contribution of the TWA concentration “Applying these correction factors to Eq. 5, results in the following Eq. 6.

[image: image]

The correction factors were calculated using a more detailed analytical well stirred one compartment model applied to the personal volume and the room volume that takes into account the aerosol dynamics of droplet evaporation and droplet settling. The details of this analytical spray model are presented in the Supplementary material.

The correction factors to the simple generic 2-box model related to droplet evaporation and settling are given by

[image: image]

where[image: image]and [image: image] are the TWA concentrations calculated by the extended analytical model. In a comparison of Eq. 7 with Eqs 3, 4, it is obvious that the correction factors (ratios of two concentration values) are independent of the room volume and the mass flow rate of the spray liquid because both calculated concentrations depend in the same way on these parameters. Parameters primarily influencing the values of the correction factors are the droplet distribution, which can be described by a lognormal distribution with variable mass median droplet diameter [image: image] and constant geometric standard deviation, [image: image] (11), and the vapor pressure of the solvent as well as the spraying and exposure times, [image: image] and [image: image]. Further parameters are the air exchange rate, [image: image], the settling height,[image: image], and the volume fraction of the non-volatile substances, [image: image].

For the model runs to derive the correction factors, the following model input data were used: The solvent vapor pressures values were chosen in steps of 0.01, 0.1, 1, 10, 100, 10,000, and 10,000 Pa. The mass median droplet diameters of the spray droplet spectrum were chosen in steps of 10, 20, 40, 80, 160, 320, and 640 μm. The geometric standard deviation was set to a constant value of 1.8. The overall effect of settling losses that determine the correction factors for the far-field contribution depends on the time scales and on the air exchange rate. With large values for the air exchange rate, for example, mass losses by settling become less important compared to mass losses by ventilation. Therefore, the spraying time, [image: image], the exposure time, [image: image] and the air exchange rate, [image: image], were chosen according to Table 1. Table 1 represents typical values for real life application of spray: short, medium and long spraying times as well as short and long post exposure times (per treated location). Far-field correction factors were calculated for 0, 10, and 20 h−1 for the exposure durations of 6 and 15 min.



TABLE 1 Values of spraying and exposure time used for calculation of the correction factors.
[image: Table1]

The value of the settling height was set to 3 m as a typical room height. The effect of settling on the TWA after evaporation of the solvent is influenced by the volume fraction of all non-volatile compounds in the application solution. Here a value of 0.01 was chosen to be conservative. Larger values of the volume fraction would lead to smaller values of the correction factor, i.e., lower concentration because the size (MMD) of the matured aerosol (after solvent evaporation) is larger resulting in higher settling losses. Values of the volume fraction of non-volatiles smaller than 0.01 seemed unlikely in practice, as other impurities add to the background concentration of non-volatiles in the final spray solution. For example, the formulation does not often contain only one non-volatile substance. In addition, concentrated solutions of the formulation containing the non-volatile compound [for example quaternary ammonium compound (QACs)] are typically diluted with tab water, and tab water usually contains other non-volatile compounds such as salts, e.g., a medium water hardness of 14° is equivalent to 0.25 g/L calcium carbonate. A value of 1,000 kg/m3 was assumed as default for the solvent and substance densities.

The vapor pressure of the solvent (which can be a mixture of different compounds) and the droplet spectrum may cover a range of values and are not always readily available. Therefore, a categorization of the parameters was carried out. Three vapor pressure classes, 1–3 (class 1: ≤ 10 Pa, class 2: 10–1,000 Pa, class 3: ≥ 1,000 Pa), and two size classes (fine spray: MMD 10, 20, 40, 79 μm and coarse spray: MMD 80, 160, 320, 640 μm) were chosen. The fine spray is representative for room spraying using propellant aerosol cans or fogging systems as particles are intended to have a long residence time in the air. High pressure spraying typically generates fine droplets whereas coarse sprays result from spray nozzles operated at low pressure (< 6 bar). In order to adjust the generic 2-box model using the restricted information on vapor pressure and droplet size, the mean value, [image: image], of the [image: image]-values belonging to the parameters that determine the vapor pressure and droplet size class was calculated. This was done for all scenario parameters listed in Table 1, resulting in 3 × 2 × 14 = 84 values for [image: image] for the far-field correction. The calculated values are listed in Table 2.



TABLE 2 Mean values of the near- and far-field correction factors [image: image] and [image: image].
[image: Table2]

The near field correction factors, [image: image], were calculated for one scenario only. It was characterized by a droplet residence time inside the personal volume of 0.1 min. The residence time was obtained from the air exchange flow rate of 100 m3/min and an assumed personal volume of 10 m3. A total of 3 × 2 × 1 = 6 mean values, [image: image], of the mean near field correction factor was calculated (Table 2).



2.1.3 Generic 2-box spray model using release fraction

The default value for the airborne release fraction during surface spraying of 30% is probably too conservative when treating flat surfaces such as the walls and the floor of the room. It may be justified that the spray partly passes the surfaces to be treated such as spraying on industrial appliances with structured surfaces (tubes, grids) or carrying out disinfection tasks in stables.

An alternative to select this value is to use measured values of the airborne release fraction of (non-volatile) compounds obtained in control chamber experiments (9, 12–14). The airborne release fraction takes into account overspray formation and settling losses in the immediate vicinity of the spray nozzle. In the study by Schwarz, Koch (9), the airborne release fraction of non-volatile substances in the inhalable aerosol was roughly classified into [image: image] for flat fan and hollow cone spray nozzles operated at low (1–3 bar) and high (<10 bar) pressures and [image: image] for handheld pump sprays. It was measured under conditions of realistic application for the spray technology.




2.2 Workplace measurement data

The model and its two refinement options were evaluated by comparing model calculations with available experimental measurement data for typical workplaces. Different sources of suitable workplace measurements data have been identified. Measurement data are available from BAuA reports [F1702 (15); F2137 (16), F2366 (9)]. Data from F2137 (16) were already used for evaluation of the SprayExpo model. In addition, suitable data were available from the Biocides Human Health Exposure Methodology (17): Spraying Model 2 contains data from HSE (18) and Spraying Model 10 contains data from TNO report V3806 (19). Further data were published for insect sprays by Berger-Preiss, Koch (20), which were also used for evaluation of the performance of ConsExpoWeb on modeling consumer exposure to spray products (21). For the modeling exercise, the experimental conditions described in the identified studies were coded for the input parameters required and simulated using the described models (see Supplementary material).

In total for evaluation of the screening models, 34 scenarios were used from the BAuA reports [F1702 (15), F2137 (16), F2366 (9)] representing different sprayed masses, room volumes, and spraying times as well as different application types (surface or room spraying) and mass median diameters (MMD) of the sprayed aerosols. The use areas covered antifouling, pest control, wood protection, stored product protection as well as disinfection of tables, walls, or pool sides or treatment of animal housings. Room volumes ranged from relatively small rooms with 13.3 m3 to very large with 10,700 m3. For the ventilation rates, specific values were available for three scenarios. In the cases where information was missing, a rough estimation was made: for antifouling scenarios, an air exchange rate of 10 h−1 has been assumed, for animal housings a rate of 1 h−1 due to open doors, and for all other scenarios a rate of 0.6 h−1. Spraying time was usually equal to exposure time (sampling time) and ranged from 4 to 103 min. Exceptional cases are the table disinfection at which spraying time of 1 and 1.28 min were shorter than the exposure time of 4.5 and 4.45 min, respectively.

Data from HSE (18) are available including 13 scenarios with measured data for inhaled exposure during spray application (in total 20 scenarios considering dermal exposure data). Spraying indoors ranged from small-scale domestic to large-scale applications. The room volume spanned a high variability from living rooms to church halls, but specific values on room volumes and ventilation rates were not given. Spraying was done onto hard surfaces, and the direction was usually “around,” partly overhead and for some scenarios downwards. Besides spraying, half of the scenarios also included irrigation (injection into holes), but information on the fraction of irrigation on the whole process was not given. Spray pressures ranged from 320 to 1,050 kPa and spraying activity from 6 to 95 min. For the simulation, a worst-case assumption was used to cover uncertainties in the boundary conditions: all mass is sprayed not irrigated, particle size class is fine, and ventilation is low (0.6 h−1).

In the TNO report V3806 (19), in total 16 scenarios were given on surface spraying for pest control in different areas such as private home, chicken stable, transit store, and restaurant. The room volumes varied from 192 to 40,728 m3 and the treated surface (no input parameter) from 64 to 5,556 m2. Ventilation was given qualitatively with no ventilation, natural ventilation, or mechanical ventilation, so that for modeling 0, 0.6, and 10 h−1 were selected, respectively. Generally, equipment with a shoulder strap was used with <3 bar. However, one scenario comprised equipment with >3 bar and another scenario with equipment for fogging. Different temperatures were given for each scenario which had no impact on the modeled results using the described models, as the temperature range of 7.5 to 20.1°C had no influence on the assignments on vapor pressure classes of the solvent or non-volatile substance. The amount sprayed and the measured concentration of the substance of interest in the spray tank were specified for each scenario. Sampling time was used for spraying time and exposure time, as directly linked to the measured TWA given. Overall, although some minor uncertainties regarding ventilation or particle sizes existed, sufficient information on the boundary conditions were available for these measurements.

Measured data for application of 5 different insect sprays were presented in Berger-Preiss, Koch (20), and each product consisted of 2–3 non-volatile substances. The insect sprays were applied all for room spraying with a fine aerosol (MMD < 40 μm), and each in three different time scales [variation in spraying (10 s to 2 min) and exposure time (2.2 –to 60 min)] as well as in sprayed amount (9.5 to 189.2 g) resulted in 15 different scenarios. Only the substance with the highest content was selected for the modeling exercise for each scenario and was compared to the measured value of this compound. Room volume was relatively small (about 40 m3), and a low ventilation rate of 0.6 h−1 was presumed.

Finally, the modeled time-weighted average (TWA) air concentrations using the described models were compared with the measured air concentrations to evaluate the performance of the described models.



2.3 Statistical methodology

In recent publications, statistical parameters have been proposed and discussed to evaluate performance and accuracy of models (8, 22–24). However, no agreed standards exist (25). In the following, the ratio modeled/measured concentrations have been calculated for each workplace scenario. Based on these ratios, the percentage of the number of scenarios with ratio < 0.5, 0.5–10, 10–100, and > 100 has been derived.




3 Results


3.1 Correction factors

For practical application of the generic 2-box model and the refinement using correction factors, the latter should be calculated in advance. For this purpose, a series of model runs was performed with the analytical model covering the range of expected exposure scenarios (see section 2.1.2).

Figure 2 shows results calculated for the parameters of the second and third row of Table 1 representing spraying times of 10 min, which are typical for disinfection of surfaces inside a room. Parameters of the calculations varied with respect to the post exposure time (15 versus 60 min and the air exchange rate (0 versus 20 h−1). No correction to the far-field contribution of the generic 2-box model (Eq. 4) results in [image: image]. The smaller the [image: image]-value, the larger the deviation of the concentration calculated with the analytical model related to mass losses from droplet settling compared to the generic 2-box model without refinements. The main parameter of influence on the [image: image]-value is the [image: image]of the droplet spectrum. The droplet size dependence is reduced to high values of the air exchange rate. This is because the residence time of the substance is smaller and, therefore, also the time that the settling mechanism is effective. Please note, the main influence of the air exchange rate on the TWA concentration is already accounted for in the generic 2-box model.

[image: Figure 2]

FIGURE 2
 Correction factors for 10 min spraying duration (Ts) and overall exposure time (T) of 60 min (A,B) or 15 min (C,D). Comparison between scenarios without air exchange (A,C) and an exchange rate of 20 h−1 (B,D). The dots are the exemplary values for a solvent vapor pressure of 1,000 Pa and a droplet spectrum with MMD of 320 μm.


The dots show exemplary results for a MMD of 320 μm and a solvent vapor pressure of 1,000 Pa. For the 60 min exposure time (a, b) a reduction of the correction factor can be observed from [image: image]= 0.0428 for 20 h−1 to [image: image] = 0.0064 for zero air exchange. Obviously this difference is reduced for the shorter exposure time of 15 min (c, d): [image: image] = 0.0402 for 20 h−1 and [image: image] = 0.0245 for 0 h−1. For the large [image: image]-value of 20 h−1 the influence of exposure time on [image: image] is small ([image: image] = 0.0402 for T = 15 min and [image: image] = 0.0428 for T = 60 min) since the mean residence time where settling is effective is 3 min for both scenarios.

Figure 2 also shows that, compared to the droplet spectrum, the dependence of [image: image] on vapor pressure is smaller. This is because for values above 1,000 Pa, the regime for most of the solvents, [image: image] is nearly independent of vapor pressure because solvent evaporation from the spray droplets is fast and the mass losses are determined by the residual dry aerosol. At the low end of the vapor pressure scale (<1 Pa), there is virtually no droplet evaporation, and mass losses are determined by the size of the spray droplets.

Generally the far-field correction factors are smaller for coarse sprays than for fine sprays. For water which is classified as vapor pressure class 3, the correction factors for the fine droplet spectrum vary between 0.48 and 0.70 and for the coarse droplet spectrum between 0.05 and 0.17. For short exposure times, the influence of the air exchange rate on the mean far-field correction factors is small. For 20-fold air exchange rate per hour, for example, the correction factors are independent of the spraying and exposure times since settling is active only during the residence time [image: image] min which is smaller than all the exposure time scale considered here. For the near field, the fine mode correction factor is close to 1 for the fine spectrum and about 0.4 for the coarse mode spectrum.



3.2 Comparison with workplace measurements

The model and its refinements were compared with monitoring results obtained at workplaces. In total, 78 measurements from different sources were used for comparison. The measured substances in the spray formulations were all non-volatile. Most of the solvents (mainly water) belonged to vapor pressure class 3, which was important for the maturation of the droplets and thus the correction factor used for the refined generic 2-box model. However, measurement data for the solvents were usually not available, so only the concentrations of the non-volatile substances were available for comparison.


3.2.1 Data from BAuA reports

The comparison of the modeled TWA with workplace data from the BAuA reports is shown in Figure 3 (15, 16, 9). For surface spraying, the generic 2-box spray model (Figure 3A) usually overestimates the measured TWA values by a factor of 100 and larger. Using the refined generic 2-box spray model (Figure 3B) reduces the conservatism of the model due to applying the correction factors [image: image] and the default airborne fraction of 30%. However, the modeled TWA values for the surface spraying scenarios are mostly still at least a factor of 10 above the measured TWA values. This changes when the data-based classification of the airborne release fractions associated with the spray technology is used for [image: image]in the generic 2-box spray model. The predictions for surface spraying become significantly less conservative with many of the scenarios falling within the range between the measured TWA and 10-fold above the measured TWA (Figure 3C).

[image: Figure 3]

FIGURE 3
 Comparison of modeled TWA values with measured data from the BAuA reports (15, 16, 9) using (A) the generic 2-box spray model, (B) the refined generic 2-box spray model, and (C) the generic 2-box spray model using release fraction; solid line represents 1:1-line, the dotted line a 10-fold, and the dashed line a 100-fold overestimation of the model.


For room spraying the situation is quite different. The modeled TWA values are above the measured TWA using the generic 2-box spray model (Figure 3A), but only a few scenarios are highly overestimated (> factor 100). Considering the settling of particles using the correction factors [image: image] significantly reduces the conservatism of the model if coarse particles are present (refined generic 2-box spray model, Figure 3B). Using the airborne release fraction approach (Figure 3C) will not change the estimate in comparison to the generic 2-box spray model (Figure 3A), as for room spraying all sprayed liquid becomes airborne (airborne release fraction [image: image] = 1).

The data points above the 1:100 line in Figures 3A,C represent stable disinfection and wood protection scenarios. In these scenarios not only flat surfaces are treated but also beams and grids, and thus parts of the spray pass the surfaces to be treated. The actual application type is consequently a mixture of room and surface spraying. Room disinfection with [image: image] = 1 has been selected for these scenarios as a worst-case assumption. However, a significant part of the spray is expected to be on the surface, so that [image: image] is actually <1. Using for these scenarios surface spraying (Figure 4) would shift the model closer to the measured data if the airborne release fraction approach is used with an [image: image] = 0.01. The TWA values calculated by the refined generic 2-box spray model are less conservative than the generic 2-box spray model but are still apparently higher than the release fraction approach. For these specific scenarios and measurements, the selection of surface spraying instead of room spraying is a refinement option, is still conservative, and seems to be more appropriate than room spraying.

[image: Figure 4]

FIGURE 4
 Comparison of modeled and measured TWA values for scenarios calculated for both room and surface spraying, as application type is unclear. For scenarios numbers and specific information, see Supplementary material.




3.2.2 Data from model 2 of biocides human health exposure methodology

For the workplace data from Garrod, Rimmer (18), all scenarios were coded as surface spraying with a particle size “fine.” In the publication of Garrod, the room volume of each workplace was not specified. However, the uncertainty of the room volume was not expected to have much impact. Figure 5 shows the dependency of the modeled TWA from the input parameter room volume. With increasing room volume, the TWA converges to a value which is determined by the concentration in the near field (personal volume). This clearly shows the strength of the 2-box model. Subsequently, simulations were performed for all scenarios using two different room volumes (1,000 m3 and 10,000 m3), which are probably too high, for example, for the sampled scenarios in living rooms but too small for example for the sampled scenarios in a chapel. The comparison of modeled TWA with the measured workplace data is shown in Figure 6. For both assumed room volumes, the modeled TWA are often at least by a factor of 100 higher than the measured TWA values using the generic 2-box spray model (Figure 6A). The TWA is more realistic but in most cases still higher than the measured value using the refined generic 2-box spray model (Figure 6B). The third model using the release fraction of 0.01 with the generic 2-box spray model results in TWA values significantly below the measured values for some scenarios (Figure 6C). This indicates that the airborne release fraction of 0.01 may not be appropriate for these situations. However, information on some relevant boundary conditions are not available, resulting in a high uncertainty of the input parameters and thus also in an uncertainty of the modeled TWA.

[image: Figure 5]

FIGURE 5
 Dependence of modeled TWA values from room volume used in the generic 2-box spray model for exemplary scenarios from HSE (18).


[image: Figure 6]

FIGURE 6
 Comparison of modeled TWA values with measured data from HSE (18) using (A) the generic 2-box spray model, (B) the refined generic 2 box spray model, and (C) the generic 2-box spray model using release fraction; solid line represents 1:1-line, the dotted line a 10-fold, and the dashed line a 100-fold overestimation of the model.




3.2.3 Data from model 10 of biocides human health exposure methodology

The TNO data were mostly coded as surface spraying as well (19). One scenario is for fogging application, and thus it cannot be assumed that deposition on surface during application is relevant. This scenario was assigned as a worst-case approach to application type room spraying. The comparison of modeled TWA with the workplace data is shown in Figure 7. Again the generic 2-box spray model (Figure 7A) usually highly overestimates the measured TWA by a factor of >100 due to neglecting deposition on the surfaces. Applying the correction factor (Figure 7B) will reduce the modeled TWA but is still conservative. Using the airborne release fraction approach in the generic 2-box spray model results in an estimation nearest to the 1:1 line.

[image: Figure 7]

FIGURE 7
 Comparison of modeled TWA values with measured data from TNO (19) using (A) the generic 2-box spray model, (B) the refined generic 2 box spray model, and (C) the generic 2-box spray model using release fraction; solid line represents 1:1-line, the dotted line a 10-fold, and the dashed line a 100-fold overestimation of the model; all scenarios surface spraying with one exemption for fogging.




3.2.4 Data for insect sprays

The measurements of Berger-Preiss, Koch (20) were solely simulated as room spraying with a particle size class of “fine.” The comparison of modeled TWA with measured workplace data is shown in Figure 8. For room spraying all sprayed liquid becomes airborne ([image: image] = 1), and thus there is no difference between Figures 8A,C. The modeled data using the generic 2-box spray model are usually up to a factor of 10 above the 1:1 line. The refined generic 2-box spray model (Figure 8B) results in slightly reduced modeled TWA values, which is due to the consideration of the settling and which is only marginal for fine particles.

[image: Figure 8]

FIGURE 8
 Comparison of modeled TWA values with measured data for insect sprays (20) using (A) the generic 2-box spray model, (B) the refined generic 2 box spray model, and (C) the generic 2-box spray model using release fraction; solid line represents 1:1-line, the dotted line a 10-fold overestimation of the model; all scenarios room spraying.






4 Discussion

In this article, a generic 2-box spray model is presented for screening purposes in order to estimate the exposure during spraying activities. In addition, approaches are suggested to refine the model outcome without using higher tier tools. In recent publications, criteria has been proposed and discussed to evaluate performance and accuracy of models which are based on the ratio modeled/measured concentrations (8, 22–24). However, these criteria seem to be too ambitious for screening models, as such screening models (tier 1 models) should represent the best possible compromise between accuracy and simplicity, and, therefore, often the modeled estimates are significantly higher than the actual exposure. For this reason an underestimation was assigned to a ratio < 0.5, an accurate estimation for ratio 0.5–10, an overestimation to ratio 10–100, and a high overestimation to ratio > 100. An overview of the statistical data evaluation is given in Table 3.



TABLE 3 Statistical data using the 2-box spray models.
[image: Table3]

All three models give conservative results, as almost all modeled values are higher than the measured values. The prediction of the generic 2-box spray model highly overestimates the measurements for the considered scenarios in approximately 60% of the cases by more than a factor of 100. However, performance of the generic 2-box spray model is excellent for room spraying, and the modeled value is usually maximum a factor 10 higher than the measured value. Exemptions are the scenarios for which application type is not an unambiguous assignment, and thus room spraying is used as a worst-case assumption. If detailed information on the application type and equipment are available, the selection of surface spraying and measurement or defining the airborne release fraction may be an appropriate refinement option. However, if only limited information on the scenario and equipment is available, the default of 30% airborne fraction or even room spraying should be selected as a worst-case approach to avoid underestimation.

Underestimation is generally not observed for the generic 2-box spray model which is not surprising as the model assumes that all sprayed amount is airborne regardless of surface or room spraying. In addition, TWA values during spraying are determined by the concentration in the near field (personal volume) so that by using the 2-box model approach the influence of the dilution within the room volume has minor impact and an underestimation is not expected.

For surface spraying the overestimation in the generic 2-box spray model is primarily based on neglecting intended deposition of spray on the treated surface. Taking settling into account, which is implemented in the refined generic 2-box spray model, reduces the conservatism. Although settling is dependent on the particle size, it is not necessary to know the particle size distribution in detail but it is sufficient to rather have a rough classification into fine or coarse spray. Further refinement option addresses the airborne fraction which is important for surface spraying only. An airborne fraction of 30% is suggested as a default in the refined generic 2-box model and at the same time only fine particles as airborne are considered. Using the experimentally determined airborne release fractions, which indirectly reflect the complex characteristics of the spraying equipment and which are much smaller than the suggested default value, results in the least conservative and thus most accurate prediction of measured concentrations. In more than 60% of the cases, the modeled value for the spraying scenarios is then below a factor of 10 above the measured values. It is worth mentioning that for the generic 2-box model based on airborne release fractions no information on the droplet size distribution is required.

Underestimation has been observed for the HSE data (18) when using the airborne release fraction approach on the generic 2-box model. It seems that the used airborne release fraction is not appropriate to all these scenarios and some are rather similar to room spraying. However, in this case, the coding of the scenarios has a high uncertainty due to missing information on room volume, ventilation, application, and equipment. As a worst-case approach, room spraying should be selected if sufficient information is not available. However, for the BAuA data, it has been demonstrated that room spraying could also result in high overestimation and surface spraying considering the airborne release fraction is the better choice. In case of doubt, the airborne release fraction should be measured experimentally.

The evaluation of the performance of the presented screening models has only taken the measurement of non-volatile substances into consideration so far. However, the generic 2-box spray model approach, at which all sprayed liquid becomes airborne, is principally also applicable to volatile substances. Even if volatile substances deposit on the surface, they will become airborne by evaporation. For this reason, assuming that all substances are after spraying, airborne is a reasonable worst-case assumption. As only limited data are available for volatiles during spraying, this model domain can hardly be evaluated quantitatively. In Hahn, Schwarz (10) some information on volatiles are presented that supports the expectation that the presented screening approach may be conservative for volatile substances. A potential refinement for volatiles substances may only be possible using higher tier tools such as SprayEva (26). In addition, the presented model is evaluated so far mostly for indoor application only. As mentioned earlier, often spraying activities are applied outdoors (e.g., pesticides). For outdoor environments, the far field volume will be large, and additional distribution processes have to considered such as wind speed and direction. Wind will have an influence on the mass flow out of the personal volume but could also be directed into the personal volume which makes a prediction of the inhalable exposure more complex. Adaptation of the model and maybe different default input parameters may be required to be applicable to outdoor processes without limitations.

As mentioned above, a review of available models suitable to assess exposure during spraying activities is given in Hahn, Meyer (2). For example ECETOC TRA, ART or Stoffenmanager® provide approaches to predict exposure during spraying activities. The majority of the available models are based on empirical data such as the TNsG spraying models [Biocides Human Health Exposure Methodology (17)]. Two datasets (HSE, TNO) provided by the TNsG spraying models have been used for evaluation of the presented screening models. The available mass-balance models (SprayExpo and ConsExpo) are regarded as higher tier models, as they need detailed information on the exposure situations such as information on particle size distribution. A comparison between the different models is beyond the scope of this publication, but there is a need for simple model approaches (6, 7).

ConsExpoWeb contains two model approaches: an instantaneous release model as screening and the more sophisticated spraying model mentioned above. The first one is similar to the presented generic 2-box spray model and considers the released mass, the weight fraction of the compound, the room volume, the exposure duration, and the ventilation. However, all the released amount is instantaneously released and homogenized in the air and does not consider the spraying time. In addition, it is based on a well-mixed room concept which is sufficient for small rooms usually presenting consumer exposure. However, for workplaces, often larger rooms are more typical, and thus a 2-box model concept seems to be more appropriate.

Several authors presented 2-box models. i.e. based on near field and far field (NF/FF) approaches (24, 27–34). Most of these approaches are applied to volatile substances which are evaporating from a source within the near field. The concept has been applied to spraying as well (29, 30), whereas Hofstetter, Spencer (29) concentrated on volatile compounds only. Critical parameters for the NF/FF model are the size of the near field (24) or the mass flow between near field and far field. Mass flow rates between near field and far field have been reported for several indoor environments in the range between 0.24 and 30 m3/min (8). The higher value of 100 m3/min has been proposed (see section 2.1.1) due to the movement of the sprayer and the forced airflow by air entrainment into the spray. Usually, near-field volumes of less than 1 to 25 m3 are suggested in literature (often 2x2x2 = 8 m3). A medium volume for the near field of 10 m3 corresponds for the proposed mass flow of 100 m3/min to a residence time of 0.1 min in the personal volume.

A 2-box model is also available in the IHMOD™ Tool published by AIHA. However, it is not developed specifically for spraying activities. For this reason, it considers the mass generation but does not consider the sink by settling or the deposition on the treated surface. This is also not considered in the presented generic 2-box spray model, but it is considered by the correction factors used for the refined generic 2-box spray model. In addition, the airborne release fraction approach considers the fraction which will adhere on the treated surface in the case of surface spraying as well as settling losses in the immediate vicinity of the treated area.

For the screening models (tier 1 approach) which are presented here, only easily obtainable input information is required. These are the room volume, the air exchange rate, the spraying and exposure time, the mass flow rate of the sprayed liquid, and the mass fraction of the substance under consideration in the sprayed liquid. For the refinements only information is required about the application type, i.e., surface or room spraying, and the vapor pressure class of the solvent. Additional refinement is possible if measured airborne release fraction is available or at least information about equipment which justifies the selection. If more information is available such as, for example, a detailed characterization of the spray droplet spectrum, higher tier models can be used as, for example, the analytical approach presented in the Supplementary material, SprayExpo (16, 35), and SprayEva (26).

The presented screening models can be regarded as a stage of extension for the ConsExpoWeb instantaneous release model considering the spraying time and the two-box model concept or for the AIHA model considering spraying activities and processes. Ultimately, the presented screening models expands the possibilities to use modeled data in regulatory authorization processes.

Although spraying has several advantages, the sprayed substances will become airborne and inhalable. As a result, several diseases are induced by these (workplace) activities which has been discussed, for example, by Clausen, Frederiksen (4). To prevent, control, and avoid these diseases, occupational health practitioners and exposure and risk assessors can make use of the presented generic 2-box model as a possible addition to workplace measurements. The model can be used for a first estimate to determine where at the workplaces concern about human health is expected, where more information is necessary (higher tier modeling and measurements), or where risk mitigation measures are needed. In comparison to the higher tier models, only easily obtainable input information is required. The generic 2-box model usually produces conservative exposure estimates. Thus, if the results of a risk analysis indicate that adverse health impacts are likely, the refinement options based on correction factors and measurement of release fractions provide an alternative to considering burdensome risk mitigation measures. The model can also be used to evaluate the impact of varying mass fraction, MMD, etc., in order to make recommendations for safe and sustainable by design (36, 37) products and systems, for example by altering the design of a spraying device and scenario. In consequence, the model will help to realize and control adverse human health effects during spraying of (corrosive) chemicals, which are often associated with a high inhalation burden.



5 Conclusion

The presented screening model is intended to be a simple introduction to exposure modeling of spraying activities, which also allows more refined estimates with slight adjustments. The model approaches using generic input parameters allow a conservative prediction of exposure concentrations for spray applications. However, the over-prediction of measured concentrations is quite large in particular for surface spraying due to significant overestimation of the airborne fraction. This can be reduced by using correction factors or the concept of airborne release fractions in which overspray formation and early spray aging is determined experimentally and categorized in view of the spray technology used. It would be worthwhile to enlarge the database of airborne release fractions and refine the categories in view of the specific scenarios and spray technologies. Combining this data set with the generic 2-box spray model could be a practical tool for conservative exposure prediction.

Overall, these screening models will complement the available models to assess spraying activities at workplaces. We have shown a way to replace necessary detailed technical information about the spray equipment (e.g., particle size distribution, nozzle information) with simple measurements or extraction of results from more complex modeling. Depending on the methodology used, different accuracies can be achieved.
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