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ABSTRACT

This study assesses the mass transfer of compounds inside the US EPA flux hood, one of the enclosure
devices most commonly employed for the direct measurement of atmospheric emissions from liquid
surfaces in wastewater treatment plants (WWTPs). Experiments comprised the evaporation of water and
the volatilisation of a range of volatile organic compounds (VOCs). Special attention was given to the
evaluation of the mass transfer coefficients in the microenvironment created by the flux hood and the
effects of concentration build up in the hood's headspace. The VOCs emission rates and the water
evaporation rates generally increased with the sweep air flow rate, as did the mass transfer coefficients
for all compounds. The emission of compounds whose volatilisation is significantly influenced by the
gas phase was greatly affected by concentration build up, whereas this effect was not significant for
liquid phase-controlled compounds. The gas-film mass transfer coefficient (k) estimated inside the US
EPA flux hood was of the same order as the respective k reported in the literature for wind tunnel-type
devices, but the emission rates measured by the flux hood can be expected to be lower, due to the
concentration build-up. Compared against an emission model for the passive surfaces in WWTPs, the
mass transfer of gas phase-dominated compounds inside the US EPA flux hood was equivalent to
conditions of very low wind speeds. A procedure is presented in order to scale the emission rates of these

compounds measured with the flux hood to field conditions of higher winds.

Keywords: dynamic flux chamber, odour emission, area sources, mass transfer coefficients
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1. INTRODUCTION

In wastewater treatment plants (WWTPs), compounds emitted from liquid surfaces to the atmosphere
are potential sources of environmental impacts, commonly due to offensive odours that cause annoyance
to the exposed communities (Capelli et al., 2009b; Nicell, 2009; Hayes et al., 2014). The determination
of the emission rate of odours or odorous compounds from liquid surfaces is then critical for the study
and management of such impacts (Bluden and Aneja, 2008; Latos et al., 2011; Rumsey et al., 2012). The
so-called passive liquid surfaces (i.e., surfaces without an active gas flow, such as mechanical aeration
or intense bubbling), for instance primary and secondary settlement tanks, sequencing batch reactors and
stabilisation ponds, are major sources of odorous emissions in WWTPs. The accurate determination of
emission rates for this type of surfaces is particularly challenging, and different approaches have been
proposed, which can be divided into the following groups (Gostelow et al., 2001b, 2003; Hudson and

Ayoko, 2008b; Santos et al., 2012):

e Using predictive emission models, which contain empirical correlations to estimate emission
rates of individual compounds. Alternatively, if a simpler and rough estimate of the overall
odour emission rate (in odour units per unit time) is desired, Odour Emission Factors (Capelli et
al., 2009a) can be applied.

e Applying reverse dispersion modelling (indirect method) to back calculate the emission rate
based on environmental concentrations measured around the source (see examples in Latos et
al., 2011, Grant et al., 2013, and Schauberger et al., 2013).

e Using an enclosure device (direct methods) to sample emissions directly at the surface.

Direct method have been more broadly adopted for the assessment of emissions at surfaces (e.g.,
Muezzinoglu, 2003; Blunden and Aneja, 2008; Beghi et al., 2012; Rumsey et al., 2012; Hentz et al.,

2013; Parker et al., 2013a; Xiao et al., 2014) due to being less costly and easier to handle (Hudson and
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Ayoko, 2008b; Capelli et al., 2013). Two groups are identified (Hudson and Ayoko, 2008b): dynamic
devices, whose headspaces are flushed by a forced flow (sweep air flow) passing through the device;
and static devices (also called “static chambers”), the ones without the flush flow. The dynamic
enclosure devices can be further divided into wind tunnels and flux hoods. Wind tunnels (e.g., Jiang et
al., 1995; Sohn et al., 2005; Capelli et al., 2009b) are intended to promote a directional air flow,
predominantly parallel to the liquid surface, and usually present a nominal air velocity. In contrast, flux
hoods (e.g., Klenbusch, 1986; Blunden and Aneja, 2008), alternatively called “dynamic flux chambers”,

are normally designed as isolation-mixing chambers, with no representative value of air velocity.

The present study evaluates the flux hood whose design and basic operational conditions were presented
by Klenbusch (1986) in a guide endorsed by the United States Environmental Protection Agency (US
EPA). This device will be referred hereinafter as the “US EPA flux hood” (although the names “US EPA
dynamic flux chamber” and “US EPA emission isolation chamber” are also frequently adopted in the
literature). Originally proposed for the measurements of gaseous emissions from soils, posterior
investigations extended the use of the US EPA flux hood for measurements of volatile emissions from
liquid surfaces (Eklund, 1992). Initial evaluations of the method indicated satisfactory performance in
terms of recovery rate (little losses within the equipment), precision (low variability among replicate
measurement from a same individual flux hood) and repeatability (low variability among measurements
from different individual flux hoods with identical design, placed side-by-side) (Kienbusch, 1986;
Gholson et al., 1989, 1991; Eklund, 1992). Hudson and Ayoko (2008b) point out that the US EPA flux
hood is suitable if standard, consistent and reproducible conditions are desired. As such, the US EPA
flux hood has been widely adopted for measurement of volatile emissions, not only in the United States
but also in many other countries (sometimes with modifications to methodology; for example, in
Australia, the standard AS/NZS 4323.4:2009 adopts the same US EPA basic design, but includes an

internal fan to enhance mixing).
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Although it has been the subject of several studies (e.g., Gholson et al., 1991; Wang et al., 2001; Leyris
et al., 2005; Sohn et al., 2005; Capelli et al., 2009b; Hudson and Ayoko, 2009; Hudson et al., 2009;
Woodbury et al., 2011; Parker et al., 2013b; Guillot et al., 2014; Prata Jr. et al., 2016), there are still
critical unsolved issues regarding the accuracy and applicability of the direct method, including the US
EPA flux hood. A preliminary evidence that the method needs further investigation is the fact that
significantly different emission rate measurements are produced if different enclosure devices are used
in the same sources at the same time (for instance, pairs of devices are compared in Jiang and Kaye,
1996, Hudson and Ayoko, 2009, Hudson et al., 2009, and Parker et al., 2013b; Guillot et al., 2014,
presents a compelling inter-comparison involving several devices). This is an indication that the internal

aerodynamics and mass transfer conditions vary among the devices.

A major concern is that the conditions inside enclosure sampling devices do not resemble critical features
of the atmospheric flow (and its interaction with the liquid surface) to which the water surface is exposed
in the absence of the enclosure device (Gholson et al., 1989, 1991; Hudson and Ayoko, 2008a,b; Parker
et al., 2013b), such as the levels of turbulence, boundary layer structure, surface currents and waves.
Furthermore, due to the relatively low sweep air flow, some devices may present an artificial increase
in the concentration of compounds (concentration build up) in their headspace, which can lead to a
reduction of the emission rate during the experiment and an inappropriate measurement of the local
emission rate (Hudson and Ayoko, 2008b). Local accumulation may also occur in case there is not
enough mixing in the headspace (Gholson et al., 1989, 1991; Eklund, 1992; Woodbury et al., 2011).
These aspects may compromise the accuracy of the emission rate measurements and the composition of

odour samples produced by the application of direct sampling devices (Hudson and Ayoko, 2008a,b).

In an attempt to address some of the questions discussed in the previous paragraphs, Parker et al. (2013b)
proposed a methodology for the standardisation of direct measurements of the emission rate of

compounds in area sources. The approach consisted of quantifying the water evaporative fluxes from
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containers placed inside the enclosure device (by weighting the container with water before and after a
certain time of operation) and using these fluxes to compare the emission rates of poorly volatile
compounds measured with different devices and scale up the results to the field situation. This is to be
done by means of water evaporative flux ratio correction factors, which are given by the ratio between
the evaporation rate measured with a container placed outside (close or on top of the emitting surface)
and the evaporation rate measured with an identical container inside the enclosure device. The method
is based on the fact that the volatilisation of poorly volatile compounds is controlled by transport
processes in the gas side of the gas-liquid interface (see theoretical discussion in section I of
Supplementary Material), which are the same processes responsible for the evaporation of water.
Nonetheless, the use of water evaporative flux ratio correction factors and other aspects of this approach
are subjected to some important restrictions, especially if the enclosure device presents concentration
build up in the headspace (discussed further in sub-section 1.3 of Supplementary Material). On the other
hand, recently, Lucernoni et al. (2017) presented the scaling up of the emission rate measured with a
wind tunnel device for compounds with gas phase-controlled volatilisation, using a model for
representative values of wind speed that match the emission rate measured by the wind tunnel and allow
the recalculation for other values of wind speed. However, the resulting equations are specific for the
wind tunnel and the emission model adopted by those authors, and, therefore, cannot be directly extended

to the case of the flux hood.

Other recent studies have applied Computational Fluid Dynamics (CFD) in order to investigate different
enclosure devices (Eckley et al., 2010; Saha et al., 2011; Lin et al., 2012; Prata Jr. et al., 2014; Lucernoni
et al., 2016; Prata Jr. et al., 2016). The use of CFD enables a detailed representation of the fluid flow
pattern and the mass transfer inside the enclosure devices and, thus, provides extremely valuable
information for the understanding of their functioning and performance. However, as highlighted by

Prata Jr. et al. (2016), supporting experimental results are essential so as to validate and complement the
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CFD simulations. Unfortunately, such experimental results are scarce in the literature, in special for flux

hood-type devices.

The present study assessed the mass transfer inside the US EPA flux hood, with focus on the
experimental determination of mass transfer coefficients in the microenvironment created by the flux
hood and the effects of concentration build up in the hood's headspace. The experiments comprised the
evaporation of water and the volatilisation of different volatile organic compounds (VOCs), covering a
range of behaviours regarding the dominance of the volatilisation process (volatilisation dominated by
conditions in the gas phase, in the liquid phase and in both phases). Furthermore, the experimental results
for the mass transfer of poorly volatile compounds (gas phase-dominated volatilisation) inside the US
EPA flux hood were compared against an emission model for the passive surfaces in WWTPs. The
evaluation of the US EPA flux hood as a method is of great relevance, given the widespread application
of this device. Besides, the methodological and theoretical considerations presented here can be adopted

for the assessment of other enclosure devices, in particular of flux-hood type.

2. METHODS

This section focuses on the experimental procedures to measure the rates of VOCs volatilisation and
water evaporation inside the US EPA flux hood, which provided the basic information necessary for the
determination of the overall, liquid-film and gas-film mass transfer coefficients, K;, k; and kg,

respectively.

Section I of the Supplementary Material presents a supporting theoretical analysis, treating the following

topics:
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e Definition of K;, k; and k; and considerations about the mass transfer inside the flux hood,
including the distinction among compounds with volatilisation dominated by the conditions in
the liquid phase, in the gas phase and both phases.

e How to obtain K;, k; and k; from the experimental results.

e A discussion about how concentration build up in the headspace can affect the mass transfer rates

inside the flux hood.

The equations from Supplementary Material, when cited in this manuscript, are identified by “SM”

before the equation number.

2.1. Flux hood design and operation

The flux hood used in this study, which can be seen in Figure 1a, was made of Plexiglas® and followed
the design proposed by Klenbusch (1986), endorsed by the United States Environmental Protection
Agency (US EPA). The standard design specifies a cylindrical body, with diameter of 40.6 cm and height
of 17.8 cm, and a dome-shaped top whose highest part (at its central point) is 10.2 cm above the
cylindrical body; our flux hood reproduces these dimensions with = 1.3 cm difference. Also following
the recommendations of Klenbusch (1986), there were four equidistantly-positioned holes on the top,
one of which was an opening, with diameter 2.1 cm, for pressure equilibration and flow release. The
other three had diameter 1.3 cm and were used to fit 4" stainless steel bulkheads with the following
purposes: one connected the sweep gas feed line to the internal inlet distribution tube; another connected
the internal sampling probe to the outer sampling line; and the other was kept capped during most of the
time of the runs, being used occasionally for checking the pressure differential between the interior of
the hood and the external environment of the laboratory. The sweep gas distribution tube was made of
stainless steel, 4” OD, and fixed to the cylindrical body internal wall, at the height where the dome

meets the body. It contained four equidistant inlet orifices, positioned horizontally (so as to produce
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horizontal inlet jets), the one closest to the inlet bulkhead connection having diameter 2.0 mm, and the
other three, diameter 2.4 mm. Figure SM1a (section II of Supplementary Material) illustrates the relative

positioning of the inlet orifices and the holes at the top.

The sampling probe consisted of a 6 long tube, capped at the tip, perforated with two rows of holes,
each row containing five holes with diameter 2.4 mm. The holes were separated 1 from each other
along the tube length and positioned orthogonally in the radial direction. A Teflon® outlet line, 2 OD,
connected to the sampling probe via one of the bulkheads, conveyed the sampled flow to Nalophan®
bags, which were filled using a “lung system” (Figure SM1b, section II of Supplementary Material) for
the runs with sampling. The sweep air feed line, connecting the supplying gas bottle to the inlet

distribution tube, was also Teflon® tubbing, '4” OD.

Inlet air from Pressure release  Exit !ine - from
bottle to inlet f sampling probe to

holes Nalophan bag
—> —>

Cylindrical tank
with solution

(b)

Figure 1. Experimental setup: (a) US EPA flux hood, fit to the cylindrical tank; and (b) schematic

representation of Figure 1a, identifying the inlet and outlet lines, and the pressure release.

The basic operation of the flux hood system was conducted according to the standard sampling procedure

described by Kienbusch (1986), observing the additional recommendations of Eklund (1992) concerning
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sampling on liquid surfaces. The sweep air feed was supplied by instrument-grade air bottles, with
maximum humidity content of 25 ppm (which can be approximated as completely dry air, for practical
purposes). The desired flow rates were adjusted by valve rotameters and checked using an electronic
flow rate meter (Mesa Labs — Defender 510). Two groups of experiments were carried out (sub-sections

2.2 and 2.3), which also present details of the operation of the flux hood system specific for each group.

2.2. Volatilisation of compounds

The flux hood sampling system was used to measure the rate of volatilisation from aqueous solutions of
compounds with different values of Henry’s law coefficient (a broad compilation of Henry's law
coefficients for various compounds of environmental interest is presented by Sander, 2015, which is
used in the present work), so as to cover the range of behaviours regarding the dominance of the
volatilisation process (section I of Supplementary Material): acetic acid, with volatilisation dominated
by conditions in the gas phase; chloroform and H»S, with liquid phase-dominated volatilisation; and 1-
butanol, whose volatilisation, in the present experiment, was significantly dependent on both phases.
The compounds were assessed individually, in separate sets of experiments, for three nominal values of
sweep air flow rate, 2, 5 and 10 L min’'; at each flow rate, runs were conducted in triplicate for each
VOC and in duplicate for H2S. Additional triplicate runs were carried out for acetic acid and chloroform,
at a nominal flow rate of 5 L min!, using humidified sweep air (all the other runs used instrument-grade

dry air, which is the default condition).

VOC solutions were prepared by simply mixing a predefined volume of the pure compound (50 mL for
acetic acid, 2.5 mL for 1-butanol and 590 pL for chloroform) per litre of milliQ® water; the temperature
of the laboratory was recorded at the time of the mixing, making it possible to use the pure compounds’
density to obtain the value of their concentration in the solutions. The preparation of the H2S solutions

followed a different procedure. An initial solution was produced, with sulfide (S*") concentration of 100
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mg L', by adding 0.375 g of solid sodium sulfide nonahydrate (Na2S.9H20) in 500 mL of milliQ®
water; 10 mL of this solution were then diluted in 2 L of milliQ® water, achieving a nominal final
concentration of 0.5 mg L' S*. Just before the start of each run, the S* solution was acidified to a pH

lower than 4 using sulfuric acid, making all sulfide be in the non-dissociated form H2S (Santos et al.,

2012).

The preparation of all the solutions took place shortly before the beginning of each experiment, so as to
avoid significant losses of the compounds. For each experimental run, 1.7 L of the solution was
transferred to a cylindrical tank made of Plexiglas®, with diameter 41.0 cm and height 8.5 cm; the depth
of the liquid in the tank was approximately 1.3 cm. The flux hood was then fit to the cylindrical tank
(Figure la,b), and the sampling and sweep air flow started immediately. The sweep air flow rate was
then finely-adjusted to the desired value with the help of the in-line electronic flow meter. The flow rate
in the sampling line was 200 mL min™' for all the runs, guaranteed by previous calibration of the lung
system. After the adjustment of the sweep air flow rate, the so-called stabilisation time started, following
the recommendation of Klenbusch (1986) that valid samples should be collected only after waiting some
time (minimum of four residence times) so the internal air flow and mass transfer achieve a stabilised
condition. The stabilisation times adopted in the present study were: 30 min for the flow rates of 5 L
min"! and 10 L min™!, and 60 min for the flow of 2 L min’'. After the stabilisation time, the bag in the
lung system was replaced, starting then the valid sampling time, which varied between 20 to 30 min for

each run; the sample collected during the stabilisation time was discarded.

The internal pressure in the flux hood was equilibrated with the pressure in the laboratory environment,
which was systematically monitored using a differential manometer. The temperatures of the liquid in
the tank and of the laboratory environment were measured at the beginning and the end of the sampling

time. The laboratory temperature was 19.0 + 1.0 °C, whilst the temperature of the liquid ranging from

17.9 to 21.5 °C among the runs, with average 20.0 °C. The sweep air flow rate was also verified at the
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end of the sampling time, the value being recorded (together with the initially adjusted value) to be used
in the subsequent calculations. Since part of the H2S was expected to escape during the acidification step
(thus the nominal concentration when the solution was prepared would significantly differ from the
actual concentration in the experiment), for the experiments with H2S, samples of the solution in the
tank were collected at the beginning and end of the valid sampling time, by inserting a pipette through
the pressure-equilibration opening at the top of the flux hood. The sulfide concentration in these liquid
samples (dissolved S?) was determined via the methylene blue method coupled with spectrophotometry
(equivalent to APHA, 2005, method 4500-S>" D), using a HACH spectrophotometer (HACH — DR1900)

and analysis kit.

For all compounds, the gas samples collected in the Nalophan® bags during the valid sampling time
were analysed within maximum one hour of the time of sampling, thereby preventing any possible
significant losses of the compounds via diffusion through the bags. The concentration of H2S was
measured using a H2S analyser (Jerome — 631-X, Arizona Instrument, USA). The concentrations of the
VOCs were quantified by gas-chromatography (GC) — 7890A (Agilent Technologies, USA), equipped
with a micro-cell electron capture detector (WECD) and a flame ionisation detector (FID), employing a
capillary column Agilent Plot Q, 30 m x 535 pm x 40 um, with He as carrier gas. The gas samples were
manually injected using a gas-tight syringe. Acetic acid and 1-butanol were detected by the FID, with
detector temperature 250 °C and N2 make-up flow of 25 mL min™'; injector temperature was 250 °C,
operating in “splitless” mode, and the carrier gas flow in the column was 9 mL min™'. Chloroform was
analysed by the uECD, with detector temperature 150 °C and N2 make-up flow of 30 mL min™'; injector
temperature was 250 °C, operating in “split” mode (split ration 100:1), septum purge flow of 3 mL min
!, and carrier gas flow of 3.5 mL min™' in the column. The oven temperature programme was different
for each compound: for acetic acid, an initial temperature of 180 °C was hold for 1 min, then increased

at a rate of 100 °C min™! to 220 °C, then maintained for 7 min; for 1-butanol, the initial temperature was
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also 180 °C, hold for 1 min, then increased at a rate of 20 °C min! to 200 °C, maintained for 0.7 min,
and increasing again, at a rate of 100 °C min™' to a final temperature of 210 °C, maintained for 3 min;
for chloroform, the initial temperature was 150 °C, hold for 0.5 min, then increased at a rate of 30 °C
min! to a final temperature of 250 °C, maintained for 1 min. Calibration curves for each compound were
established using gas samples at five known concentrations, produced by evaporating different amounts
of pure standard solutions of the compounds into Nalophan® bags flushed with fixed volumes of sweep

air (preparation method adapted from Wang et al., 2015).

Following the standard procedure for the use of the US EPA flux hood (Klenbusch, 1986), the measured
gas-phase concentrations C,, (kg m™) were used in Equation (1) to estimate the volatilisation rate of the
compounds J (kg s! m?), being Q the sweep air flow rate (m® s') and A the area (m?) of the surface
enclosed by the hood (“footprint area’). Implicit in Equation (1) is the idea that the concentration in the
samples collected via the sampling probe represents the mean concentration in the total outlet flow
(which comprises the small fraction that is sampled plus the majority of the flow that is released by the
pressure equilibration hole at the top of the flux hood). This, in turn, would be guaranteed by a
completely-mixed bulk gas phase inside the hood. Preliminary CFD simulations by Prata Jr. et al. (2016)
indicated differences between the sampled flow and the total outlet flow of order 7%, for flux hood
configuration and operational conditions slightly different from the present study. Differences for the
present case can be expected to be of the same order, thus the volatilisation rates calculated using
Equation (1) can be assumed satisfactorily accurate in the context of the mass transfer experiments

treated herein.

J=—0 (M
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Additional tests were conducted with acetic acid and chloroform, at a nominal flow rate of 5 L min™', in
order to assess the influence of high humidity in the sweep air flow on the volatilisation rate of these
compounds. The procedure for these tests were the same as previously described, except that the sweep
air flow was passed through a bubbling column before entering the flux hood inlet distribution line. The
bubbling column was filled with milliQ® water, 30 cm deep, and had a relatively large diameter, which
avoided significant changes in the depth of the water column during the course of a run, therefore
avoiding significant changes in the head losses along the feed line, consequently stabilising the flow
rate. The relative humidity in the sweep air flow exiting the bubble column was approximately 90%,
measured by an electronic relative humidity sensor before and after each run. Volatilisation rates were

also calculated using Equation (1).

2.3. Water evaporation

Water evaporation experiments were performed aiming to adapt and assess the use of the water
evaporative rate method (Parker et al., 2013b) applied to the US EPA flux hood to characterise the
overall mass transfer inside the flux hood, under different operational conditions. Because the mass
transfer conditions are not uniform along the surface enclosed by the hood (Parker et al., 2013b; Prata
Jr. et al., 2016), it is important that the evaporation source corresponds to the whole footprint area.
Following this premise, the Plexiglas® cylindrical tank (sub-section 2.2) was employed as the
evaporation pan for the water evaporation experiments. The evaporation rates were evaluated for nine
different set of conditions: three nominal values of sweep air flow rate, 2, 5 and 10 L min™!, times three
nominal humidity contents in the sweep air, relative humidity of 0% (dry air), 45% and 90%. For each

set of conditions, triplicate runs were conducted.

The humidity contents in the sweep air were achieved using the bubbling column system (sub-section

2.2). For the relative humidity of 90%, all the feed air flow was passed through the bubbling column.
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For the relative humidity of 45%, the feed air flow was split in two parallel lines, with only one of them
(i.e., approximately half of the total flow) passing through the bubbling column; the two lines joined
again by means of a T-joint and the resulting single line connected to the inlet distribution system of the
flux hood (Figure SM2, section II of Supplementary Material). In each run, the actual humidity content
in the sweep air feed line differed slightly from the nominal values, depending mainly on temperature

and flow rate, and was measured by an electronic relative humidity sensor before and after the run.

Before the start of a run, the tank was filled with 1.7 L of milliQ® water, and the precise mass of the
filled tank was recorded using a laboratory scale with precision of 0.1 g. After weighting the tank, the
flux hood was fit to it, and the small gaps between the hood and the tank walls sealed with Parafilm®
(fixed with adhesive tape) to avoid evaporation losses through the gaps; this was necessary, since it was
verified that the undesired collateral evaporation could affect significantly the measured evaporation
rate. The feed gas line was then connected to the hood, starting the experimental run, and the sweep air
flow rate was finely-adjusted to the desired value with the help of the in-line electronic flow meter; the
value of the flow rate was also checked at the end of each run. There was no sampling in the evaporation
experiments, and the sampling outlet line was kept sealed and inactive. The flux hood operated under

isobaric condition. The laboratory temperature was 19.0 = 1.0 °C, and the temperature of the water

ranged from 17.2 to 19.0 °C among the runs, with average 18.3 °C.

For the experiments with dry sweep air, the run time was 2 h, for which the change in the mass of the
water in the tank was well above the precision of the scale whereas the water level in the tank was not
significantly affected; it was also verified that the measured evaporation rates did not change if longer
runs were performed. The duration of the runs for the experiments with humid sweep air was longer, so
as to allow for an amount of evaporation that would promote a detectable change in the mass of the water
in the tank. At the end of the run, the feed gas line was disconnected, the Parafilm® seal removed, and

the mass of the tank with water was again weighted on the scale. The evaporation rates J,, (kg s m?)
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were calculated via Equation (2), where m, and my are the initial and final mass (kg) of the filled tank,

and At is the duration of the run (s). If desired, the evaporation rate can be straightforward converted in

mm d! by using the water density (which is function of the water temperature) and converting units.

(mo —my) )

Jw = 1%

3. RESULTS AND DISCUSSION
3.1. Volatilisation and evaporation rates under different sweep air flow rates

Figure 2 presents the variation of the volatilisation rates J of the VOCs and H2S with the sweep air flow
rate (Q). As a trend, the emission rates of all compounds increased with the flow rate. The behaviour of
the measured emission rate of acetic acid and 1-butanol, for which the volatilisation is controlled by
conditions in the gas phase and in both phases, respectively, is similar to the reported by Rhoades et al.
(2005) for the flux of ammonia, whose volatilisation is controlled by both phases, measured with the US
EPA flux hood in a lagoon. The increase in the volatilisation rates of chloroform and H:S, both liquid
phase-controlled, contrasts with the results of Gholson et al. (1989), who found that the emission rates
of 1,1,1-trichloroetane (also liquid phase-controlled) measured with the US EPA flux hood did not
present any clear pattern of variation with the flow rate. This difference may be attributed to the fact
that, in the present study, the only dynamical forcing in the liquid phase was the friction produced by
the sweep air flow on the water surface whereas in the experiments of Gholson et al. (1989) the flux
hood was placed inside an apparatus that simulates a wind blowing over the surface of a small tank,
which generated surface currents. It is possible that the interaction of these surface currents with the

edge of the flux hood was the main source of turbulence and the main driver for mass transfer in their
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case, surpassing the effects of any changes in the relatively weak friction of the sweep air inside the

hood.

The variation of the volatilisation rates with the sweep air flow, observed in Figure 2, reflects the
combined effect of the changes in the mass transfer coefficients and in the accumulation of compounds
in the hood's headspace. The experimental mass transfer coefficients are examined in more detail in
sub-section 3.2. Being C;, and C; the concentration of the compound (kg m™) in the bulk of the liquid
and the gas phases, respectively, and Ky the non-dimensional Henry's law coefficient (K = C;/C, for
the equilibrium situation), the importance of accumulation can be preliminarily assessed by examining
the relative magnitude of C; /Ky compared to C; (Equation (SM3a)). For a well-mixed headspace, as in
the present case, C; can be approximated by the concentration C,,, measured for the sample collected in
the Nalophan® bags. For acetic acid, C; /Ky was between 46% to 81% of the corresponding C;, and for
I-butanol, C; /Ky ranged from 54% to 92% of C;. This confirms that concentration build up inside the
flux hood is significant for the mass transfer of compounds whose volatilisation is affected by the gas
phase (gas phase or both phase-controlled volatilisation). Conversely, for chloroform and H2S, C; /Ky
was less than 1% of C; in all the experiments, indicating that the accumulation in the hood's headspace
was not relevant for the compounds with liquid phase-controlled volatilisation, consistent with the

theoretical considerations made previously (sub-section 1.3 of Supplementary Material).
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Figure 2. Volatilisation rates of VOCs and hydrogen sulfide measured by the flux hood operating with
different sweep air flow rates. Black circles represent results of individual experimental runs, and the

red squares indicate the average volatilisation rate at each nominal flow rate.

Figure 3a shows how the water evaporation rate inside the flux hood varies with the sweep air flow rate,
for different values of humidity content in the inlet air. Similarly to the volatilisation rate of compounds,
Jw generally increases with Q. As expected, at a given sweep air flow rate, J,, is smaller for higher
humidity content in the inlet air. For dry inlet air (RH = 0%), the behaviour (and, to a certain degree, the
values) of ], is similar to the results of Parker et al. (2013b) for an evaporation source covering the
whole footprint of the flux hood, which is an evidence of the relatively good repeatability of the US EPA

flux hood, an attribute classically associated with this device.
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Figure 3. Variation of the water evaporation rate J,, with: (a) the sweep air flow rate, three nominal inlet
relative humidity values (legend in (a)); and (b) the difference between Cj;; and Cg,, for the three

nominal sweep air flow rates (legend in (b)).

In Figure 3b, it can be observed that, for a given @, the water evaporation rate J,, increases as the
difference between the concentration (kg m™) of water vapour at the gas side of the gas-liquid interface
(Cs,1) and in the inlet air (Cj; o) becomes larger. The seemingly linear fashion with which J,,, varies as a
function of the difference C;; — Cj ¢ 1s consistent with Equation (SM6), except for the existence of a
non-zero, positive intercept in the experimental lines (in contrast, according to Equation (SM6), J,,
should be strictly proportional to the difference C; ; — C; o). Possibly, the main reason for this deviation
is the difficulty of accurately determining the temperature at the water surface, which is necessary to
estimate Cj; ; (Parker et al., 2013b, also points out the same difficulty); in the present experiments, the
bulk temperature of the water in the Plexiglas® tank is used. An additional factor that may have
contributed is the uncertainty in the measurement of the relative humidity in the inlet air, which is
converted into Cg o. On the other hand, although the experimental procedure was designed in order to
avoid losses of water by collateral evaporation, the possibility of minor losses contributing to the positive

offset identified in Figure 3b cannot be totally discarded.
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It is worth mentioning that, with dry inlet air, the average volatilisation rates J are positively correlated
with the corresponding water evaporation rates J,,; the plots of J against J,, for the four VOCs are
presented in Figure SM3 (section II of Supplementary Material). For acetic acid (gas phase-controlled
volatilisation), the variation of /| with J,, appears to be almost linear (but not exactly proportional),
although more values are necessary to verify if linearity actually holds. As discussed in sub-section 1.3
(Supplementary Material), the water evaporation method (Parker et al., 2013b) is not necessarily
applicable to inter-convert between volatilisation rates measured with the US EPA flux hood under
different operational conditions. However, the almost-linearity observed for acetic acid (Figure SM3a)
suggests that the water evaporation method may be used in order to approximate relative changes in the
magnitude of the volatilisation rate of gas phase-dominated compounds due to changes in the sweep air
flow rate. It can also be useful to qualitatively compare the overall mass transfer conditions in the

headspace of the US EPA flux hood under different operational conditions.

3.2. Mass transfer coefficients inside the flux hood

Table 1 presents the average, minimum and maximum of the experimental values of the overall mass
transfer coefficient K; for all compounds, the liquid-film mass transfer coefficient k; for chloroform and
HaS (liquid phase-controlled volatilisation) and the gas-film mass transfer coefficient k. for acetic acid
(gas phase-controlled volatilisation), obtained by the procedure explained in sub-section 1.2
(Supplementary Material). The variation of the experimental k; and k; with Q is illustrated in Figure
4a-c. The mass transfer coefficients generally increased with the sweep air flow rate, reflecting the
enhancement of the near-interface turbulence that is expected to occur as @ rises. The only case that
appears not to conform to this overall trend is the K, for 1-butanol at Q =2 L min™'. This is probably due
to the difficulty of determining the temperature at the water surface, as mentioned before, and the
uncertainty in the value of the Henry's law coefficient Ky (also noticing that this case presented a

particularly large difference between minimum and maximum values).
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463
464 Table 1. Experimental mass transfer coefficients.
Compound Coefficient
K; (10° ms™)
Q=2 L min! Q=5L min? Q=10 L min!
average min max average min max average min max
Acetic acid 7.1 5.5 9.1 7.4 6.4 7.9 13.5 12.3 15.3
1-butanol 470.6 183.5 794.0 200.0 1854 224.7 451.2 447.1 453.3
Chloroform 242.7 154.0 337.3 431.6 364.1 469.5 507.1 4343 600.4
Hydrogen 465 1984 300.0 3634 3529  374.0 10769 8252 13285
sulfide
k; (107 ms™)
Q=2 L min! Q=5L min? Q=10 L min!
average min max average min max average min max
Chloroform 2.427 1.540 3.373 4316 3.641 4.695 5.071 4.343 6.004
Hydrogen 400 1984 3.000 3.634  3.529  3.740 10.769 8252  13.285
sulfide
ki (10° ms™)
Q=2 L min! Q=5L min?! Q=10 L min"!
average min max average min max average min max
Acetic acid 1.001 0.802 1.253 1.059 0.945 1.122 2.103 1.808 2.454
465
466
467
468
469

470
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Figure 4. Variations with the sweep air flow rate of the experimental (a) gas-film mass transfer
coefficient k for acetic acid and the liquid-film mass transfer coefficients k; for (b) chloroform and (c)
H:S inside the US EPA flux hood; and (d) comparison between the experimental water evaporation rate
Jw and the J,, estimated by applying Equation (SM6) with k. for water calculated based on k for acetic
acid, using Equation (SM4a). In (a)-(c), the black circles represent results of individual experimental
runs, and the red squares indicate the respective average at each nominal flow rate; in (d), the red dotted

line is the 1:1 line, and the black line is the linear fit to the results (equation shown in the figure).

Despite being feasible in theory (sub-section 1.2 of Supplementary Material), the calculation of k; for
water vapour directly from the experimental evaporation rates J,, was not possible in the present
circumstances, producing unreasonable values of k; (some of which negative). This is a result of two
factors: again, the imprecision of the measurements of the temperature at the water surface, which, as a

consequence, makes the estimate of Cj; ; not precise; and the apparent offset verified in ], (sub-section
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3.1) this would lead to an overestimation of Cg, as per Equation (SM5). For water vapour and other gas
phase-controlled compounds, the accumulation in the headspace significantly interferes with the
emission rates, as identified before (sub-section 3.1), since the differences between C;; and C; (or,
alternatively, between C; and C; /Ky) are relatively small. This same fact may also affect the calculation
of K; (or kg, for water vapour) for such compounds by solving Equations (SM3a) (or (SM1)), given that
the difference C;, — C; /Ky (or Cg ; — C;) will be very sensitive to the uncertainties in the values of Cg
and Ky (or C;; and J,,, for water vapour), which is observed in some of the cases reported herein (K,

for 1-butanol at Q =2 L min™! and k for water vapour).

This highlights some of the challenges inherent to the experimental determination of mass transfer
coefficients for gas phase-controlled compounds in a mixed-headspace device such as the US EPA flux
hood, if the a ratio A/Q is not large enough to avoid significant accumulation in the gas phase. In special,
the necessity of appropriate values of K and high-precision measurements of the temperature at the
water surface is clear, both of which are not always straightforward available. The difficulty of having
accurate temperature values at the water surface, preventing the satisfactory calculation of k. based on
the water evaporation rates, was already noted by Parker et al. (2013b) when the water evaporation
method was originally devised. The effects of accumulation in the headspace can be minimised by
adopting water tanks with smaller surface area; for instance, Parker et al., 2013b, propose the use of Petri
dishes as evaporation sources. However, this practice is not suitable for the study of the US EPA flux
hood because the mass transfer conditions are not uniform along the hood's footprint, as evidenced by
Parker et al. (2013b) and Prata Jr. et al. (2016). Thus, for the correct assessment of the mass transfer
inside the US EPA flux hood, the simulated emission source has to encompass the whole footprint of

the flux hood.
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In order to verify the accuracy of the k. values for acetic acid, Equation (SM4a) was applied to estimate
k. for water vapour based on the average experimental k; of acetic acid at the three sweep air flow
rates. The estimated water vapour's k. is then used in Equation (SM6) to obtain estimates of J,
(considering dry inlet air), which are compared against the experimental J,, in Figure 4d. As seen in this
figure, the estimated k; produced J,, values in relatively close agreement with the experimental ones
(average relative error of -15.1%) and also correctly represented the pattern of variation of J,,, with Q,
indicated by the good linear fit with slope close to 1 (black line and equation in Figure 4d). The slight
underestimation in J,, are consistent with the apparent offset reported (sub-section 3.1). These results
validate the experimental values of k; for acetic acid and show that they can be used to characterise the
magnitude of mass transfer in the gas phase inside the US EPA flux hood, under the studied operational
conditions. Furthermore, they support the use of Equation (SM4a) to estimate k; for other compounds

based on the experimental k; for acetic acid.

Table 2 presents experimental values of k. reported by different authors that used wind tunnel-type
devices. Since the compounds used in the studies were not the same, for better comparison, Table 2 also
includes the expected k. for each compound in the US EPA flux hood operating with sweep air flow of
5 L min™! (which is the typical operation), estimated using the average kg for acetic acid in the flux hood
found in the present experiments (for Q = 5 L min') and Equation (SM4a). It is interesting to notice that,
except for the highest nominal velocity tested by Parker et al. (2008), k. in the flux hood is of the same
order as the respective k; observed in the wind tunnels, sometimes higher. However, due to the
concentration build-up in the flux hood's headspace (which normally in inexistent or very small in wind
tunnels), the emission rates measured by the US EPA flux hood may be significantly lower than the
emission rates measured by wind tunnels. An assessment of this effect is also shown in Table 2, which
contains the ratio between the volatilisation rate that can be expected to happen in the wind tunnel (which

can be estimated by Equation (SM1), using the wind tunnel's k; and considering C; = 0) and the
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volatilisation rate that would take place inside the flux hood (calculated by Equation (SM7b), using the
estimated kg for the compound in the flux hood), considering the same concentration Cj ; at the gas-
liquid interface. The ratios varied from 1.69 to 19.23, and depend on the compound, the type of wind

tunnel and its operational conditions.

Table 2. Mass transfer coefficients reported in the literature for wind tunnel devices and comparison

with the US EPA flux hood (operating with sweep air flow of 5 L min™).

Nominal conditions for the 1 ki (ms™) in Ratio for J in wind
Reference Compound wind tunnel kg (ms7) the flux hood® tunnel/flux hood®
Bliss et al. . . . 4 3 3
(1995) Ammonia Nominal velocity 0.33 m s 1.788x10 1.726x10 3.64
Parker et al. . Nominal velocity 0.003 m s™! 9.167x10* 2.601x107 1.69
ater
(2008) Nominal velocity 0.133 ms!  1.045x107 2.601x1073 19.23
Capelli et al Nominal velocity 0.138 m s™! 7.754x104 1.233x10°3 1.76
’ 1-butanol
(2009b) Nominal velocity 0.6 m s’! 9.892x10 1.233%10°3 2.24
k. for the same compound, calculated using the experimental k; for acetic acid in the flux hood found in this research and
Equation (SM4a).

PRatio between the volatilisation rate that would be measured by the wind tunnel (calculated by Equation (SM1), using the
wind tunnel's k; and considering C; =~ 0) and the respective rate that would be measured by the US EPA flux hood (calculated
by Equation (SM7b), using the estimated kg for the compound in the flux hood), considering the same Cj ;.

Regarding the liquid-film mass transfer coefficient k;, the results for chloroform and H2S showed that
k; increased with Q, suggesting that the small motions induced in the liquid by the friction of the sweep
air flow above (which is expected to be more intense for larger Q) were the main drivers of mass transfer
in the liquid side, as anticipated in sub-section 3.1. Nevertheless, if surface currents are present, the
interaction of these currents with the edge of the flux hood will likely dominate the mass transfer in the
liquid, as also discussed before. Comparing Figures 6b and 6c¢, it can be seen that the proportional
changes in k; with Q did not follow the same pattern for chloroform and Hz2S, which can be attributed
to unavoidable small losses of these highly volatile compounds that may have occurred during the
preparation of the solutions and when the solutions were transferred to the tank. Because such losses

would happen in a rather random way, this is consistent with the relatively large large difference between
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minimum and maximum values of J, ‘observed for these compounds, especially for @ = 10 L min™.
However, the results for both chloroform and H2S agree in terms of the order of magnitude of k; in the

micro environment under the sole influence of the US EPA flux hood, and this can be used for the

analysis in sub-section 3.3.

Tests were also performed with acetic acid and chloroform, with Q = 5 L min!, aiming to assess the
sensitivity of, respectively, k; and k; to changes of humidity in the sweep air flow. With relative

humidity of approximately 90% in the inlet air, the average k for acetic acid inside the flux hood was

7.500x10% m s (mminimum 6:050%10% m s™ maximum 9:470X 10 m's?), and the average k, for
chloroform was 4.372>x107 m s (iinimum 4:199%107 m's™, maximum 4:628X107m's™). Considering

a level of significance of 10%, an analysis of variance (ANOVA) indicates that k is affected by the
humidity in the inlet air (p-value = 0.058), whilst k; is not (p-value = 0.885). It can be hypothesised that
one or both of the following mechanisms account for the slight difference in k; between the cases with
dry and humid inlet air. (i) Being a poorly volatile compound, part of the volatilised acetic acid in the
headspace of the chamber may have been absorbed in the little droplets of water that condensed on the
flux hood's walls when humid inlet air was employed, leading to an apparent reduction of k. (ii) It may
be possible that additional turbulence generated by buoyancy due to the difference in density between
the lighter, saturated air close to the water surface and the heavier, dry inlet air contribute to the near-
interface mass transfer (i.e., to k;); with humid inlet air, this buoyancy would be greatly reduced, making
k; smaller. It is important to highlight that the volatilisation rates of acetic acid are relatively less
sensitive to the change in the sweep air humidity, buffered by the effect of accumulation in the

headspace: while the average k; decreased by 29%, the average | was only 14% smaller.

3.3. Relating measurements obtained with the flux hood and field emission rates
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By knowing the values of the mass transfer coefficients in the interior of the flux hood, it is possible to
estimate the bias in the measured emission rate, compared to the values that could be expected in the
field in the absence of the sampling device, especially for compounds with volatilisation controlled by
conditions in the gas phase. In the present analysis, the k; calculated by the volatilisation model
proposed by Gostelow et al. (2001a) for passive liquid surfaces is adopted as a proxy for the k; values
in the field. The friction velocity, which is one of the input variables for the model, is estimated based
on the wind speed at 10 m height (U, () by applying the correlation of Smith (1980). Figure Sa shows kg
for acetic acid estimated by the model for U, , varying from 0 to 10 m s”'. For comparison, the respective
average k inside the US EPA flux hood obtained in our experiments for the sweep air flow rates of 2,
5and 10 L min! are also indicated in Figure 5. It is clear that the kg in the flux hood represent conditions
of low wind speeds; more specifically, for the flow rates of 2, 5 and 10 L min™!, the k, for acetic acid
equal the model estimates for U;q = 1.18, 1.25 and 2.36 m s™!, respectively. Figure 5b presents the ratios
between the k; calculated by the model and the experimental k; in the flux hood, for acetic acid at

various Uy .

Nevertheless, because of the build-up of concentration in the headspace of the hood (an effect that does
not occur for open surfaces in the field), the volatilisation rates inside the flux hood will be lower than
the corresponding volatilisation rates in the field, for the same k. To illustrate this, Figure 5S¢ shows the
emission rates J of acetic acid predicted by applying Gostelow et al.’s (2001a) model, considering the
concentration in the liquid C;, = 10 g L! and U,, ranging from 0 to 10 m s™. For the same C,, the
volatilisation rates inside the flux hood were estimated by using the experimental k; together with
Equation (SM7b) (considering Cg ; = €, Ky, which is valid for poorly volatile compounds such as acetic
acid) and are indicated by the traced lines in Figure Sc. Figure 5d presents the ratios between the |
calculated by the model for the field and the expected J in the flux hood, for the same concentration C;,

of acetic acid at various U,,. It is interesting to notice that the emission rates of acetic acid that would
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be observed in the flux hood operating with Q =2, 5 and 10 L min™' are equivalent to the field J at U,

=0.27,0.51 and 0.9 m 5™, respectively (the'estimates forJ and the respective field-to-flux hood ratio
in'theTow wind speedrange i shown!in defaillin Figures Seand). Such equivalencies for J will change

depending on the compound (different k).
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Figure 5. Comparison between the mass transfer of acetic acid inside the US EPA flux hood and a
modelled field situation (model of Gostelow et al., 2001a), for wind speeds at 10 m (U,,) varying from
0 to 10 m s”!, showing the values for (a) the gas-film mass transfer coefficient k; and (c) the emission
rates J, and the respective field-to-flux hood ratios (b and d). The low wind speed range of (b) and (d) is

shown in detail (e) and (f). Legend for (a), (c) and (e) in (a), and for (b), (d) and (f) in (b).

The procedure summarised in the previous paragraph allows the emission rates of gas-phase controlled
compounds measured with the US EPA flux hood to be scaled (at least in order of magnitude) to field
conditions different than the mass transfer conditions imposed by the micro-environment inside the flux
hood. By back-calculating C;; using Equation (SM7b), it takes into account the effects of the
concentration build-up in the hood's headspace, which is a feature not present in other proposed scaling
methods such as the water evaporative flux ratio correction factor (Parker et al., 2013b) (see discussion
in 3.3). The following aspects are important to be observed:

e The flux hood has to present a well-mixed headspace, so that Equation (SM7b) is valid, which
is the typical case for the US EPA flux hood; for wind tunnel devices, Equation (SM1) shall be
used instead, requiring that the bulk gas-phase concentration C; is known.

e Proper recording of the sweep air flow rate Q is necessary for the back-calculation of Cj ;; this
can be done by using calibrated rotameters or in-line electronic flow meters.

e [If k; for the desired compound inside the flux hood is to be determined experimentally, the
discussion in sub-section 3.2 points out the importance of repetitions and cross-checks in the
experiments, to avoid that the k; retrieved from the experimental results are not significantly
affected by the uncertainty in the temperature at the liquid surface and other sources of
inaccuracy. Besides, either with k; determined directly from experiments or calculated based on
other compound, it is critical that the operational conditions of the flux hood for which k., was

assessed are as similar as possible to the ones used during the sampling in the field (for instance,
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same @, sampling rate and depth of insertion in the liquid); if scums and slick microfilms are
present over the liquid surfaces in the field, this may compromise the reproduction of the
conditions.

e The accuracy of the scaling approach is directly dependent on the application of a suitable
emission model to approximate the field k, and this may vary from case to case.

e The procedure is applicable for scaling emission rates of individual compounds; if the sample is
analysed via dynamic olfactometry to obtain odour emission rates, the calculation is not possible,
unless the odour is always dominated by a single compound (or group of compounds). As
highlighted by Hudson and Ayoko (2008b), since the volatilisation rates of different compounds
may respond differently to the mass transfer conditions created by the flux hood, the composition
of the odour samples may be altered in relation to the emissions in the absence of the hood,

leading, in some cases, to non-representative olfactometry results.

Virtually, the analysis developed in this sub-section could also be adapted to compounds with liquid
phase-controlled volatilisation, provided that the value k; in the area enclosed by the flux hood is known
and an appropriate emission model is available to approximate the field situation. However, surface
currents are expected to be present in the field (and will vary with the wind speed), and the turbulence
arising from the interaction of these currents with the edge of the flux hood will make the mass transfer
conditions in the liquid differ from the conditions of the laboratory experiments where the reference k;
for the flux hood is obtained. Moreover, some WWTP units may present bubbling, which can
significantly affect the emission rates of more volatile compounds (Grant et al., 2013). For these reasons,
we will refrain from extending the complete analysis to liquid phase-controlled compounds.
Nonetheless, it is worth mentioning that Rhee et al. (2007), performing experiments in a large wind-
wave tank, with size and wind conditions that partially approximate the conditions of the liquid surfaces
in a wastewater treatment tank, measured k; of the order 10 to 10 m s™!, for compounds with similar

Sc; as chloroform and H2S, and friction velocities ranging from 0.09 to 0.61 m s (equivalent U, from
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3.15 to 15.5 m s!). This means that the k; observed inside the US EPA flux hood in the absence of
surface currents (sub-section 3.2) are one to more than two orders of magnitude lower than the k; typical

of the field.

4. CONCLUSIONS

The mass transfer inside the US EPA flux hood was assessed by means of experiments of water
evaporation and volatilisation of different VOCs, covering different behaviours regarding the dominance
of the volatilisation process. Supported by a theoretical analysis, the results were processed in order to
obtain the gas-film (k) and liquid-film (k; ) mass transfer coefficients in the microenvironment created

by the flux hood.

The VOCs emission rates | and the water evaporation rates J,,, generally increased with the sweep air
flow rate Q. As expected, at a given Q, J,, was smaller for higher humidity content in the inlet air.
Concentration build up in the hood's headspace was found to significantly affect the mass transfer of
compounds whose volatilisation is influenced by the gas phase (acetic acid, 1-butanol and water, in this
case), but was not relevant for the compounds with liquid phase-controlled volatilisation (chloroform
and H2S), consistently with the theoretical considerations. Although the water evaporation method
(Parker et al., 2013b) is not necessarily applicable to inter-convert between volatilisation rates measured
with the US EPA flux hood under different operational conditions, the observed relation between water
evaporation and volatilisation rates of acetic acid suggest that the method may be used to approximate
relative changes in the magnitude of the volatilisation rate of gas phase-dominated compounds due to

changes in Q.

The mass transfer coefficients for all compounds tended to increase with the sweep air flow rate,

reflecting the enhancement of the near-interface turbulence that is expected to occur as Q rises. Due to
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the difficulty of having accurate values of the temperature at the water surface and an apparent offset in
Jw, the calculation of k; for water vapour directly from the experimental evaporation rates was not
possible. However, the values of k; for acetic acid were shown to be accurate and could be converted
using Equation (SM4a) so as to satisfactorily estimate water evaporation rates inside the hood. This
highlights the importance of repetitions and cross-checks in the experiments to overcome the challenges
inherent to the experimental determination of k; in a mixed-headspace device such as the US EPA flux
hood (affected by concentration build up), such as the uncertainty in the temperature at the liquid surface

and in the values of K.

Comparatively, k. inside the US EPA flux hood under typical operational conditions was found to be
of the same order as the respective k. reported in the literature for wind tunnel-type devices. However,
due to the concentration build-up in the flux hood's headspace (which normally in inexistent or very
small in wind tunnels), the emission rates measured by the flux hood may be significantly lower than

the emission rates measured by wind tunnels.

The k for acetic acid in the interior of the US EPA flux hood was compared against the k; calculated
by the volatilisation model proposed by Gostelow et al. (2001a) for passive liquid surfaces (adopted here
as a proxy for the k; values in WWTPs, in the absence of the sampling device). This enables the
estimation of the magnitude of the potential bias in the emission rate of gas phase-controlled compounds
(in this case, acetic acid) introduced by the placement of the flux hood. The k. in the US EPA flux hood
were shown to represent conditions of low wind speeds: for the flow rates of 2, 5 and 10 L min’!, the k;
for acetic acid equal the model estimates for U;, = 1.18, 1.25 and 2.36 m s™!, respectively. Nonetheless,
because of the concentration build-up in the headspace, J inside the flux hood will be lower than the
corresponding emission rates in the field, for the same k; for acetic acid, J observed in the flux hood

operating with Q =2, 5 and 10 L min’! are equivalent to the field J for U;, = 0.27, 0.51 and 0.99 m s,
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respectively. Therefore, measurements of the emission rate of gas phase-controlled compounds made
with the US EPA flux hood can be expected to be underestimated for wind speed conditions higher than
those (the greater the wind speed, the greater the bias). The general lines of a procedure were devised in
order to scale (at least in order of magnitude) the emission rates of gas-phase controlled compounds
measured with the US EPA flux hood to field conditions different than the mass transfer conditions
imposed by the micro-environment inside the hood. This procedure is subjected to the restrictions

highlighted in sub-section 3.3.

Concerning the liquid-film mass transfer coefficient k;, inside the flux hood, a thorough analysis such as
the one made for k; was not carried out, since the turbulence arising from the interaction of surface
currents (which can expected to be present in the field and vary with the wind speed) with the edge of
the flux hood will make the k; inside the flux hood placed in the field differ from the conditions of the
laboratory experiments where the reference k; for the flux hood is obtained. However, as a preliminary
estimate, the experimental k; observed in our study in the US EPA flux hood (absence of surface
currents) are one to more than two orders of magnitude lower than the k; typical of the field (having as

reference the experiments of Rhee et al., 2007).

This is the first time that the mass transfer coefficients (k. and k;) for different compounds have been
systematically assessed inside the US EPA flux hood under typical operational conditions (Prata Jr. et
al., 2016, had previously measured k; for HaS with stirring in the liquid phase). The knowledge of the
mass transfer coefficients, together with other results reported in this paper, allowed a clear evaluation
of this device and a more informed comparison against other enclosure devices. It also could be
employed in the estimation of the magnitude of the bias in the emission rate of gas phase-controlled
compounds introduced by the placement of the flux hood and in the scaling of the measurements to field
conditions, as exemplified. Furthermore, the present results can be used in support and complementarily

to CFD studies involving the US EPA flux hood.
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