ABSTRACT
RUMSEY, IAN COOPER. Characterizing Reduced Sulfompounds and Non-
Methane Volatile Organic Compounds Emissions froBwene Concentrated Animal
Feeding Operation. (Under the direction of VineyAReja.)

Reduced sulfur compounds (RSCs) and non-methdaglgmrganic compounds
(NMVOCs) emissions from concentrated animal feedipgrations (CAFOs) have
become a potential environmental and human heatthezn. Both RSCs and NMVOCs
contribute to odor. In addition, RSCs also havepibtential to form fine particulate
matter (PM.e) and NMVOCs the potential to form ozone.

Measurements of RSCs and NMVOCs emissions wede ritam both an
anaerobic lagoon and barn at a swine CAFO in NG#tolina. Emission measurements
were made over all four seasonal periods. In eaabaal period, measurements were
made from both the anaerobic lagoon and barn favegk. RSC and NMVOCs samples
were collected using passivated canisters. Nirgetleen canister samples were taken
from both the lagoon and barn over each samplinggeThe canisters were analyzed
ex-situ using gas chromatography flame ionizatietection (GC-FID). Hydrogen sulfide
(H2S) measurements were made in-situ using a pulseteicence }$/SQ analyzer.
During sampling, measurements of meteorological@mniochemical parameters were
made.

H,S had the largest RSC flux, with an overall avedageon flux of 1.331g m’*
min™. The two main RSCs identified by the GC-FID, dilgtulfide (DMS) and

dimethyl disulfide (DMDS), had overall average lagdluxes an order of magnitude

lower, 0.12 and 0.0@g m? min, respectively. Twelve significant NMVOCs were



identified in lagoon samples (ethanol, 2-ethyl-kdmeol, methanol, acetaldehyde,
decanal, heptanal, hexanal, nonanal, octanal greemethyl ethyl ketone, and 4-
methylphenol). The overall average fluxes for the&/OCs, ranged from 0.08g m*
min™ (4-methylphenol) to 2.1fig m? min™ (acetone).

Seasonal b6 barn concentrations ranged from 72-631 ppb. DMERMDS
seasonal concentrations were 2-3 orders of magnlawder. There were six significant
NMVOCs identified in barn samples (methanol, ethaacetone 2-3 butanedione,
acetaldehyde and 4-methylphenol). Their overaltaye NMVOCs concentrations
ranged from 2.87 ppb (4-methylphenol) to 16.21 (gibanol). The overall average barn
normalized emissions were 3.3 g daU™ (AU (animal unit) = 500 kg) for b8, 0.018
g day* AU™ for DMS and 0.037 g ddyAU™ for DMDS. Normalized overall average
NMVOC emissions ranged from 0.45 g dajU™ for ethanol to 0.16 g dadyAU™ for
acetaldehyde. BarnJ3 concentrations were generally one to two ordensagnitude
above their odor thresholds. DMDS concentratioss e¢gularly exceeded the lower
limit of an odor threshold. Four NMVOCs (2-3 butdimne, decanal, 4-methylphenol
and nonanal) had barn concentrations exceeding@mntioreshold.

Using overall average lagoon and barn emissibiseinissions from swine
CAFOs in North Carolina were estimatedShad the largest RSC emission with an
estimated North Carolina emission of 1.46 milliany™, which was ~21% of total
North Carolina HS emissions. Ethanol was the NMVOC with the lardésth Carolina

emission with an emission of 206,367 kd.yr



H,S manure emissions were modeled using a procesd basmanure interface
(A-MI) mass transfer model. Different approachesengsed to calculate the three main
components of the A-MI mass transfer model: theatigmtion constant, the Henry’s law
constant and the overall mass transfer coefficieime. A-MI mass transfer model
performed fairly well in comparison to 15 minuteseage lagoon fluxes{E 0.57,
p<0.0001) and seasonal lagoon fluxes. It is hysitled that with appropriate
information on the overall mass transport coeffiti¢hat the model could be applied to
predict CAFO trace gas emissions from different unarsurfaces, therefore providing a
method for quantifying emissions in different protian, management and

environmental conditions.
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CHAPTER I.INTRODUCTION

The intensification of animal agriculture to mést food demands of an
increasing world population, have resulted in a berof environmental concerns. These
concerns include emissions of nitrogen, sulfuramldtile organic compounds and
particulate matter from concentrated animal feedipgrations (CAFOSs) into the
atmosphere (Aneja et al., 2008).

Swine CAFOs are a primary agricultural industryhia State of North Carolina,
producing revenues of over $2 billion per ydais estimated that approximately two-
thirds of North Carolina’s swine population of 1@llmn resides in six adjacent counties
in eastern North Carolina (Figure 1.1).The swirdustry in North Carolina started
developing rapidly in the late 1980’s. Between 188d 1997, the swine population
increased from 2.5 million to 10 million (NCDA, 200 The population then stabilized as
a result of a moratorium, which did not allow theling of any new swine farms or the
expansion of existing farms, unless a set of mes#ictive environmental criteria’s
could be met. As the result of the growth of then®aCAFOs, there are significant
environmental concerns.

Scientific studies of swine CAFO emissions of ammade.g. Aneja et al., 2001;
Heber et al., 2000; Zhu et al., 2000; Lim et @002, Harper et al., 2000) and methane
(e.g. Sharpe et al., 2002; Sharpe and Harper, 1288y and Westerman, 1988; Pos et
al., 1985) have been well documented. However, ®ams of reduced sulfur compounds

(RSCs) and non-methane volatile organic compouRd#$OCs) have not been studied



as extensively. Emissions of RSCs and NMVOCs arengortant concern locally, as
RSCs and certain NMVOCs contribute to odor. Emissiof odorous compounds are
important as they can cause health symptoms antiaadly health effects (Schiffman
and Williams, 2005). Furthermore they can affeetquality of life for people in
surrounding areas (Wing and Wolf, 2000; Thu et1&97).

There are also potential regional environmentaa$# associated with RSC and
NMVOC emissions. RSCs can react in the atmosploei@m sulfur dioxide (S@),
which can in turn react to form ammonium sulfat@mmonium bi-sulfate particulate
matter. Particulate matter in the form of RMparticulate matter with an aerodynamic
diameter equal or less than 2um) can affect human health through damage to thgslu
(Samet et al., 2000; U.S. EPA, 1997a). Particutaéer can also additionally impair
visibility (Malm et al., 2004; Seinfeld and Pandi®98) and scatter incoming solar
radiation resulting in regional cooling (Lovelockas., 1972).

NMVOCs are generally reactive, and can througbtareactions form
ozone. Ozone can have negative impacts on humespiatory system, reducing lung
capacity and increasing the development of illnessieh as asthma (Lippmann, 1993).

H,S is the most studied of the RSCs and NMVOCs, m#hy studies in Midwest
of the U.S. reporting & swine CAFO emissions (Heber et al., 1997; Ni.e2802; Zhu
et al., 2000; Jacobson et al., 2003; Jacobson, &04l4; Heber et al., 2004; Zahn et al.,
2001, Lim et al., 2003, Byler et al., 2004). Howeie to differences in production,
management, and environmental conditions, therd aiss be comprehensive

measurements of North Carolina3Hswine CAFO emissions. Presently, North Carolina



H,S swine CAFO emissions has not been studied extysBlunden et al. (2008) and
Blunden and Aneja (2008) are the only known stuthas have measured8 emissions
from a swine CAFO in North Carolina. Therefore tliier measurements are needed to
assess the magnitude ofSHemissions and the effects of production, managearel
environmental conditions.

As mentioned, E5 swine CAFO emissions vary due to difference odpction,
management and environmental conditions. Theref@e is a need for a process based
model, to provide a method for quantifying3dmanure emissions in these different
conditions.

In comparison to b8, measurements of concentrations and emissidRSGh
(Clanton and Schmidt, 2000; Blunden et al., 2005 Kt al., 2007; Trabue et al., 2008a)
and NMVOCs (Blunden et al., 2005; Trabue et alQ81) Zahn et al., 1997; Schiffman et
al., 2001) have been limited. There have been owhrstudies that have reported RSC
and NMVOC emissions from a swine CAFO with resgecdeasonal and environmental
variations.

1.1. BACKGROUND
1.1.1. Global Sulfur Cycle

Sulfur is estimated to be present in the earthistcat a mixing ratio of less than
500 ppm by mass. Through a combination of naturdlanthropogenic emissions, the
earth’s atmosphere sulfur volume mixing ratio ssléhan 1ppm (Seinfield and Pandis,
1998). This concentration may seem low but sulfumtaining compounds are known to

have a significant influence on atmospheric chemestd climate (Seinfield and Pandis,



1998). There are seven main sulfur gases in thersycle; these are hydrogen sulfide
(H2S), dimethyl sulfide (CEBCH;), dimethyl disulfide (CHSSCH), carbonyl sulfide
(COS), carbon disulfide (G methyl mercaptan (G%H), and sulfur dioxide (S

Three studies’ (Schlesinger, 1997; Warneck, 19@#field and Pandis, 1998)
estimates of global sulfur sources and sinks agsgmted in Table 1.1. In comparison the
three global sulfur cycles are in fairly good agneat. Warneck’s (1988) estimation of
global sulfur sources/sinks is slightly higher (30$S yi') than Schlesinger’s (1997)
estimation (270 Tg S ). Additionally, the Seinfield and Pandis (1998)dst would be
of a similar magnitude to the other two studiesgi& spray estimates were included. A
diagram of Schlesinger’s (1997) global sulfur cyislalso presented in Figure 1.2, which
shows the estimates of sulfur transportation, dsagehe various sources and sinks.

Anthropogenic emissions mainly consist of,3@ough fossil fuel burning and
industrial activities (Finlayson-Pitts and Pitt§0P, Andreae, 1990), and are estimated to
emit 73-106 Tg S vt (Schlesinger, 1997; Warneck, 1988; Seinfield aadds, 1998)

Natural emission sources include volcanoes, seg/sand a variety of sources
that originate from biogenic processes. Volcanup@ons emit large amounts of $énd
smaller quantities of $$ and CHSCH. It is estimated that volcanoes emit between 7-
11.8 Tg S y* (Schlesinger, 1997; Warneck, 1988; Seinfield aadd#s, 1998).

Sea spray is estimated to be the largest naturigbgm source. Sea spray is
largely composed of sulfates ($ (Finlayson-Pitts and Pitts, 2000) and is estimhate
emit between 144-150 Tg ¥(Schlesinger, 1997; Warneck, 1988). Biogenic gsses

emit RSCs including b8, CS, CH;SCHs, CH;SSCH;, and CHSH from both land and



the oceans. The oceans are estimated to be a logenic source than land. Ocean
emission estimates range from 6-36 Tg $(Bchlesinger, 1997; Warneck, 1988;
Seinfield and Pandis, 1998), whereas land emissarge from 4-7 Tg S yr

(Schlesinger, 1997; Warneck, 1988; Seinfield anadiza 1998).

1.1.2. Biogenic RSC Production

Sulfate is the main form of sulfur in the globaly@onment. In order for there to be
biogenic emissions of sulfur compounds there hdeta reduction of sulfate. There are
two types of processes that can lead to sulfatectexh (in the biosphere, hydrosphere
and lithosphere). These processes are assimilsiitfiate reduction and dissimilatory
sulfate reduction (Andreae, 1990).

Assimilatory sulfate reduction can occur aste@ecomposes. As it decomposes
anaerobically the bacteria produces cell biosymsh&flsamino acids such as methionine,
and cysteine. Metabolism of these sulfur contai@ngno acids results in the production
of ammonia, sulfides, and mercaptans. Examplesharen in the following reactions
(Mackie et al., 1998):

Cysteine— Pyruvate + NH+ H,S (2)
Methionine— Pyruvate + NH+ CH;SH (2)
Bacteria that are involved in the assimilatoryqess are the genelvéegasphaera
Veillonellg, and enterobacteria (Mackie et al., 1998).

Dissimilatory sulfate reduction is used by bdeté obtain thermodynamic energy

in an oxygen-depleted environment. Molecular oxygahe thermodynamically



preferred electron acceptor, but in an anoxic @mirent where sulfate exceeds oxygen,
these will be used as electron acceptors. Sultatde supplied in two different ways,
either by diet or by the processes of depolymeanadnd desulfation of sulfated
glycoproteins. In the stomachs of animals the msytfiate reducer is the genus
Desulfovibrio(Mackie et al., 1998). This process can resulhérelease of }$ and

other RSCs (Andreae, 1990).

Additionally in anoxic environments, a process\wnas methylation has been
found to occur, which can lead to production of Mg¢Mercaptan and dimethyl
sulfide. This is shown in the following set of réans (Bentley and Chasteen, 2004):
R-O-CH; + H,S — R-OH + CH-SH 3)

R-O-CH; + CH;-SH — R-OH + CH-S-CH; 4)

Kiene and Hines (1995) examined the methylatio€lgf-SH in anoxic
Sphagnunpeat, and concluded from their results that tregmanism is a major pathway
for biogenic production of dimethyl sulfide.

Decomposition by bacteria of the amino acid, Matime can lead to the production of
dimethyl disulfide through the processes of oxiatieamination followed by
demethiolation (Kadota and Ishida, 1972):
Methionine— a-Ketomethionine + N5l (oxidative deamination) (5)
a-Ketomethionine— a-Ketobutyric acid  (demethiolation) (6)

a-Ketobutyric acid + (Ch)-SH — CH;-SS-CH



Additionally CS can source from the biogenic environment. Spaettal.,
(1980) comments that sulfate reducing bactericbleas found to produce trace

emissions of CS It is also reported that G& a product from cysteine.

1.1.3. The Global Carbon Cycle

The global carbon cycle describes the exchangearbbn between the four
major reservoirs. A simplified modern version o gjlobal carbon cycle is shown in
Figure 1.3. Carbon is released into the atmosphene three different sources. There
are biogenic emissions through the processes piragi®n and decomposition, ocean
emissions as a result of diffusion, and anthropmgemissions, through mainly fossil
fuel burning. Through photosynthesis, some of titerapogenic carbon is taken in by
vegetation. This sink though is not as large asthece from anthropogenic activities,
resulting in a net accumulation of carbon in thra@dphere. The majority of this carbon
in the atmosphere is GOOther carbon cycle compounds include carbon miokeadCO)
and methane (Cpl Methane has a atmospheric concentration of ~ppband an
atmospheric lifetime of ~9 years (Schlesinger, J9Bibwever, there are organic
compounds that are emitted in smaller amountsjriisdes a group of compounds
known as non-methane volatile organic compoundsVRIZs).
1.1.4. Non-M ethane Volatile Organic Compounds (NMVOCs)

A NMVOC is a compound that contains the elemerib@a, expect for methane.
In this study, this terms excludes sulfur compouth@s$ contain carbon (e.g., dimethyl

sulfide) to avoid confusion. Koppmann (2007) dedimevolatile organic compound as



having 15 or less carbon atoms, a boiling pointaup60C and a vapor pressure greater
than 10 pa at 2&. This study focuses on NMVOC in the-C;, range, as these are the
major NMVOC that are typically found in the ambiatinosphere. There are thousands
of NMVOC emitted from both biogenic and anthropagesources.

1.1.4.1 Global NMVOCs Emissions

A summary of global sources and emissions of NM¥gQ43 well as the main
compounds groups and compounds contributing teetaesssions is provided in Table
1.2. Anthropogenic emissions are responsible fpr@pmately 10% of global NMVOCs
(Warneck, 2000). Anthropogenic sources includeotariindustries such as the petroleum
industry, the chemical industry, the natural gakisiry and the organic solvent industry.
Petroleum-related sources release 36-62 Fgapd are largely composed of alkanes
alkenes , and aromatic compounds, including etleylerluene, benzene, m-p-xylene, i-
pentene, n-pentane, n-butane, and i-butane (War@éok; Nelson et al, 1983)

Natural gas emissions are considerably smaller petmoleum related emissions,
around 2-14 Tg yt (Warneck, 2000) The compounds emitted are maighy hlkanes,
with the largest compound emissions being etham@ame, n-pentane, and i-pentane
(Warneck, 2000; Nelson et al, 1983). Organic sdlvemissions are of a similar
magnitude to natural gas emissions, with an estichamission rate of 8-20 Tg¥r
Organic solvents emit heavy alkanes and aromatigpooinds such as toluene, ethanol

and m-p xylene (Warneck, 2000; Nelson et al, 1983).



Biomass burning is also a large anthropogenic soenaitting 25-80 Tg Vt.

Radke et al. (1991) identified the major compouasibeing ethane, propane, propene
and acetylene.

Biogenic processes emit NMVOCs from land, oceawassail and are responsible
for approximately 90% of the total emissions of NM¥. Plants are the largest biogenic
source of NMVOC, with an estimated rate of 812-14g3/r* (Warneck, 2000). There
are thousands of organic compounds in plants, beital plant structure it is estimated
that approximately 40 are emitted at rates thaldcafiect the chemistry of the
atmosphere (Guenther et al., 2000). The main NM\éDfitted is isoprene. Isoprene
emissions are highest from deciduous trees (Kopp2@0v7).Other main compounds
emitted include the chemical group monoterpenes.latgest emitters of this chemical
group aren- Pinene ang- Pinene. These emissions are highest from conietrees
such as pine and fir (Koppman, 2007).0On a smatialesalkenes, alkanes, aldehydes,
alcohols, ketones, esters, and organic acids sogpabduced (Guenther et al.,2000;
Warneck, 2000). According to a study in North Amar{(Guenther et al., 2000), the most
prominent of these compounds in descending orderagihitude are methanol, ethane,
propene, ethanol, acetone, and hexenal.

Oceans are a further natural source of NMVOC. Mstogies on ocean emissions
have been limited to light hydrocarbons. The ediioneof 2.5-6 Tg yi* is based on this
class only with the main compounds being etharegane, ethene, and propene
(Warneck, 2000). There is uncertainty in the eroissiof the heavier hydrocarbons. One

study (Eichmann et al., 1980) suggested that glot@hn emissions might be as high as



26 Tg yi*. Smaller scale studies though such as Duce €383) report results that
suggest the emission rate could be a lot lower.

Soils can be either a sink or source of NMVOC,@ses soil microorganisms
emit NMVOC, but others can metabolize these comgsiy@uenther et al., 2000).
Warneck, (2000) suggests that the net flux is gdgé for all compounds except ethane.

1.1.4.2. Biogenic NMVOC Production

Anaerobic decomposition of polymeric, monomeria] ahgomeric compounds
(i.e. lipids, nucleic acids, polysaccharides, griteamino acids, glycerol, peptides,
purines, pyrimidines and sugars) in animal wagtgult in the formation of NMVOCs
(Zahn et al., 1997). There is limited informati@hating the decomposition of specific
polymeric, monomeric, and oligomeric compounds paaicular classes of NMVOCs.
Spoelstra (1980) reports that the deamination a&cdntboxylation of amino acids leads to
the production of alcohols and ketones. In addjtibhas been determined that volatile
fatty acids are produced by anaerobic microbiahtartation of carbohydrates (Mackie et
al., 1998) and aromatics such as 4-methylphenalniiyno acid metabolism of tyrosine

(Mackie et al., 1998; Spoelstra, 1980).

1.1.5. Environmental Impacts

1.1.5.1. RSCs

A potential environmental impact of RSC swine CA&issions is the effect of
odor on the health of the local surrounding popaoitatvho reside nearby. Chemical

compounds are odorous when they exceed their adectibn threshold, which is

10



defined as the lowest concentration of a chemicadpound that produces a sensory
response in the olfactory receptors of humans (Agaerindustrial Hygiene Association,
(AIHA), 1989). In odor testing, it is defined astminimum concentration of sensory
response detected in 50% of the odor panel (AIH¥89).

Odorous compounds can cause health symptoms alttl bffects even if it is below
an irritant threshold (Schiffman and Williams, 200bhis occurs because unpleasant
odors can cause a change in the functioning ofitinean brain and body as a result of a
biological response (i.e. the human nervous syséatts to bad odors to warn us against
potentially unsafe air and food), which in turn ¢ead to the developments of health
symptoms and health effects (Schiffman and Willig2@)5). RSCs are of particular
concern as they have unpleasant odors and lowtboesholds. Table 1.3 shows the odor
thresholds and characteristics of the five main R§8ydrogen sulfide ($8), dimethyl
sulfide (CHSCH;), dimethyl disulfide (CHSSCH), carbon disulfide (C§, methyl
mercaptan (CgBH)). It can be observed that all the RSCs hawedan threshold under
10ppb.

Schiffman and Williams (2005) identified six comnity studies where exposure
to low concentrations of 4 or RSCs have been related to health effectsvdrot these
studies, health effects were reported from an geedaily BS concentration exposure of
10-11 ppb. There have also been a range of stugjesting human health effects
associated with swine CAFOs. A study by Donham&ma (1995) found 70% of
workers at confined swine farms to have some kinar@nchitis, over 50% had upper

airway inflammation and approximately 1 in 10 hathana related symptoms. Wing and
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Wolf (2000) using a rural community survey foundttthere were higher self-reported
health symptoms in residents, who lived near svan@s. The residents were found to
have increased occurrences of sore throat, runsg,im@adaches, excessive coughing,
burning eyes and diarrhea. In addition, the odsoe@sted with swine CAFOs can also
affect the quality of life for people living nearbyving and Wolf (2000) reported that
people living near swine farms would not open tiirdows or go outside at certain
times as a result of the odor.

RSCs can go through chemical reactions to fordusdioxide and then sulfuric
acid (see section 1.1.6). Sulfuric acid depositian have a number of detrimental
environmental effects. In lakes, streams, and oila¢er-bodies, sulfuric acid can reduce
the pH level, killing a wide variety of biologicapecies including fish, invertebrates, and
microorganisms. Sulfuric acid can also damagedreeplant leaves, and root systems.
Sulfuric acid deposition onto a leaf, erodes thiicliwax, leading to injury to the leaf.

In urban areas, sulfuric acid deposition can leaerbsion to buildings, structures and
sculptures (Jacobson, 2002).

Sulfuric acid can also react and lead to the foionaof ammonium sulfate.
According to monitoring data, 47 % of B¥mass is ammonium sulfate in the eastern
United States (EPA, 1995). The formation of patateimatter can impact human health,
as the fine particles can penetrate and deposit @wébkin the human lungs (U.S. EPA,
1997a). These particles can also impair visib{i8ginfeld and Pandis, 1998). In addition
to impairing visibility, the scattering of incomirsgplar radiation can also result in

regional cooling (Lovelock et al., 1972).
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1.1.5.2. NMVOCs

Certain NMVOCs are odorous, therefore they carseaudor-related health
effects in the same way as RSCs (see section 1).1The most complete survey of
NMVOCs present at a swine CAFO was conducted byff&@m et al. (2001). Of the
276 NMVOC:s identified (excluding RSCs), 28 had dorathreshold below 10 ppb. The
odor threshold and odor characteristic for thesepmunds are presented in Table 1.4.

A further potential effect of NMVOC is the formati@f tropospheric ozone. In
general NMVOC are highly reactive and through ao$eeactions can form ozone (see
section 1.1.7.). Ozone can affect human’s respiyagstem, leading to a reduction in
lung capacity and increasing the potential develemnof asthma (Lippman, 1993).

In 1970, under the Clean Air Act, the EPA estalddsprimary National Ambient Air
Quality Standards (NAAQS) for ozone amongst otladlupants. In order to ‘protect
human health with a adequate margin of safetyjlg rahour maximum standard of 120
ppb was established. In 1997, due to evidenceath@iger averaging time might better
represent the short-term effects of ozone expasutbe respiratory system, a daily 8-
hour maximum concentration of 80 ppb was estalligg® A, 1997b). As of March
2008, the EPA has reported that over 139 millioopbein the United States live in areas
where the 8-hour standard is exceeded (EPA, 260&earch has shown that there is a
relationship between ozone and mortality below stesdard (Bell et al., 2005; Bell et
al., 2004). As a result, the EPA has revised thedsrd, reducing it to 75 ppb (EPA,

2008).
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Another environmental impact is the formation af@edary organic aerosols (SOA)
from NMVOCs. Organic aerosols contribute signifittaro the total aerosol production
in the USA. The EPA (2003) estimated that in th&teza United States, organic carbon
contributes about 10-18% of aerosols; in the west higher contributing as much as 25-
40%. It has been suggested that organic aeroawksdreater health effects than other
types of aerosols (Baltensperger et al., 2008; ldoewal., 2007) found an increased
association between daily mortality and fine pafate matter in the summer, when
secondary organic aerosol levels are typically &igh

Additionally, 162 out of 188 NMVOC that have bedassified as hazardous air
pollutants (HAPs). HAPs are defined as those patitgt that are known to cause cancer
or other serious health effects such as damadetmimune system, reproductive,

developmental, neurological, and respiratory eff¢ctS EPA, 2009).

1.1.6. Reactions and Transport of RSCs

RSCs react readily with the hydroxyl radical (Olggsies, which can result in the
production of S@ SG can be converted to sulfuric acid and particutaléate, resulting
in the production of aerosols or acid depositiame Tollowing is the chemical reactions
for RSCs and how they can be converted tg. SO

1.1.6.1. Hydrogen Sulfide ¢(B)

H,S primary reaction in the atmosphere is likely ¢oMith OH; the atmospheric
lifetime of H,S is ~ is 2-3 days (Seinfield and Pandis, 2006; \&n2000).

OH + HS — H0 + HS (7)
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HS can then react to produce to SO 0.SO
HS + @ -OH + SO (8)
—-SO;+H 9)
HS can then have important reactions in the tropespwith NQ and Q, and lead to the

formation of SQ.

HS + @ — HSO + Q (10)
5 OH+SO+0 (11)
HS + NG — HSO + NO (12)
HSO + Q — HO2 + SO (13)
HSQO, + O, SO, + HO, (14)
SO+Q—>SG+0 (15)
SO+Q—>SG+ 0, (16)

(Warneck, 2000)

1.1.6.2. Dimethyl Sulfide (GSCH)

CHsSCH;is the largest natural contributor to the globdfusulux. Its main
reaction is with the OH radical; it lifetime variggem 12 hours to just over 2 days
(Seinfield and Pandis, 2006; Warneck, 2000).

OH + CHSCH; — CH;SCH, + H,O a7

OH + CHSCH; + M <> CH;S(OH)CH + M (18)

Reaction (17) is the abstraction path favored giiéni temperatures; reaction (18)

is the addition path, which is more likely to ocetilower temperatures.
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The CHSCH; (reaction 17) radical behaves as an alkyl radical.

CHsSCH, + O+ M — CHsSCHO00 + M (19)
CH3SCHO, + NO— CHsSCHO + NO, (20)
CH3SCHO — CHsS + HCHO (21)

Reaction (21) occurs quickly, so that thes§SBHO0 radical can be assumed to
decompose immediately. When N@vels are low, CEECHO, can react with the HO

radical. This can result in the formation of DMS.

CH3SCH0,+ HO, — CH;SCH,OOH + O (22)
— CH3SCHO + HO + O, (23)
CH3SCHO + OH — H,O + CH; + COS (24)

(Barnes et al., 1996)

The DMS-OH reaction produces COS as a minor pioolucyielding 0.7% S
(Barnes et al. 1996). From reaction (18),s;SHDH)CH; can react to form dimethyl
sulfoxide (DMSO), CHS(O)CH.

CHsS(OH)CH + O, — CHsSOCH; + HO; (25)

By further oxidation, this can react to form ¢€3€CHOO as DMSGQ.

From reaction (24), the product @50, can react to form Methanesulfonic acid (MSA),
CH3SOHOO or S@ The ratio of MSA to S@is 0.1 near the equator and 0.4 in Antarctic
water, indicating that MSA is favored in colder fgnatures.

CH3SO, — CHs + SQ (26)

CH3SG; + O3— CHsSO; + O; (27)
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Dimethyl sulfide can also react with the nitratdical, particularly at night, when
there is no OH radical present.

CH3SCH; + NO; — CH;SCH, + HNO; (28)

(Seinfeld & Pandis, 1998; Finlayson-Pitts & Pi2800)
This can lead to C§$ production by reactions 19-21. The overall megmarior the fate
of dimethyl sulfide is still not completely undeystl and there are still details of this
mechanism that are uncertain (Seinfeld & Pandi8819

1.1.6.3. Dimethyl Disulfide, (3$SCH)

CHsSSCH has a significantly shorter lifetime than dimethylfide of around 0.1
days (Warneck, 2000; Finalyson-Pitts and Pitts0208s a result of its high reactivity,
even small concentrations of dimethyl disulfide effiect the atmospheric environment
significantly. As with dimethyl sulfide, it's maireaction is with the OH radical.

OH + CHSSCH — CH3;SOHSCH (29)

— CHsSOH + CHS (30)

(Finlayson-Bi& Pitts, 2000)
As shown for dimethyl sulfide, G4%$ and CHSOH can then react to form $@nd MSA.
1.1.6.4. Methyl Mercaptan (G8H)

CH;SH also reacts by addition with the OH radicaltyfscal atmospheric
lifetime ranges from 0.3-0.4 days (Warneck, 2008akyson-Pitts and Pitts, 2000).

OH + CHSH — (CHS(OH)H)— CHsS + HO (31)

17



It can also react with the nitrate radical to gaveariety of products including
CH3SGO:H, SQ,, CHONO,, HCHO, CHSNO;,, HNO; and CHSSCH,. Examples of the
reaction are shown below.

NOs + CH;SH — CHsS(NO3)H — CHsS + HNG; (32)

— SQ, + other products (33)

(Finlayson-Pitts & Pitt€)aD)
1.1.6.5. Carbon Disulfide (Gp

CS is estimated to have a reaction time of 7-7.2 {8g#nfield and Pandis, 2006;
Warneck, 2000). Again like the other RSCs it reagth the OH radical.
OH+CS+M« HOCS + M. (34)
Unless there is presence of, @he product will reverse to the original reacsaMith the
presence of ©a variety of products can be formed, with the npoduct being carbonyl

sulfide (COS). In addition, CO can also be formed.

HOCS +0, — COS + HOSO (35)
— COS+H+SQ (36)
— COS + HSQ (37)
—~ COS+HQ+S (38)
— CO+HOSO +S (39)
—~CO+H+SQ+S (40)

(Finlaysbitts & Pitts, 2000)
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1.1.6.6. Sulfur Dioxide (S
As discussed, RSCs react readily, and can prodOgeS%) can deposit through

dry deposition or alternatively it can react tonfiosulfuric acid.

SO, + OH + M— HOSG + M (42)
HOSG + O, —» HO, + SG (42)
SO; + HO + M— H,SO+ M (43)

(Seinfeld & Pandis, 1998)

Sulfuric acid can also lead to the formation ofatal. It can condense due to its low
saturation vapor pressure. Once condensed irregrsulfuric acid dissociates
reversibly.

H2S04(g) — H2SOy(ag) <> H" + HSQ- « 2H™ + SQ (44)
Sulfuric acid can also react to form ammonium galtend ammonium bisulfate,
depending on the type of atmosphere. In an extseawtlic atmosphere the aerosol
particles will likely exist as k5 solution. In moderate acidic atmospheric condgjdhe
particles will exist as bisulfate. In high ammon@ncentration areas, ammonium sulfate
will form (Seinfeld & Pandis, 1998).

NH; + H,SOs(aq) — NH2SOs(aq) (45a)

2NH; + H,SOy(aq) — (NH4)2S0y(aq) (45D)
(Warneck, 2000)

Other factors that may effect this reaction ideluelative humidity and temperature

(Seinfeld and Pandis, 2006).
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1.1.7. Reaction and Transport of NMVOCs

In the troposphere, NMVOCs are highly reactive, arelmost likely to react with
the hydroxyl radical (OH), resulting in a typicdetime on the order of hours. An
example of a typical NMVOC degradation is showrobelwhere R and RH represent a

organic group and a hydrocarbon, respectively.

RH + OH—H,0 + R 64
R+ +M->ROy+M  (M=air) (47)
RO, + NO— RO + NG, (48)
RO + O, — Oxidated Hydrocarbon+ HO (49
HO, + NO—OH + NO (50)

(Atkinson, 2000)

These reactions show the creation of the-R@d HQ radicals, which shown in
equations (48) and (50) react with NO, convertin@ td NG.. From here, @is formed
from the photolysis of N®
NO, + hv — NO + O¢P) (51)
OCP)+Q+M—>0O3+M (M= an inert gaseous specie e.g. nitnogas) (52)

(Atkinson, 2000)
The RQ radical can also react with the Kiadical, which does not lead to the formation
of Os. The competition between R@eaction with either NO or HQs very important in
determining @ formation, and individual NMVOC react in differewiys (Atkinson,

2000). Additionally during the nighttime, R@an react with N@radical to form NQ.
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RO, + NO3; - RO+ NQ + O, (53)

NMVOC can also form secondary organic aerosols (5®#ér an aerosol to
form, a reaction product must be formed in thegesse at a concentration equal to its
saturation concentration. This will not occur iéthapor pressure of the reaction product
is higher than the initial concentration or if ig@s phase reactions of the NMVOC are
too slow (Grosjean, 1992). As a result of highargmressures, many NMVOC do not
form aerosols, regardless of their gas-phase xégctit has been concluded that only
NMVOC containing seven or greater carbon atomsfaan SOA (Odum and Jungkamp,
1997).

There are very limited studies in the formatiorS&A from alkane
photooxidation. Wang et al. (1992) reported a 9%rage aerosol yield by mass for
methylcyclohexane. There have been numerous statlakenes, mainly due to the
large amount of alkenes produced by vegetationdiBat al. (1991) examined a range of
alkenes and found the aerosol yield to vary grdatiyach specie. Isoprene had a
negligible aerosol yieldy-pinene approximately 3%. More significantly, thedenic
compound3-pinene had an aerosol yield of 30-40%. The highiest was for trans-
caryophyllene, which had ~100% aerosol yield.

Odum et al. (1997) studied the potential for SO/rfation from gasoline vapor,
which emits compounds from a wide range of chengoailips. Using an outdoor smog
chamber, the researchers concluded that aromatmsete SOA formation in urban

areas.
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1.1.8. H,S Emissions from Swine CAFOs

There have been many studies gEl¢missions from swine CAFOs in the
Midwest of the U.S. This includes measurementsaof lemissions from a range of swine
management systems (Heber et al., 1997; Ni e2@02; Zhu et al., 2000; Jacobson et al.,
2003; Jacobson et al., 2004; Heber et al., 200d n@@asurements of lagoon emissions
(Zahn et al., 2001, Lim et al., 2003, Byler et 2004). However, North Carolina swine
CAFO emissions have not been studied as extensiBklypden et al. (2008) and
Blunden and Aneja (2008) are the only known stuthes have measured lagoon and
barn BHS emissions from a swine CAFO in North Carolinatdie on previous studies’
measurements of lagoon fluxes and barn concentsaéind emissions are presented in
Table 1.5 and Table 1.6, respectively.

It can be observed that lagoon fluxes range frorto~I266pg nmiZ min' (Blunden

and Aneja, 2000; Zahn et al., 2001), barn concgabsfrom 8.7-632 ppb (Jacobson et
al., 2003; Blunden et al., 2008) and barn emissimms 0.11 — 8.5 g dayAU™ (AU
represents 1 animal unit, which is equal to 50@fkigve animal weight). The variance in
the magnitude of lagoon fluxes, and barn conceatratand emissions is due to
differences in environmental, production and maneg@ conditions. It is noted thatHl

barn concentrations are significantly above thdorahresholds.

1.1.9. RSC Emissions from Swine CAFOs
In comparison to b5, other RSCs have not been studied as extensively.

Currently, less than a handful of studies (Clargod Schmidt, 2000; Blunden et al.,

22



2005; Kim et al., 2007; Trabue et al., 2008a) hap®rted concentrations of otRECs
at swine facilities. Of these studies, none hapented lagoon fluxes and only one has
reported barn emission rates, which was conduat&buth Korea (Kim et al., 2007).
Details of the previously reported RSC concentretiare provided in Table 1.7. It can be
observed that C}¥$H concentrations range from 0-16 ppb, DMS coneéiptrs from O-
8.4 ppb, C%from 2.4-45ppb and DMDS concentrations from OgpB. This suggests
that RSCs concentrations may exceed their odoshbid. It should also be noted that
Schiffman et al., (2001) identified 30 sulfur corapds from a swine CAFO in North
Carolina, which included 6, DMS, DMDS, CHSH and C&

As mentioned, the Kim et al. (2007) study alsmrégd RSC barn emission rates.
The emission rates from the five different faciliypes ranged from 0.43-1.92 g day

AU™ for CH;SH, 0.20-0.93 g dayAU™ for DMS and 0.12-0.58 g d&yAU™ for DMDS.

1.1.10. NMVOC Emissions from Swine CAFOs
Similarly to RSCs, there have been limited measerdgs of NMVOCs from
swine CAFOs. Studies include reports of barn cotmagans (Blunden et al., 2005;
Trabue et al., 2008b), concentrations from a desmbwvaste storage system (Zahn et al.
1997) and identification of compounds present iaesabic lagoon water and barn air
(Schiffman et al., 2001). Currently, there is n@wmn study that has reported NMVOC
emissions from swine CAFOs with respect to seasamalenvironmental variations.
Schiffman et al. (2001) identified 276 NMVOCs (extting RSCs) in the air from

a swine barn in North Carolina. Of the 276 NMVOEg38,were odorous NMVOCs (i.e
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they have an odor threshold less than 10 ppb)2a8ndere HAPs. The odorous
compounds are presented in Table 1.4 and the HAPable 1.8. In addition, Table 1.8
indicates other swine CAFO studies that have alsotified these HAPs. Of the 27 ‘low
odor threshold’ compounds, concentrations wererteddor 12 of them, with 5
exceeding their odor threshold. These were butaamd; 3-methylbutanoic, 2-
methylbutanoic acid, 4-methylphenol, and indoleshibuld be noted that three
compounds 2-methylphenol (o-Cresol), 3-methylphémeCresol) and 4-methylphenol
(p-Cresol) are odorous and are also defined asR. HA

Zahn et al. (1997) identified 24 NMVOC:s in the @iove a deep basin waste
storage system, including four odorous compountss& were butanoic acid, pentanoic
acid, phenol and 4-methylphenol. 4-methylphenol feasd to exceed its odor threshold.
In addition, 3 HAPs were identified, phenol, 4-mdtihenol and 3-methylphenol.

In a more recent study, Trabue et al. (2008b) nredsiil NMVOCs concentrations
in a swine finishing barn in lowa. They identifitde compounds to be exceeding their
odor thresholds: butanoic acid, 4-methylphenoltidphenol, indole, and 3-
methylindole. Two HAPs were also identified (4-mggihenol and phenol).

Blunden et al. (2005) made measurements of NMVQO@eotrations from swine
barns in North Carolina. Measurements were madeordifferent seasons at both a
mechanically ventilated and a naturally ventildbadn in North Carolina. Concentrations
were reported for the odorous compound, 4-methylphé-or one season at both swine
CAFOs, 4-methylphenol exceeded it's odor threshiolé@ddition, 4-methylphenol is also

a HAP. Blunden et al. (2005) also reported a setbthd, methanol.
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1.2. METHOD AND MATERIALS
1.2.1. Sampling Site

The sampling site (Figure 1.4) is a commercial 8dAFO located in eastern
North Carolina, in Jones County. At the swine CAB&@re are eight finishing barns with
between 900-1000 pigs in each barn. Generallypidgeweigh between 20-24 kg on
arrival, and stay at the barn for 16-20 weeks. Bémms are mechanically ventilated.

The swine farm uses a conventional waste managemethod, known as
‘Lagoon and Spray Technology'. In this method, shene waste falls through slatted
floors into a shallow manure collection pit. Theirsgvwaste is then flushed weekly from
the shallow pit through pipes into an anaerobiattreent lagoon. Periodically, the
anaerobic treatment lagoon waste is sprayed owerf@lds for nutrient enrichment.
The anaerobic treatment lagoon liquid is also usdtlish the barn manure pits. This

waste management method is used by the majorgwimfe CAFOs in North Carolina.

1.2.2. Sampling Scheme

Measurements of emissions were made during alldeasonal periods during
2007-2008. Emissions from both the lagoon and beme each measured for a ~ 1week
period during the sampling seasons. Sampling wadwed during the summer season
from June 8-June 28, 2007; the fall season from the Octobef 2Mdovember 19,
2007; the winter season from FebrualfyRebruary 28, 2008; and the spring season

from 11" April-April 28", 2008.RSCs and NMVOC emissions were measured using two
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different analytical techniques. ContinuougSHneasurements were made in-situ by a
pulsed fluorescence,8 analyzer. The NMVOCs and the other RSCs weredei

using passivated canisters and analyzed ex-situ®g-FID.

1.2.3. Field Sampling Technique

1.2.3.1. HS

A thermo environmental instrument (TEI) model 458dsed fluorescence
H,S/SQ analyzer (Thermo Environmental Corporation, Mountéew, CA) was used
to continuously measure,8 concentrations. The,B/SQ analyzer has a range of O-
1000 ppb. Before each sampling period, a multi-poatibration was conducted on the
analyzer. This was performed using a TEl model diftion-titration system (Thermo
Environmental Corporation, Mountain View, CA). Atddnally, zero and span checks
were conducted regularly during the sampling pexiddhese were also performed after
each sampling period. It should be noted that &Dcentrations were not analyzed at the
swine CAFO, as concentrations were negligible.

1.2.3.2. RSCs and NMVOCs

1.2.3.2.1. Stability of RSCs and NMVOCs

Field sampling of RSCs (excluding®&) and NMVOCs was conducted by collecting

whole air samples. The whole air samples were cglteusing 6-L passivated canisters.
Both SUMMA and fused-silica lined (FSL) canistersresused for sampling.

The SUMMA canister has an interior surface madstahless steel, which is

passivated by electrolysis and coated with a chroitieel oxide layer (Hsu et al., 2001).
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Humidified SUMMA canisters have been shown to ladlst for a wide range of non
methane volatile organic compounds (NMVOCSs) fotaufour weeks (Brymer et al.,
1996; Ochiai et al., 2002). However, humidified SMK canisters are reported to be
unsuitable for mercaptans (Brymer et al., 1996;i@la# al., 2002) including the sulfur
compound of interest G33H (Brymer et al., 1996). The stability of the atkalfur
compounds of interest, DMS and DMDS, in humidif®@dMMA canisters is uncertain,
as there has been no known peer-reviewed studgtigaing the stability of these
compounds.

FSL canisters are constructed of stainless staghioh a fused-silca coating has
been added to the interior of the canister. Sityildnumidified FSL canisters are stable
for a wide range of NMVOC:s for up to four weeks (@¢ et al., 2002). However, the
fused-silca coating is applied to improve the rergwf RSCs. A recent study reported
DMS and DMDS to have good recovery in humidified_FE&nisters (Trabue et al.,
2008a). This study also found that £33 had poor recovery in humidified FSL
canisters. However, GG3H had good recovery in dry FSL canisters.

1.2.3.2.2. Canister Sampling Scheme
Nine to eleven canister samples were taken frorh thet lagoon and barn over each
measurement period. A mixture of 6-L SUMMA and R&inisters were used for
sampling. Of these, approximately a quarter were é&isters. Prior to sampling, the
canisters were cleaned by a XonTech Model 960 tarekeaning system. The

automated system performs a cycle of cleaning, &vbanisters are evacuated, filled with
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humidified air and then baked at £20 The canisters were cleaned using 2 cycles. After
the cleaning, the system evacuates the canister @5 mm Hg using a vacuum pump.
Samples were taken over a period of 5 minutesfigreint times of the day (between
8:00 and 18:00 EST) and in different meteorologmahditions to examine the factors
that influence RSCs emissior@@anister samples from the lagoon and barn wereatelt

from a minimum of four different days over each péng period.

1.2.4. Flux Measurements

1.2.4.1. Lagoon Measurements

Anaerobic treatment lagoon flux was determinedaisilynamic flow-through
chamber system (Blunden and Aneja, 2008; Anej&,e2@00). A schematic and
photograph of the chamber system are presenteigumds 1.5 and 1.6, respectively. The
chamber is a cylindrical shape, with an internaghieand diameter of 46 cm and 26 cm,
respectively. This results in a total volume of tdhamber of ~ 25.4 liters (L). A closed
system is formed, as ~7cm of the bottom of the clearpbotrudes into the lagoon
forming a seal.

The inside of the chamber is lined with ~0.05mmkHigorinated ethylene
propylene (FEP) Teflon. The chamber sits insideaular hole in a 0.61m x 0.61m
floating platform, which is composed of ultra-higitolecular weight (UHMW)
polyethylene, with a thickness of 1.27 cm. Attacteedither side of the platform are two

PVC pipes (diameter 15.24 cm, length 168 cm), whidvide additional buoyancy.
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Into the chamber through Teflon tubing (0.64 cnmeodiiameter, 0.4 cm inner
diameter) flows compressed zero-grade air (MacanmeWelding Supply Company,
Raleigh, NC) at a flow rate of ~ 4 L minThis flow rate is controlled/set by a Model
810-S Mass Trak Flow Controller (Sierra Instrumgeltenterey, CA). A variable-speed
motor rotates a Teflon impeller inside the chandiespeeds of 40-60 rpm. This ensures
that the air is well mixed similarly to ambient.alihe out flowing air flows through more
Teflon tubing into the E5/SQ analyzer or passivated canister. The out flovpad of
the system has a vent. Any air that is not requepats this vent. Additionally, the vent
ensures that the closed system does not becom@@gsurizedThe vent was bubble
tested to check for leaks and under pressurizatibe fittings used in the system were all
made of stainless steel, in order to minimize cleahreactions.

1.2.4.2. Lagoon Flux Calculation

In order to calculate the lagoon flux, the folloggimass balance equation is used.

d_C = (q_co +J_Aj - (_LT A’V + ﬂj[c]
dt vV Vv Vv Vv (54)

where, g is the flow rate of carrier gas throughrmober, Gis the concentration of the
compound in the carrier gas, J is the compound #uis the cross sectional area of the
top and bottom of the chamber, V is the volumehafraber above the lagoon surface, L
is the loss term, which is the total loss of a coomal in the chamber due to reaction with
the inner and upper walls of the chambey,ig\the surface area of inner and upper walls

of the internal chamber, C is the concentratiothefcompound within the chamber.
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As mentioned, zero-grade air is used for the eagas, therefore & 0.
Additionally, when the system reaches steady stia¢einstantaneous change of

concentration with time approaches zero, thered@klt = 0. Therefore equation (54) is
simplified to the following: J =[C ]["TV—AN +3} h (55)

where h is the height of the chamber.

1.2.5. Barn Measurements

Barn measurements were made at one of the eighedwirns at the sampling
site. At the west end of the barn facing the lagthamne are five ventilation fans
(AAA.Associates Inc. Maxi-Brute” fans, Niles, MI). All five fans had plastic shutte
Three are belt driven with a diameter of 122 cmoTo#the fans are direct driven, and
have a diameter of 91 cm. The fans turn on in @aegtience, as barn temperature

increases. The barn flow rate was calculated usi@dollowing equation:

‘Measured RPM
Calculated fan flowrate = Manufactures fan flow rate x (W)

The measured revolutions per minute (RPM) wererdehed using a rotation-
voltage relationship system (Blunden et al., 2088)asured revolutions per minute
(rpm) were calculated by attaching Mabuchi VDC mef&anta Clara, CA) to the fans.
For the direct driven fan’s, the motor was mourited stainless plate, which lies over the
fan’s original plate. For the belt driven fan'sginder sleeve was placed over the fan

shaft. From the motors, single analog output wivese used to connect each motor to a
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data logger (Campbell Scientific CR10X, Logan, UTerefore if a fan was rotating, a
voltage was recorded. To determine the relationsbtfpreen voltage and rpm, the motors
were calibrated before the beginning of the fiddhpaign using a Dayton SCR
controlled DC Motor (Model # 2M168C). The motorsrevattached to the shaft of the
controlled DC motor. From this, simultaneous rprd aaltage were measured using a
Shimpo DT-207B Direct Contact Digital Tachomete§tampo DT-725 stroboscopic
Digital Tachometer, (Itasca, IL) and a Micronta iagMultimeter (Model # 22-185).
From this procedure a calibration curve was deteechi For every sampling season, the
stroboscopic tachometer was used to check andateadach fan’s performance. From
this, the calibration curve was adjusted accordifgl each season.

The manufactures specifications are 850 rpm ferdihect drive motors and 1725
rpm for the belt driven motors. However it has bestimated that the pulley ratio is
approximately 2:9:1, resulting in the fans rotatatgpproximately 595 rpm.

Measurements of the static pressure difference wexde between the inside and
outside of the barn using a hand held pressuresdpiessure readings were taken daily
during all the sampling seasons. When taking regglih was noted how many fans were
on. These measurements were used to determingdhege static pressure difference,
when a certain number of fans were on. The manufact fan flow rate was adjusted
accordingly for the average static pressure diffeee

Barn concentration measurements were made by glackample line made of
Teflon tubing (0.64 cm outer diameter, 0.4 cm inti@meter) directly in front of the first

fan to turn on. The concentration distribution asrthe fan was assumed to be uniform.
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Concentrations were assumed to be equal for ail fasus. Background barn samples
were collected upwind of the barns using fusedadilted canisters. Concentrations in
background samples were negligible in comparisaheéaorresponding 1%
concentration from the barn fan, therefore theynateconsidered in emission
calculations. For other RSCs and NMVOCs, backgrazarmdster samples were taken
simultaneously to the barn samples. The samples eadlected upwind of the swine
house, and were analyzed identically to the banmster samples. Net sample
concentrations were calculated for each compoungeider, it should be noted that no
RSCs were identified in background samples.

The barn emission rates were calculated usingptteaving equation:

J=C*) f (57)

where J is the compound flux, C is the gas conagatr at the fanZ T is the sum of the

flow rates of each individual fan.

1.2.6. Environmental Parameter Measurements

During lagoon sampling, lagoon temperature agdda pH were
measured continuously. Lagoon temperature was mezhby a CS107 temperature
probe (Campbell Scientific Inc., Logan, UT). A mb@sSIM11 pH probe (Campbell
Scientific Inc., Logan, UT) was used to measuredegpH. The pH probe is placed in

buffer solution and calibrated before and aftehesaompling period of ~ 1 week. Both
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probes are submerged ~7cm below the lagoon sufacéarn sampling, a CS107
temperature probe was used to measure temperatinefan outlet.

Near-surface (< 10 cm) anaerobic treatment lagaomples were taken daily to
be analyzed for sulfide content. The lagoon sampbre preserved for sulfide analysis
by adding 1ml of 2N zinc acetate and ~6N NaOH uh#&lpH>9. The samples were
stored below ZC until analysis. Samples were analyzed within fsd# collection at the
North Carolina Division of Water Quality. Sulfidemtent was measured by color metric
analysis. This was performed using Standard Me#t@-S2-D (Greenberg et al.,
1999).

A Model CR23X Data logger model and a CR10X Datggkr, which has a
Model AM 16/32 Channel Relay Multiplexer (Campl@dientific Inc., Logan, UT)
were used to record and collect all data. The @asdownloaded to a laptop daily. The
datalogger and theJ3/SQ analyzer were housed inside a mobile laboratoy State
University Air Quality Ford Aerostar Mini-Van). Tensure that the instruments worked
efficiently, the temperature inside the mobile latory was maintained to room

temperature at ~ 2C.

1.2.7. Instrumentation/T heory of instrumentation
1.2.7.1. TElI Model 450C Hydrogen Sulfide Analyzer
1.2.7.1.1. Theory of Operation
The Thermo Environmental Instruments (TEI) mod#@ hydrogen sulfide

analyzer is based at the theory thaBldan be converted into 2Ohen the converted
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SO, molecules absorb ultraviolet light, resulting neit excitement at a particular
wavelength. This will result in decay to a loweesgy state, thus the UV light is emitted
at a different wavelength. This process is desdrliethe following chemical reactions.
H.S — SO (58)
SO, + hy — SO, + hw (59)

The detection process is started with the samgilegldrawn into the model 450C
through the sample bulkhead. Next the sample can tyeo ways. The sample can pass
through the converter and8llevels can be inferred, or the sample can byjbass
converter and go to a hydrocarbon kicker. In ofdeSO, concentrations to be
determined, the sample flows to the hydrocarbokekicThe kicker removes
hydrocarbons by forcing the hydrocarbon molecubedifferentially permeate through a
tube wall. Conversely, the S@olecules can pass through the hydrogen kickerowtth
being affected.

The next stage of the process is the flow of Hmae into a fluorescence
chamber. Here there is a pulsating UV light thatites the S@molecules. This emitted
light is focused by mirrors that only reflect thawelengths that excite S@olecules.

As the excited S@molecules decay to their lower energy states, tekase light. This
light is proportional to S@concentration. The light passes through a filket bnly
allows the wavelengths released by the excitegrB@ecules to pass through and thus
be detected by a photo multiplier tube (PMT). Tké&edtor continuously monitors the

pulsating UV light source. If there are any fludtaas in the UV light, there is electronic
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circuitry, which is connected to the detector, vihrall compensate for these
fluctuations.

Finally the sample flows through a flow sensod arcapillary, before entering
and leaving the shell side of the hydrocarbon kickee model 450C outputs the
SQO,/H,S/CS (complete sulfur = SOH,S) and the analog outputs to the front panel
display. A schematic of the 450C is presented gufa 1.7 (Obtained from TEI, 2002).

The HS/SQ analyzer averages concentrations every minutehas@ maximum
detection limit of 1000 ppb.

1.2.7.1.2. Calibration

A multi-point calibration was conducted for the T#bdel 450C HS/SQ
analyzer before each experimental period. Thisacaseved by using cylinders of 29
ppm and 500 ppb of 4, and 10.9 ppm of S@Machine and Welding gases, NIST
certified). These gas cylinders were diluted fdibcation using a TEI Model 146
dilution-titration system.

1.2.7.2. GC-FID

Past studies have indicated that concentratiohBWbfOC and RSCs (excluding
H,S) are typically in the sub-20ppb range and cales®than 1ppb. Therefore to detect a
range of compounds with a sensitivity of less thppb, a gas chromatography- flame
ionization detection (GC-FID) system was used.aki¢ ionized detector (FID) detects
compounds with a hydrocarbon bond, which inclutiesmajority of NMVOCs and the
RSCs of interest dimethyl sulfide (DMS; @5CHs), dimethyl disulfide (DMDS;

CH3S,CHjs) and methyl mercaptan (G8H).
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1.2.7.2.1. Analytical System
Analysis of the canisters was conducted at theddatiExposure and Research

Laboratory (NERL) of the US Environmental Protentdgency (EPA) in Research
Triangle Park, NC. Samples were analyzed usingwlétePackard Model 5890A
(Avondale, CA) gas chromatography system. The systeludes a cryogenic u-shaped
stainless steel trap, which is used to pre-conaenthe sample using liquid argon (-
187°C). The sample is drawn onto the cryogenic trap¢kvis immersed in liquid argon,
the trap is then immersed in a dewar of boilinganét+99C). The sample is then
separated using a J & W Scientific (Folsom, CA) DBelumn (60m x 0.32mm x dm).
Helium carrier gas is kept at a constant pressuit®@kPA. At 75C, this provides a flow
rate of 2.65 crhmin™. The initial column temperature is %) this temperature is held
for two minutes, and then increases at a raté©fr8in to 200C. The temperature is then
held at 208C for 7.75 min, before a further temperature inseeaf 25C/min to 225C.
Finally the temperature is held at 225or 8 minutes. The FID applies a voltage of 200v
and was maintained at a temperature of@7%he flow rates for hydrogen and air were
48 and 325 crhmin™, respectively, with a make-up gas of 3Ganin™ of nitrogen.

The data integration system is performed usinginemPerfect-5890 Direct
chromatographic software program (Justice Innownatidlountain View, CA). A
different software program known as HCID (Grahanug&ans, Conyers, GA) is used to
check the integration, and manually re-integrateex®ssary. This software also allows

the use of a file named CALTABLE, which containpagximately 300 compounds
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retention times, retention index and compound naxtleding the RSCs, DMS, DMDS
and CHSH.

The GC-FID detects in ppbC (parts per billion carp therefore to convert from
ppbC to ppb, a compound is adjusted using it'scéitfe carbon number (Scanlon and
Willis, 1985; Kallai and Balla, 2002; Jorgenserakt 1990). The limited information
available suggests that sulfur has no effect onredponse (Jorgensen et al., 1990).

1.2.7.2.2. Calibration

Calibration of the GC-FID system was performedg%.25 ppm + 1.2% propane
in air (National Institute of Standards and TeclogglStandard Reference Material).
From the slope of the multi-point calibration curaeesponse factor is determined based
on ppbC area This is applied to all observed peaks. The FIB &aniform carbon
response for all peaks, therefore a single respiaaser can be used to represent all
compounds (Blades, 1976; Sternberg et al., 196&jitdnally a 4 compound standard
cylinder containing Ethane (48.7ppb), Propane (p®I€C), Isobutane (51.2ppb), and n-
Butane (54.6 ppbC) is used regularly to providefication of retention time location,
and FID response. For quality assurance and quaityrol, the analytical reproducibility
is tested by repeat analysis of samples.

In order to confirm the accuracy of the peak nanpragedure or to identify
unknown compound peaks a gas chromatography-masg@metry (GC/MS) system is
used. The analytical instruments are a Hewlett-Batccas Chromatograph Model 6890
combined with a Hewlett Packard Model 5972 Mase@&8sale Detector. The same

column, temperature program, and pre-concentratistem is used for the GC-MS as
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the GC-FID. A difference between the systems isugeof an electronic pressure control
device to keep the helium carrier flow rate consgari.4 crmi min?, throughout the
temperature program. This occurs due to pressuegiihg with column temperature. At
75°C, the pressure is measured as 67 kPa.

1.2.7.2.3. Theory of Operation

The official definition of chromatography is ‘aysical method of separation in
which the components to be separated are distdlagaveen two phases, one of which
is stationary (stationary phase) while the othiee (hobile phase) moves in a definite
direction’ (IUPAC, 1974). In this study, the mobplase is the carrier gas, and the
stationary phase is a column.

In order to conduct the scientific methodology Wmncas gas chromatography, a
Hewlett-Packard Model 5890A is used. The main camepts of a GC are the carrier gas,
the column and the detector.

1.2.7.2.3.1. Carrier Gas

There are two main properties that effect the sieleof a gas for the mobile
phase, non-reactivity and cost. Therefore thererae® main carrier gases;,Ne, and
H,. The choice of carrier gas is important, as it adact resolution through its effects on
column efficiency. This occurs as a result of tifeecences in diffusion rates for various
gases. Figure 1.8 is a typical example of a vamideecurve, and how the carrier gases
can affect column efficiency. The smaller the Heighuivalent To one Plate (H.E.T.P),

the more efficient the column. The van Deemter ewstvows how nitrogen is more
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efficient at an average linear velocity ~ 10 ¢hlsut Helium and Hydrogen are more
efficient over a wider range of linear velocities.

Helium is the carrier gas used in this system, @salt of the aforementioned
wide range of efficiency. It is also cheap and s@fee column head pressure is kept
constant throughout the temperature program byskeeof an electronic pressure control
device. The electronic pressure control devicepkele helium carrier gas at a constant
pressure of 150 KPa, allowing the carrier gas ftate to vary with temperature. It is
measured that the 150kPa pressure provides arogasdlow rate of 2.65chmin™ at
75°C. Using the column information given below, thisgiuces a linear velocity of
33cmé', for this flow rate, which is in the middle of thegh efficiency part of the curve
(Figure 1.8).

1.2.7.2.3.2. Column

A column is used to separate the gas compoundeisample. Each compound
has an individual retention time. The retentiongtits the time needed for the compound
of interest to move from the point of introductiomo the system to the point of
detection. The mechanism of retention in a colusnexplained by the plate theory
(Martin and Synge, 1941). The plate theory is basethe assumption that the
solute/compound is at all times in equilibrium beén the two phases. This occurs as a
result of a continuous exchange of the compounadeat the mobile and stationary
phases as it travels through the column. The snthkeplates in the column, the more
efficient the exchange. Smaller plates also r@swdh increased number of plates,

increasing what is known as column efficiency.
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There are two main factors that influence retentime. The first is the time it
takes a compound to travel through space occupi¢deomobile phase. This is also
known as dead space or dead time, and this israatkastic that equally effects the
retention time of all compounds. The second faisttine time the compound spends
retained in the column, which depends on a ranghafacteristics.

An important factor in influencing the retentiohtbe solute is the polarity of the
stationary phase. For a column to be at its mdistiexit, it needs to have a polarity
similar to the compounds of interest. Polarity ésesimined by intermolecular forces.
Intermolecular forces can be classified as varWdaals forces. These are classified into
three types, dispersion, induction, and orientatidrere are various ways in which the
interaction between the solute and the column athematically explained. These
include the separation factor, Kovats retentiorexydhe Rohrschneider-McReynolds
constants and the activity co-efficient (McNair avidler, 1998).

Columns are sub-divided into two main types, pamkmns and capillary
columns. In a pack column, the stationary liquidgdis coated on a solid support. For
most effectiveness, the solid support or packintened is chosen for its surface area and
inertness (Mc Nair and Miller, 1998). Capillary goins are open tubes, which are
usually coated with a thin film of liquid phase.€léolumn used in this experimentis a J
& W Scientific (Folsom, CA), DB-1. It is a fusedisa capillary column of 60m in
length, and has an inner diameter (ID) 0.32 mm. ddtemn has a 1 micron DB-1
coating. The column is bonded and cross linked,isud@scribed as non-polar and has a

maximum temperature limit of 3265 (Agilent, 2007).
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1.2.7.2.3.3. Temperature

The use of temperature in gas chromatographyasobthe most important
components of the analysis. This is a result ofétetionship between temperature and
vapor pressure, which is described by the ClauSiapeyron equation.

AH
2.3RT (60)

log p° =-

AH = enthalpy of vaporization at absolute temperatlir

p° = compound’s vapor pressure at this temperature

R = gas constant

C = constant (McNair andIMr, 1998)
Therefore, it can be inferred that an increaseimnpterature will increase the vapor
pressure of the solute logarithmically. An increaseapor pressure increases the amount
of solute in the mobile phase. Other effects oin@nease in temperature include a
decrease in the retention time and a decrease iretention volume.

The retention time of individual compounds is ieiliced by their boiling point
and vapor pressure, but generally with NMVOC, treatger the carbon number, the
higher the boiling point and the lower the vapagsure. As a result of the diversity of
NMVOC physical properties, a temperature ramp edee. Temperature ramps vary
depending on the needs of the research. A tempenatmp can be used to decrease
retention volume (increase detection limits), imy@@eparation, produce better peak

shapes and improve precision. Potential problenastemperature ramp include an

increasing baseline due to column bleed, and aease in time between samples due to
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column cool down. To optimize the separation of N®IY and RSCs, the column initial
temperature is -5C. The temperature is held for two minutes, and thereased at a
rate of 8C/min to 200C. The temperature is then held at ZD@or 7.75 min, before a
further temperature increase of@#min to 225C. Finally the temperature is held at
225°C for 8 minutes. NMVOC with high boiling points @& from 200-22%C. The
initial ramp of 8C per minute ensures that there is good separatithe NMVOC.

1.2.7.2.3.4. Flame lonized Detector (FID)

For the analysis of NMVOC at low ppb levels, thestguitable detector is the
Flame lonized Detector (FID). The FID works by direg the output from the column
into a hydrogen flame. A voltage of 200v is applesdween the hydrogen flame and a
stainless steel electrode, which is located away fthe flame. The flame burns the
carbon particles, which emit electrons. The emigélledtrons increase the current, which
is measured. There are two important factors irogitemization of the flame, the
hydrogen and air flow rates and the carrier flot iato the detector. For this system the
optimized flow rates for hydrogen and air were A8 825 cc/min, respectively. Due to
the size of the ID of the column, the carrier fleate is below the optimum needed for
the FID. Therefore a make-up gas was of 30cc/mmtodgen was added to the total gas
flow into the FID. The flame is heated and mainggiat a temperature of 215

1.2.7.2.3.5. Pre-concentration

Pre-concentration is a hame for a system thatase®the ratio of trace
constituents, thus increasing the sensitivity ef @C-system. When collecting samples

in the ambient air, there are extremely high lewgisitrogen and oxygen. To remove
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these from the sample to avoid interference, agag trap is used. 60-80 mesh
untreated glass beads are packed inside a u-sktpeldss steel trap. The dimensions of
this trap are 25 cm x 3.2 mm. The sample flowsubhothe trap, which is immersed in
liquid argon at a temperature of -£87 Due to their higher boiling point, the trace
compounds of interest, i.e. NMVOCs condense orgautireactive surfaces of the glass
beads. As a result of their low boiling temperasungrogen and oxygen do not condense
and pass through the trap as a gas. These trappgzbands are latter volatized by
immersing the trap in boiling water (%), before being swept into the detector by the
carrier gas.

1.2.7.2.3.6. GC-FID System

The GC system is composed of a variety of pagsdbme together to form the
complete analytical instrument. A key part of tlgstem is a 6 port rotor-type valve
(Valco, Conical, Houston, TX), which is used in tdifferent settings. The valve
connects the various components of the systemc¢amitols the appropriate flow system
needed for the process of gas chromatography. idddity in the GC-system are a
ballast tank of 1.8 liter volume, a diaphragm puffiipomas Model 2107VA20A,
Sheboygan, WI) and a vacuum gauge (Wallace anaf iiodel 61D-1D-0200,
Belleville, NJ). The GC-FID analysis is composedaitages. Stages 1-5 are shown in
figures 1.9 a,b,c,d, and e, respectively.
1.Using a vacuum pump a ballast tank is evacuatedoressure of ~ 40 mm Hg mm, and
the trap is immersed in a Dewar of liquid argor8fFC). The 6 port valve is in ‘trap’

mode. The helium carrier gas is flowing directljoithe column.

43



2. When the trap has reached temperature equilihtive 6 port valve is switched to
‘inject’ mode, the canister valve is opened andfline path to the ballast tank is opened.
This allows the sample to be drawn by the presdifierential into the ballast tank.
3. When the pressure gauge on the ballast tankesa®80 mm Hg, the 6 port valve is
switched to ‘trap’ mode, and the sample from thastar is drawn onto the cryogenic
trap at a flow rate of ~120cc/min. As the sampl@réavn into the ballast tank, the
NMVOC and RSCs condense onto the cryogenic trap.
4. When the ballast tank pressure reaches 140 mrthelganister valve and ballast tank
valve are closed. Next the 6 port valve is switchadk to ‘inject’ mode, and
immediately the Dewar of liquid argon is quicklyplaced by a Dewar of boiling water
(~99C), volatizing the NMVOC and RSCs, which are swiafii the column to be
separated.
5. After 2.25 minutes, which is long enough fortat NMVOC and RSCs to be swept
onto the column plus 0.5 minute of leeway time,@hgort valve is switched back to
‘trap’ mode. Then a valve is opened, which allovegeondary source of helium to flow
at a rate of ~70cc/min to backflush the trap. Thoe/fcontinues until the next sample is
ready to be analyzed.

1.2.7.2.3.7. Data Integration System

The data integration system is performed by algg\Wackard Vectra computer
in conjunction with the ChromPerfect-5890 Directarhatographic software program

(Justice Innovations, Mountain View, CA). The sadte program records and stores the

44



digital voltage signal and the time. The compouadkpareas are also quantitatively
integrated with their retention time recorded.

Although the software program does a very goodafabtegrating accurately, it
is good procedure to check the integration. Aedéht software program known as
HCID (Graham Solutions, Conyers, GA) allows yowheck the integration, and
manually re-integrate as necessary.

HCID is also used to name the GC peaks and copeak areas to ppbC. This
software allows the use of a file named CALTABLHjioh contains approximately 300
compounds retention times, Retention index and camg name. This information has
been determined from a number of complex ambiergaamples and VOC mixtures.
These retention times are matched to the retetitiees of the sample chromatogram if
the retention time is within a selectable tolerara®e. To ensure accuracy of this
procedure, reference peaks are manually selectkthair retention times are compared
with the CALTABLE retention time. The CALTABLE ratéion time is adjusted by the

ratio of the observed sample retention time toGA&TABLE value.

1.2.7.3. GC-MS

In order to confirm the accuracy of the peak n@nprocedure or to identify
unknown compound peaks a gas chromatogram is osghjunction with a mass
spectra detection system (GC/MS). The analyticgthiniments are a Hewlett-Packard Gas
Chromatograph Model 6890 combined with a HewlettkBed Model 5972 Mass

Selective Detector. The same column, temperatwgram, and pre-concentration
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system are used for the GC-MS as the GC-FID. Aedifice between the systems is the
use of an electronic pressure control device t ke helium carrier flow rate constant
at 1.4 cni/min, throughout the temperature program. Fortihisccur the pressure
changes with column temperature. APC5the pressure is measured as 67 kPa.

1.2.7.3.1. Theory of Operation

After the compounds have been separated by theneolthey flow through a MS
interface line, which is heated to a temperatur27fC. Next they enter a vacuum
controlled electron impact ion source at -70 eVe Thmpounds then collide with the
high energy electrons. This collision results egimentation of the compound. Each
compound fragments into an ion pattern that is wmip each compound. Next the ions
flow to a quadrupole system. The quadrupole systenses each individual ion,
allowing detection by an ion detection system. @t is processed and the fragment ion
patterns are compared to a reference library. TB& 6K reference library is used,

which contains the fragmented ion spectra pattienngver a 1000 compounds.

1.3. OBJECTIVES
The objectives of this research are:
1. To make measurements of$lemissions from both an anaerobic lagoon and barn
at a swine CAFO, using the 450C pulsed fluorescanedyzer.
2. Evaluate HS emissions with respect to diurnal and seasomedtians, as well as

the effects of meteorological and physicochemieabmeters.
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. To develop a process based model to predit ¢iissions from manure
surfaces.

Evaluate the accuracy of the process based mod=hparing the model
emissions to the measured lagoon emissions.

. To make measurements of RSC and NMVOC emissions fihe lagoon and
barn, using SUMMA and fused-silica lined canistditse recovery performance
of RSCs in the two types of canisters will be eagdd by performing a stability
test.

Evaluate RSC and NMVOCs emissions with respect&s@nal variations, as
well as the effects of meteorological and physievcital parameters.
Determine the potential environmental impact of Rd NMVOC swine CAFO
emissions by comparing concentrations to their dli@shold, calculating North
Carolina swine CAFO emissions, identifying the nembf hazardous air

pollutants, and the potential of NMVOCs to form neo
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Table 1.1. Sources and sinks of the global sulfatec(Units = Tg S yi).

Reference

Schlesinger, (1997)

Warneck, (1988)

Bédrdnd Pandis, (1998)

Source

Anthropogenic Emissions
Oceans

Biogenic emissions (land)
Volcanoes

Sea Spray

Mineral Dust

Total

Sink

Ocean deposition

Land deposition

Total

90
16
4
10
144
8
270

180
90
270

106

36
7
7

150

306

178
128
306

73-80
15-25

0.25-2.78
9.3-11.8

98-120

& Estimate just includes sources
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Table 1.2 A summary of global NMVOC emissions

Type of Source

Emission rate  Compoundsgroups® Main Compounds

(Tgyear™)?®
Anthropogenic
Petroleum-related 36-62 Alkanes, alkenes, andEthylene, toluene,
sources and chemical aromatic compounds benzene, m-p-
industry xylene, i-pentene,
n-pentane, n-
butane, i-butane
Natural gas 2-14 Light alkanes PEthane, propane,
n-pentane, i-
entane
Organic solvent use 8-20 Heavy alkanes and “Toluene, ethanol,
aromatic compounds and m-p -xylene
Biomass burning 25-80 Light alkanes and “Ethane, propane,
alkenes propene, and
acetylene
Biogenic
Vegetation-lsoprene 175-503 - -
Vegetation-Monterpenes 127-480 - - Pinene-
Pinene

Vegetation- other 510

Ocean 25-6
0-267?

Soil <3

9Methanol, Ethene,
Propene, ethanol,
acetone, hexenal

Heavy alkanes,
alkenes, alcohols,
aldehydes, ketones
and esters

®Ethane, propane,
ethene, propene,

Light alkanes and
alkenes

Co-Cyos -
- %Fthene

&Warneck (2000)

P Nelson et al. (1983)

“ Radke et al. (1991)

4 Guenther et al. (2000)
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Table 1.3RSCs odor thresholds and characteristics

Compound Odor Threshold (ppb) Odor
Characteristic
Hydrogen Sulfide (b5) 17.8, 4.5, 8.1 Rotten eggs
Dimethyl Sulfide (CHSCH) 2.24 9.8-20 Stench
Dimethyl Sulfide (CHSSCH) 12.3, 0.78-3.6 Putrid, garlic
Methyl Mercaptan (CkSH) 1.08,,0.54, 1.¢' Rotten cabbage
Carbon disulfide (C8 9.55' ND

ND — Not described

@ Devos et al. (1990)
® Odor Threshold, American Industrial Hygiene Asstioia(1989)

¢ Amoore and Hautala (1983)
4 Haz-Map (2007). Note: The reference for this dtioeshold was not provided
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Table 1.4. NMVOC odor threshold and characteristics

Compound Odor Threshold Odor Characteristic
(ppb)

Butanoic Acid 3.89 Sweaty, Rancid

Pentanoic Acid 4.79 Unpleasant

3-methylbutanoic Acid 2.46, 0.359 Body Odor, acidic

2-Methylbutanoic acid 1.86 Stench

Pelargonic Acid 1.91 ND

Octanoic Acid 3.98 Unpleasant, Rancid

Decanoic Acid 8.y ND

1-Octanol 5.75 Earth, moldy

Butanal 8.91, 5.23-65°4 ND

3-methylbutanal 2.24 Pungent, Apple like

Heptanal 4.79. 53% ND

Octanal 1.35, 1.11-2.59 Aldehydic

Nonanal 2.24 0.77-2.08 ND

Decanal 0.89 ND

Salicyaldehyde 7.41 ND

Trimethylamine 2.49 Fishy, Pungent

Ethylbenzene 2.88 ND

2-3-Butanedione 4.371.42-7.38 Chlorine like, butter like

2,3 Pentanedione 543 acetone

2-Decanone 7.94 ND

Indole 0.03 Intense fecal, nauseating

Skatole 0.56 Fecal odor, nauseating

4-methylphenol (p-Cresol)  1.860.06793-0.26%4 Phenloic, Barnyard

3-methylphenol (m-Cresol)  0.794 ND

2-methylphenol (o-Cresol)  1.%0 ND

o-Methoxyphenol 10 ND

Hexanal 13.8, 7.3-12%9 ND

! Devos et al. (1990)
2 Rychlik et al. (1998)
ND = No description of odor characteristic
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Table 1.5. HS fluxes from previous swine CAFOs lagoon studies .

Reference Location Sampling Period Lagoon pH Sulfide H-S flux
Temperatu- Concentration 2 min L
re (C) (gl #9mmin
Zahn et al. (2001) MO August - 8.1 15 438
Zahn et al. (2001) MO September - 8.2 17 492
Zahn et al. (2001) MO October - 8.1 18 1266
Lim et al. (2003) Midwest April-July 25 8.1 - 546
Lim et al. (2003) Midwest April-July 25 7.9 - 138
Byler et al. (2004) NE May-June - 7.8 - 114
Byler et al. (2004) NE May-June - 7.4 - 192
Byler et al. (2004) NE July-August - 8.1 - 4.2
Byler et al. (2008) NE July-August - 7.7 - 19.2
Blunden and Aneja (2008) NC October-November 18 8.1 0.6 0.3
Blunden and Aneja (2008) NC February 12 8.1 3.2 ~0.0
Blunden and Aneja (2008) NC April 15 8.1 1.8 0.5
Blunden and Aneja (2008) NC June 30 8.0 9.2 5.3

T Location is assumed to be Midwest of U.S, as lonas not specified in paper.
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Table 1.6. Barn k6 concentrations and emissions from previous s@HEO studies.

Reference L ocation of Ventil- Manure collection Month ADM Total Emission
study ation system Conce- live rate
type ntrat- animal (H.Sg
ion weight day™
(ppb) (kg AU)
Heber et al. (1997) Midwe'st NV Deep pit Jan-Mar 180 - 0.84
Ni et al. (2002) IL MV Deep pit Jun-Sep 173 48,783 8.3
Zhu et al. (2000) Midwest MV Deep pit Sep 414 44,990 3.0
Zhu et al. (2000) Midwest NV Deep pit Sep 271 43,640 332
Jacobson et al. (2003) MN NV Deep bedded Dec 16.1 - 0.11
Jacobson et al. (2003) MN NV Deep bedded Jun-Jul 8.7 - 0.16'
Heber et al. (2004)  Midwest MV Shallow pit/Flush daily Aug-Nov 14 79,650 1.34
Heber et al. (2004) Midwe'st MV Shallow pit/Flush daily Dec-Mar 73.5 74,324 5.3
Heber et al. (2004) Midwe'st MV Shallow pit/Flush daily May-Aug 171 94,329 0.80
Kim et al. (2008) S. Korea NV Deep pit May-Jun & Sep-Oct ~ 296.3 - 6.7
Kim et al. (2008) S. Korea MV Deep pit May-Jun & Sep-Oct 612.8 - 8.5
Kim et al. (2008) S. Korea NV Scraper removal May-Jun & Sep-Oct 115.2 - 5.8
Kim et al. (2008) S. Korea MV Scraper removal May-Jun & Sep-Oct 270.3 - 6.3
Kim et al. (2008) S. Korea NV Deep bedded May-Jun & Sep-Oct 137.8 - 3.0
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Feb 632 48,963 4.2
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Apr 441 73,895 3.3
Blunden et al. (2008) NC MV Shallow pit/Flush wegkl Jun 47 33,952 1.2
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Oct 304 38,390 1.7

ADM = average daily mean

! Location is assumed to be Midwest of U.S., astionds not specified in paper
2 Concentrations presented from this study are geetancentrations, instead of average daily meaoerurations
3 Emissions calculated for this study are basedata presented in the paper

* Emission numbers for this study are based on carthinglacobson et al. (2004)
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Table 1.7 Concentration of RSCs from previous swine CAFOdistu

Reference L ocation Manur e collection Vent  Facility type Month Concentration (ppb)
system/description of  system
sample location
CH,SH DMS CS, DMDS
Clanton and Sch (20008) MN Deep pit siffroom air M Grow/Finish Apr 27 2.2 45 3.9
Clanton and Sch (2000) MN Deep pit &imom air M Grow/Finish Apr 10 51 25 1.2
Clanton and Sch (2000) MN Deep pit/pit fan M Gaetat Apr ND 2.2 17 -
Clanton and Sch (2000) MN Pull plug/wall fan M Nermg May ND ND 14 ND
Clanton and Sch (2000) MN Pull plug/room air M Nars May 7 ND 26 ND
Clanton and Sch (2000) MN Pull plug/pit fan M Nunse May ND ND 8 ND
Trabue et al. (2008a) IA Pull plug/room air M Fimis NS ND ND 27.8 ND
Trabue et al. (2008a) IA Pull plug/room air M Fawro NS ND ND 13.1 ND
Trabue et al. (2008a) IA Deep pit/pit fan N NS NS .84%6 5.3 2.4 <LOQ
Kim et al. (2007) S. Korea Deep pit/room air M Gestation Mar-May & 4.8 2.1 - 0.9
near fan outlet Sep-Nov
Kim et al. (2007) S. Korea Deep pit/room air M Farrow Mar-May & 4.0 2.0 - 1.2
near fan outlet Sep-Nov
Kim et al. (2007) S. Korea Deep pit/room air M Nursery Mar-May & 5.6 2.3 - 1.4
near fan outlet Sep-Nov
Kim et al. (2007) S. Korea Deep pit/room air M Grow Mar-May & 10.8 6.0 - 3.4
near fan outlet Sep-Nov
Kim et al. (2007) S. Korea Deep pit/room air M Finish Mar-May & 16.0 8.4 - 4.7
near fan outlet Sep-Nov
Blunden et al. (2005) NC Shallow pit” M Finish Oct - 0.2 - 0.1
Blunden et al. (2005) NC Shallow pit/ M Finish Feb - 0.1 - 0.2
Blunden et al. (2005) NC Shallow pit/ N Finish Sep - 1.6 - 0.2
Blunden et al. (2005) NC Shallow pit/ N Finish Jan - ND - ND

ND = No detection, NS = Not specifietfull reference is Clanton and Schmidt, (2008ample taken outside of barn near fa)l description of
manure collection system is Deep pit simulation
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Table 1.8. HAPs identified by Schiffman et al., @2}, and also by other swine CAFO
studies.
HAPs identified by Studies that have identified HAPS at swine CAFOs
Schiffman et al. (2001)
Hexanal
4-methylphenol (p-cresol) Trabue et al. (2008@hZ et al. (1997), Blunden et al. (2005)
3-methylphenol (m-cresol) Zahn et al. (1997)
2-methylphenol (o-cresol)
Acetaldehyde Blunden et al. (2005)
Acetamide
Acetonitrile
Benzene
Dibutylphthalate
Ethyl benzene
Formaldehyde
Hexane Blunden et al. (2005)
Methanol
Methyl ethyl ketone
Methyl isobutyl ketone
Dichloromethane
Napthalene
Phenol Trabue et al. (2008b), Zahn et al. (1997)
Toluene
Trichloroethylene
Triethylamine
Vinyl acetate
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North Carolina Swine Waste Management Systems
Confined Feedlots Registered with DEHNR as Required by
16A NCAC 2H .0217 Rule for Waste Not Discharged to Surface Waters

Preliminary Date - Subject to Change

Figure 1.1. Map indicating the location of swiems in North Carolina.
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Figure 1.5. Schematic of the dynamic flow-througlamber system.
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Figure 1.6. Photograph of the dynamic flow-throgegamber system and supporting platform.
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CHAPTERIII.
M easur ement and M odeling of Hydr ogen Sulfide
Emissions from a Swine Concentrated
Animal Feeding Operation

ABSTRACT
Hydrogen sulfide (BS) emissions from concentrated animal feeding ajperm (CAFOS)
are an important concern due to their contributeoador and their potential to form fine
particulate matter (PMe). H.S emission measurements were made from an anaerobic
lagoon and barn at a swine CAFO in North Carollig$s measurements were made
continuously for a ~1 week period from both theaaohic lagoon and barn during each
of the four seasonal periods during the period 200 through April 2008. During the
sampling periods, continuous measurements of pblysiaical and meteorological
factors were made.J3 lagoon fluxes were highest in the summer witlwa ¢f 3.82 +
3.24pg m? min, and lowest in the winter with a flux of 0.08 H9ug m? min™.
Lagoon pH was found to have the largest influentélgs lagoon fluxes, followed by
lagoon temperature and wind speed. Seasostabldrn concentrations were highest in
the spring with a concentration of 631 + 240 pplwe Towest seasonakB8 barn
concentration was 72 £ 43 ppb, which occurred endhmmer sampling period. Seasonal
barn emissions were found to range from 0.81 + §.d4&y* AU in the winter to 7.31 +
2.48 g dajt AU™ in the spring. KBS manure emissions were modeled using a process
based air-manure interface (A-Ml) mass transfer ehddifferent approaches were used
to calculate the three main components of the Axidts transfer model: the dissociation

constant, the Henry’s law constant and the ovenalis transfer coefficient. The
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dissociation constant was calculated based on theynamic principles and was
corrected for the ionic strength (i.e. electrioamhductivity) of the manure. Similarly, the
Henry’'s law constant was also calculated basedhemtodynamic principles. The
overall mass transfer coefficient was develope@tapon a previously published
study’s experimental measurement of the overgll khass transport coefficient. The A-
MI mass transfemodel predicted fluxes were compared with measHe&iflux using
meteorological and physiochemical measurements iinaatethe anaerobic lagoon. The
A-MI mass transfer model performed fairly well iargparison to 15 minute average
lagoon fluxes = 0.57, p<0.0001) and average seasonal lagooadlukis
hypothesized that with appropriate information lo@ déverall mass transport coefficient,
that the model could be applied to predict CAF@drgas emissions from different
manure surfaces, therefore providing a method d@ntjfying emissions in different

production, management and environmental conditions
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2.1. INTRODUCTION

The intensification of animal agriculture to mést food demands of an
increasing world population, have resulted in a berof environmental concerns. These
concerns include emissions of nitrogen, sulfuramldtile organic compounds and
particulate matter from concentrated animal feedipgrations (CAFOs) into the
atmosphere (Aneja et al., 2008).

Within the last 20 years, there have been chaimgesestock methods in North
Carolina, owing to economic pressures. This hadtexsin the growth of swine CAFOs.
Between 1987-1997, the swine population rose rgidm ~2.5 million to ~10 million.
This expansion was curtailed by a moratorium isduethe North Carolina State
Legislator, which did not allow the building of newine farms or the expansion of
existing swine farms, unless a more stringent emvrental criteria could be met (House
Bill 515; S.L. 1997-458). Additionally, during ansilar time period, the number of swine
operations has decreased, from 18,000 in 1985rterdly ~ 2800 (United States
Department of Agriculture (USDA), 2009). The devyeient of a large number of swine
CAFOs have resulted in North Carolina being an afgetential environmental
concern.

The main sulfur compound emitted from CAFOs isrbgen sulfide (HS), which
is a colorless, potentially harmful gas (US EPAQ20 with an odor characteristic
described as ‘rotten eggs’ (Schiffman et al., 206t% emissions occur from animal
waste as a result of anaerobic microbial decomipositf sulfate. CAFO emissions of

odorous compounds such agSHare important as they can result in health symgtand
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furthermore health effects (Schiffman and WilliarB805) and affect the quality of life
for people in the surrounding area (Thu et al.,7289ing and Wolf, 2000). A further
environmental issue associated witsSHemissions is the formation of particulate matter.
H,S has an atmospheric lifetime of 2-3 days (Seifgld Pandis, 2006; Warneck,
2000), and can react to form sulfur dioxide ¢@hich in turn can react to form
ammonium sulfate or ammonium bi-sulfate. Parti@tagtter in the form of Pjye
(particulate matter with an aerodynamic diameteraéqr less than 2.8m) has been
associated with adverse health effects includirgnature mortality (Pope et al., 2002).
Particulate matter can also additionally impairhilgy (Malm et al., 2004; Seinfeld and
Pandis, 1998) and scatter incoming solar radiatsalting in regional cooling (Lovelock
et al., 1972).

In the U.S. there are two main areas of swineyrdn, the Midwest and North
Carolina. There have been many studies in the MstlaeH,S emissions from barns
with different swine management systems (Hebel.e1297; Ni et al., 2002; Zhu et al.,
2000; Jacobson et al., 2003; Jacobson et al., 20€er et al., 2004) and from lagoons
(Zahn et al., 2001, Lim et al., 2003, Byler et 2004). However, due to differences in
production, management, and environmental conditithrere must also be
comprehensive measurements g&kdwine CAFO emissions in North Carolina.
Presently, HS swine CAFO emissions in North Carolina has nenbstudied
extensively. Blunden et al. (2008) and Blunden Andja (2008) are the only known
studies that have measured lagoon and ba®drhissions from a swine CAFO in North

Carolina. In these studies, measurements fromati@oh and barn were made over four
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different sampling seasons. Therefore, further nnegsents are needed to assess the
magnitude of KBS emissions and the effects of production, managearel

environmental conditions. This study continues lnittls upon the work of Blunden and
Aneja (2008) and Blunden et al. (2008) by measuaim@dditional four seasons of
lagoon and barn ¥ emissions at the same commercial swine farmstegaNorth
Carolina. This paper presents the lagoon and bg®nelrhissions from the four sampling
seasons and evaluates them with respect to diamaseasonal variations, as well as the
effects of meteorological and physicochemical patans.

As discussed, swine CAFO emissions vary due feréifice in production,
management and environmental conditions. Therefame is a need for process based
models, which provide a method for quantifying nr@nemissions in these different
conditions.There have been process-based models develop#eforanure emissions
of another important agricultural trace gas, ammadNi, 1999 and references therein;
Aneja et al., 2001; DeVisscher et al., 2002; Liahgl., 2002; Bajwa et al., 2006),
however there is only one known study that has meoddd&,S manure emissions, which
was conducted by Blunden et al. (2008)this study, process based models were
developed that showed good prediction gEHrends, but overestimated the magnitude
of emissions.

In this paper, different approaches are usedveldp a process based air-
manure surface interface mass transfer model. Tdgs®aches use thermodynamic
principles and related published information toedetine the three main components of

the air-manure interface (A-MI) mass transfer motled overall mass transport
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coefficient, the dissociation constant, and therffsriaw constant. The accuracy of the
A-MI mass transfer model in predicting&manure emissions is evaluated by comparing

the model predicted emissions to the measured tagoussions described in this paper.

22.METHOD AND MATERIALS
2.2.1. Sampling Site

The sampling site is a commercial swine CAFO lat@teeastern North Carolina,
in Jones County. At the swine CAFO, there are éigighing barns with between 900-
1000 pigs in each barn. Generally, the pigs weggiwben 20-24 kg on arrival, and stay
at the barn for 16-20 weeks. The barns are mechianientilated.

The swine CAFO uses a conventional waste managemathod, known as
‘Lagoon and Spray Technology'. In this method, shene waste falls through slatted
floors into a shallow manure collection pit. Theirsgvwaste is then flushed weekly from
the shallow pit through pipes into an anaerobiattreent lagoon. Periodically, the
anaerobic treatment lagoon waste is sprayed owerf@lds for nutrient enrichment.
The anaerobic treatment lagoon liquid is also usdtlish the barn manure pits. This

waste management method is used by the majorgwimfe CAFOs in North Carolina.

2.2.2. Sampling Scheme
Measurements of 1% emissions were made during all four seasonabg@eri
during the period June 2007 through April 2008. &s1uns from both the lagoon and

barn were each measured for a ~ 1week period dthengampling seasons. Sampling
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was conducted during the summer season from Jiderge 28, 2007; the fall season
from the October 20-November 1%, 2007; the winter season from Februaty 8

February 29, 2008; and the spring season fronf' Bpril-April 28", 2008.

2.2.3. H,S Instrumentation

A thermo environmental instrument (TEI) model 45@Qlsed fluorescence
H,S/SQ analyzer (Thermo Environmental Corporation, Moiumdiew, CA) was used
to continuously measure,8 concentrations. The,B/SQ analyzer has a range of 0-
1000 ppb. Before each sampling period, a multi{poaiibration was conducted on the
analyzer. This was performed using a TEI model ddion-titration system (Thermo
Environmental Corporation, Mountain View, CA). Addnally, zero and span checks
were conducted regularly during the sampling peridthese were also performed after
each sampling period. It should be noted that &centrations were not analyzed at the

swine CAFO, as concentrations were negligible.

2.2.4. Flux M easurements

2.2.4.1. Lagoon Measurements

Anaerobic lagoon flux was determined using a dydioiv-through chamber
system (Blunden and Aneja, 2008; Aneja et al., 208Gchematic of the chamber
system is presented in Figure 2.1. The chambecydiradrical shape, with an internal

height and diameter of 46 cm and 26 cm, respegtivdlis results in a total volume of
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the chamber of ~ 25.4 liters (L). A closed systerformed, as ~7cm of the bottom of the
chamber protrudes into the lagoon forming a seal.

The inside of the chamber is lined with ~0.05mmkHigorinated ethylene
propylene (FEP) Teflon. The chamber sits insideaular hole in a 0.61m x 0.61m
floating platform, which is composed of ultra-higtolecular weight (UHMW)
polyethylene, with a thickness of 1.27 cm. Attacteedither side of the platform are two
PVC pipes (diameter 15.24 cm, length 168 cm), wpidvide additional buoyancy.

Into the chamber through Teflon tubing (0.64 cnmeodiiameter, 0.4 cm inner
diameter) flows compressed zero-grade air (MacanmeWelding Supply Company,
Raleigh, NC) at a flow rate of ~ 4 L minThis flow rate is controlled/set by a Model
810-S Mass Trak Flow Controller (Sierra Instrumgeltenterey, CA). A variable-speed
motor rotates a Teflon impeller inside the chandiespeeds of 40-60 rpm. This ensures
that the air is well mixed similarly to ambient.alihe out flowing air flows through more
Teflon tubing into the E5/SQ analyzer. The out flowing part of the system &agent.
Any air that is not required by the analyzer oristar exits this vent. Additionally, the
vent ensures that the closed system does not bemoen@ressurized he vent was
bubble tested to check for leaks and under pression. The fittings used in the system
were all made of stainless steel, in order to mirénchemical reactions.

2.2.4.2. Lagoon Flux Calculation

In order to calculate theJS flux, the following mass balance equation is used

E = (CI_CO + ‘]_Aj - [_LT A"’ +EJ[C]
dt \Y \Y \Y \Y (1)
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where q is the flow rate of carrier gas throughneber (nf min™), G,is the concentration
of H,S in the carrier gagug m°), J is the HS flux (ug m? min™), A is the cross sectional
area of the top and bottom of the chambe?) (M is the volume of chamber above the
lagoon surface (f), Lt is the loss term (m mi), which total loss of b in the chamber
due to reaction with the inner and upper wallshef thamber, 4 is the surface area of
inner and upper walls of the internal chambe?) (1@ is the concentration of,8 within

the chamberpg m®).

As mentioned, zero-grade air is used for the eagas, therefore & 0.
Additionally, when the system reaches steady stia¢einstantaneous change of

concentration with time approaches zero, thered@klt = 0. Therefore equation (1) is
simplified to the following:  J =[C ][LTV_AN +3} h ®)

where h is the height of the chamber. The loss {&rnhas been found to be a factor,
when calculating NEifluxes (Blunden and Aneja, 2008). However, the lesm
determined experimentally in this study and by Blem and Aneja (2008) was found to
be negligible. This is hypothesized to be the tesiuH,S having a lower solubility

(Blunden and Aneja, 2008). Therefore equation ifapsfies to the following:

J=[C]{3}h 3)
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2.2.5. Barn Measurements

Barn measurements were made at one of the eighedwirns at the sampling
site. At the west end of the barn facing the lagthamne are five ventilation fans
(AAA.Associates Inc. Maxi-Bruté' fans, Niles, MI). All five fans had plastic shute
Three are belt driven with a diameter of 122 cmoTo#the fans are direct driven, and
have a diameter of 91 cm. The fans turn on in @aegtience, as barn temperature

increases. The barn flow rate was calculated usi@dollowing equation:

‘Measured RPM
Calculated fan flowrate = Manufactures fan flow rate x (W)

The measured revolutions per minute (RPM) wererdehed using a rotation-
voltage relationship system (Blunden et al., 2088)asured revolutions per minute
(rpm) were calculated by attaching Mabuchi VDC mef&anta Clara, CA) to the fans.
For the direct driven fan’s, the motor was mourited stainless plate, which lies over the
fan’s original plate. For the belt driven fan’sginder sleeve was placed over the fan
shaft. From the motors, single analog output wivese used to connect each motor to a
data logger (Campbell Scientific CR10X, Logan, UTherefore if a fan was rotating, a
voltage was recorded. To determine the relationsbtfpreen voltage and rpm, the motors
were calibrated before the beginning of the fiddhpaign using a Dayton SCR
controlled DC Motor (Model # 2M168C). The motorsrevattached to the shaft of the
controlled DC motor. From this, simultaneous rprd aaltage were measured using a
Shimpo DT-207B Direct Contact Digital Tachomete§tampo DT-725 stroboscopic

Digital Tachometer, (Itasca, IL) and a Micronta iagMultimeter (Model # 22-185).
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From this procedure a calibration curve was deteechi For every sampling season, the
stroboscopic tachometer was used to check andateadach fan’s performance. From
this, the calibration curve was adjusted accordifgl each season.

The manufactures specifications are 850 rpm ferdihect drive motors and 1725
rpm for the belt driven motors. However it has bestimated that the pulley ratio is
approximately 2:9:1, resulting in the fans rotatatgpproximately 595 rpm.

Measurements of the static pressure difference wexde between the inside and
outside of the barn using a hand held pressuresdpiessure readings were taken daily
during all the sampling seasons. When taking regglih was noted how many fans were
on. These measurements were used to determingdhege static pressure difference,
when a certain number of fans were on. The manufact fan flow rate was adjusted
accordingly for the average static pressure diffeee

2.2.5.1. Barn Emission Rate Calculation

Barn concentration measurements were made by glacgample line made of
Teflon tubing (0.64 cm outer diameter, 0.4 cm intiemeter) directly in front of the first
fan to turn on. The concentration distribution asrthe fan was assumed to be uniform.
Concentrations were assumed to be equal for ail fasus. Background barn samples
were collected upwind of the barns using fusedadilted canisters. Concentrations in
background samples were negligible in comparisaheéacorresponding 1%
concentration from the barn fan, therefore theynateconsidered in emission
calculations. The barn emission rates are therefefieed by the following equation:

J=C*) f (5)
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where J is the 6 flux, C is the HS concentration at the fax f is the sum of the flow

rates of each individual fan.

2.2.6. Environmental Parameter M easurements
During lagoon sampling, lagoon temperature agdda pH were

measured continuously. Lagoon temperature was mexhby a CS107 temperature
probe (Campbell Scientific Inc., Logan, UT). A mb@sSIM11 pH probe (Campbell
Scientific Inc., Logan, UT) was used to measuredagpH. The pH probe is placed in
buffer solution and calibrated before and aftehesampling period of ~1 week. Both
probes are submerged ~7cm below the lagoon sufFacdarn sampling, a CS107
temperature probe was used to measure temperatinefan outlet.
During both lagoon and barn sampling, meteoroldgit@asurements of relative
humidity (RH), air temperature, and solar radiaticere made at a height of 2 m. In
addition, measurements of wind speed and wind tiliregvere made at a height of 10 m.

Near-surface (< 10 cm) anaerobic treatment lagaomples were taken daily to
be analyzed for sulfide content. The lagoon sampkae preserved for sulfide analysis
by adding 1ml of 2N zinc acetate and ~6N NaOH uh#&lpH>9. The samples were
stored below ZC until analysis. Samples were analyzed within fsd# collection at the
North Carolina Division of Water Quality. Sulfidemtent was measured color metric
analysis. This was performed using Standard Me#tuflD-S2-D (Greenberg et al.,

1999).
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A Model CR23X Data logger model and a CR10X Datmykr, which has a
Model AM 16/32 Channel Relay Multiplexer (Camp@dientific Inc., Logan, UT)
were used to record and collect all data. The watadownloaded to a laptop daily. The
datalogger and theJ3/SQ analyzer were housed inside a mobile laboratoy State
University Air Quality Ford Aerostar Mini-Van). Tensure that the instruments worked
efficiently, the temperature inside the mobile la&tory was maintained to room

temperature at ~ 2C.

2.2.7. Mod€ling of H,S Manure Emissions
H,S manure emissions were modeled by developing@psdased air-manure

interface (A-MI) mass transfer model. The masssf@nmodel was developed based on
the two-layer film model, where the flux from thelkliquid phase to the bulk gas phase
is related to the molecular exchange of gases leetwater and gas films (Bajwa et al.,
2006; Blunden et al., 2008). A diagram of the twmimodel is presented in Figure 2.2.
The resistance to the mass transfer of a gas froknliguid phase (© to the bulk gas
phase (@ is from interfacial liquid and gas films. The swithe liquid (G;) and gas

film (Cy) resistance is termed the overall mass transtefficeent (K,). Between the
liquid film (Cy;) and gas film () there is a decrease in concentration at thefader

This is explained by Henry’s law constant, whiclates the equilibrium of a compound
from the liquid to the gas phase. By approximathegbulk liquid phase as representing

manure, the b6 flux from the manure is determined using theolelhg equation:

'JHZS = Km ([ HZS manure_[ Hz $ ambie)n H (6)
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where, J,, ¢ is the BS flux (ug mi” min™), Ky, is the overall mass transfer coefficient,

[H2S]manurelS the concentration of43 in the bulk manure phase, lis the Henry's law
constant, and [bS]ambiendS the BS gas concentration in ambient air, which is oflsma
magnitude in comparison to $H]nanure@nd can therefore considered to be negligible.

Therefore equation (6) can be reduced to:
JHZS = Km[HZS manure H L (7)
2.2.7.1. HS Concentration in the Bulk Manure Phase

The concentration of #$ in the bulk manure phase is determined by:

[HZS] manure = (TSC)( H S) (8)
where TSC is the total sulfide concentration ang; is the fraction of the TSC that is

H,S. Aqueous kb exists in equilibrium with the bisulfide anion§F and sulfide anion
(S*). The pH of the liquid constituent determines digsociation and thus the fraction of
the three sulfide species that are available (Snkeynd Jenkins, 1980). This
relationship is shown in Figure 2.3. It can be obsé that aqueousJS is available from
a pH range of ~1-9. Between a pH of 5-9, the faacof H:S available decreases as the
pH increases due to dissociation into Hwus the lower the pH, the morg3there is

available to be transferred from the lagoon intvatmosphere. Therefork, ¢
is determined by the following equation:

10°°"

ST LT ®

where K; is the dissociation constant.
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2.2.7.1.1. Henry’'s Law Constant
Henry’'s law quantifies the equilibrium of,H at the manure surface interface to the air
interface. In this study, a Henry’s law constant)(bf 0.105 M atrit for H,S in water at
25°C was used (Stumm and Morgan, 1996). This Henaytsdonstant is equal to 0.3893
in dimensionless form (gas concentration/aqueounsatration (g/aq)). Although this
Henry’s law constant is for water, previous studieggest that this value can be used for
manure. Al-Haddad et al. (1989) evaluated the Herayv constant for b5 in distilled
water and municipal wastewater with a sulfide cotiegtion of 0.17-0.26 mg't Results
showed no significant difference in the Henryw leonstant between the distilled water
and municipal wastewater. Similarly, in anotheremxpent study, Yongsiri et al. (2005)
found there to be little difference in the Henrwleonstant between de-ionized water and
municipal wastewater with a sulfide concentratianging from 3-8 mg t. The
similarity of the sulfide levels in both of thededies to the sulfide levels observed in
this study (<1-6.4 mgt) further support the use of this assumption.

The Henry’s law constant is a function of temper@at The effect of manure
temperature on the Henry’s law constant is takemacgcount by changes in the standard

enthalpy values (Stumm and Morgan, 1996) as desthly the Van't Hoff relationship:

n H, |_ AH 1 1 (10)
H, RI|T, T,

where T is 298.15 K (28C), AH °is the enthalpy changé] L, Is the Henry’s law

constant (g/aq) at 298.15 Kl is the Henry's law constant (g/aq) at temperatuyteaid
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R is the universal gas constant (0.008314 kJ'rKal). From this, the following equation

was obtained:

_ 29815 | 1012 1 1
IOg(HLZ)'Iog(O's“ T j {In(lO)R(T 298.15}} (1D

where T is the manure temperature (K). Also inctliohethe equation is a temperature
ratio to take into account the conversion of thas law constant. Equation (11)
determines that the Henry’s law constant increasesanure temperature increases.

2.2.7.1.2. Dissociation Constant

The dissociation constant {Krelates the equilibrium between$land HSas

follows:
H,S. < - HSo+ H (12)

Calculations for the b8 dissociation in water were made using thermodymastimates
of standard Gibbs free energy and standard enthBkiymates of these properties at
25°C were obtained from Stumm and Morgan (1996). Taedard Gibbs free energy of
the HS dissociation is used to calculate the dissociatanstant at &. The

dissociation constant is also a function of tempeea therefore the dissociation constant
is also adjusted using the Van't Hoff relationshipom this, the following expression

was obtained for the dissociation constant:

_ 2215( 1 1
log(K,,) = 6'99_{In(10)R(T2 298.15}} (13)
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whereK, is the dissociation constant at manure temperdiu(l). Equation (14)

determines that as temperature increases, i8all$sociation constant also increases.

In contrast to the Henry’'s law constant, thera reeed to adjust the dissociation
constant for the properties of manure. As mentipttegldissociation constant was
calculated based on thermodynamic estimates,8fdthd HSin pure water, which does
not contain any ions. However, the presence of ilmmsanure can affect the activity of
H,S and HS Therefore the dissociation constant has to bessefjl for this ion
interaction.

This can be achieved by calculating a correctssadiiation constant ¢4 based
on the activity coefficients of 6 (¢ H2Smanurd and HS (y HS manurd, @s shown by the

following equation (Morel and Hering, 1993):

K. = K% (14)
y anure

The activity coefficient of a chemical species & be calculated based on it’s ion
charge (¢) and the ionic strength of the manure (I), usimgDavies equation (Stumm

and Morgan, 1996):

(15)

I
logy, =-0.5€° )[%— O.EJ
where | is a function of electrical conductivity@Eof the manure as follows (Snoeyink
and Jenkins, 1980):
| = 0.016(EC) (16)

where the EC of the manure is measured in unitsrofhos crit. Average electrical
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conductivity measurements were obtained from alNG#rolina swine anaerobic lagoon
liquid characteristics database (Biological & Agiticiral Engineering Dept, 1994). The
average manure conductivity of 153 samples was2dnrh hos crit, resulting in an

ionic strength of 0.074 mm hos émH,S has a zero charge, therefore the resulting
activity coefficient ¢ HoSmanurd Was 1. However H3has a charge of -1, giving a HS
manure activity coefficienty(HS manurg Of 0.80. Substituting the activity coefficient
values into equation (14), it can be determinetitt@ corrected dissociation constant is
~ 25% larger due to the interaction of h8th other ions.

2.2.7.2. Overall Mass Transfer Coefficient

There is limited information available on the massisfer of HS from the
manure surface into the gas phase, with only ooevkrstudy making measurements of
the overall HS mass transfer coefficient gKfrom manure with respect to environmental
parameters (Arogo et al., 1999). Therefore thidytumeasurements of the overaliSH
mass transfer coefficient were included in th& fhanure emission model. A summary
of the most important information regarding the ralleH,S mass transfer coefficient are
provided here. For more information the readeefsired to the aforementioned paper.

The measurement of the overaliSHimass transfer coefficient from manure by
Arogo et al. (1999) was based on the following ¢éiguaused to calculate the,&

concentration in manure at a given time:

[H,S] e =L H, $ XD (— K\f;A tj . (17)
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where [HS]p is the initial HS manure concentration, {8]manurelS the HS manure
concentration at time (t), A is the surface ared \ns the volume.

In logarithmic form, this equation is presented as:

In [HZS] manure - — KmAt
[H,S], v

(18)
From this equation, Kcan be determined by the slope of In$hanure/ [H2S]o
regression line over time. Measurements were myggaeing a convective emission
chamber over liquid swine manure containing <1%dsolThe chamber dimensions were
substituted into equation (18). To examine theugrfice of environmental parameters on
the magnitude of the mass transfer coefficientghret al. (1999) used a technique
known as dimensional analysis. The dimensionalygisatonsidered the following

measurable parameters that affect the overall tnassfer coefficient: diffusivity of k5

in air (D, s, ) , a@ir viscosity fai), air density i), surface air velocityU), air

temperature (3, the liquid manure temperature{zF.«d and the characteristic length
determining air flow (I). Dimensional analysis bese parameters produced four
dimensionless groups, the Sherwood number (ShRéyaolds number (Re), the
Schmidt number (Sc), and a Temperature ratjp (T

Sh=CRBSA T (19)
where C, n,m, and o, are constant and exponeritarinaetermined experimentally.

The dimensionless groups are defined as:

sh=—Knl pe=UPu g Ha andrT=(—Ta" j (20)
DHZS— air Iuair Ioair DHZS— air

manure
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Arogo et al. (1999) determinggi, pair, andD,, s 5, USing previously published

equationsp,irwas calculated as a function of temperature aradivel humidity (CRC,

1983-1984) i as a function of temperature (CRC, 1983-1984),lapd_,;, as a

function of pressure, temperature, and molecularadteristics (Fuller et al., 1966). The
constant (C) and the exponents n and o were detediy varying the manure
temperature from 15-36 and the air velocity from 0.1-0.5 thawhile keeping the other
variables constant. The values of C, n, and o wetermined to be 58.60, -0.13 and -
1.62, respectively. However, exponent m could motiétermined using the same
methodology. Therefore Arogo et al. (1999) deterditwo separate m components
based on theoretical considerations, one repreggtite diffusivity, the other
representing the viscosity of air and the denditgio The diffusivity exponent was
determined as 0.58, based on available literalure.viscosity and density of air
exponent was calculated as 0.43, using the rektiprbetween the Schmidt number and
the Sherwood number. The constant and exponen¢valare substituted into equation
20. From this, equation 20 was rearranged to egphesoverall mass coefficient in terms

of environmental and system parameters:

56 T 162 D 058

0
Km = 5860 luair manure (21)

013 113 , 056 162
U I air Tair

The characteristic length (1) for the system wasdtameter of the chamber,

which was 0.46 m. In this study, wind speed measargs were made at a height of 10
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m. Therefore to determine surface air velocitypa@r law profile, which is commonly
used in air pollution studies was applied (Arya9p

V [z ;
V__(z_] @2

where V is the wind velocity at the reference height &hich is 10m. Surface wind
velocity (V) was calculated for a height of 0.1neTvalue of exponent m is determined

as 0.15 for water surfaces (Arya, 1999).

2.3. RESULTSAND DISCUSSION
2.3.1. Lagoon Flux

2.3.1.1. Seasonal Fluxes

Seasonal b6 lagoon fluxes and their corresponding environ@algrdrameters are
summarized in Table 2.1.

Of the four seasons, the$iflux was highest during the summer season with an
average flux value of 3.8y m? min™. The 29 highest flux was measured in the fall
season with a value of 1.2 m? min™. The lowest fluxes were in the spring and winter,
0.27 and 0.08g H,S m? min™ respectively. Both lagoon and air temperatureseals
averages were representative of seasonal trendsseldsonal pH averages varied, with
the lowest pH occurring in the summer (7.26). ThHewas higher in the fall season with
a value of 7.52. The highest seasonal pH averagesiw the winter and spring with
values of 8.02 and 8.03, respectively. Wind spesdaenal averages ranged from 1.38-

2.76 m&, with the lowest seasonal average occurring irstiiemer and the highest in
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the spring. Average seasonal sulfide concentraiere hard to determine, as ~ two-
thirds of the samples analyzed had a sulfide cofelow the analytical instruments
limit of detection of 1 mg L. The averages presented are the maximum possislage
of sulfide concentration, assuming that the sulfdmples concentrations are at the
detection limit, therefore equaling 1 mg.LIt can be observed from Table 2.1 that the
environmental parameters often have less 15 mengeage data points than the
corresponding seasonal lagoon flux. This is thalted the instruments not working
correctly at various times during the experimentatly.

H,S swine CAFO lagoon fluxes have been determineatigr studies
around the U.S. A summary of theFlagoon fluxes and corresponding environmental
parameters are presented in Table 2.2. It can erodd thathis study’s HS fluxes are
similar to measurements reported by Blunden andaAii2008) at the same sampling site.
Both studies have their highest fluxes in the sumané their lowest in the winter. For the
fall sampling season, the flux is higher in thisdst than in comparison to Blunden and
Aneja, (2008). Conversely in the spring seasonn&un and Aneja, (2008) reported flux is
slightly higher. In comparison to other swine CABtDdies in the U.S., the fluxes are
generally 2-3 orders of magnitude lower, apart ftam of Byler et al. (2004) study
seasons, where they report agBHlux of 4.2 and 19.4g m? min™, respectively. A possible
reason for higher fluxes in the other studies ésghifide content. Zahn et al. (2001) sulfide
concentration is considerably higher than thosented by Blunden and Aneja, (2008), and

an order of magnitude higher than those reportedisnstudy. This parameter may account
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for the differences in fluxes between the studwesyever there is no sulfide concentration
reported in Lim et al. (2003) and Byler et al. (2p6tudies.

It can be observed that the seasonal pH valudmisimmer (7.26) and fall (7.52)
are lower than the seasonal pH values reportedioyd8n and Aneja, (2008), which range
from 8.0-8.1. These seasonal pH values are alserltvan other previous studies that have
reported HS fluxes from swine CAFO lagoons (Table 2.2), afrarh one study by Byler et
al. (2004), which measured a pH of 7.4. A comparisbthis studies’ pH values to other
reported pH values from swine CAFO lagoons in N@#molina is presented in Table 2.3.

As mentioned, summer and fall seasonal pH valuefoarer than those observed by
Blunden and Aneja (2008) at the same sampling ldibeever, they are within the range of
values reported by Aneja et al. (2000). Aneja e(26100) made continuous measurements
of pH for 1-2 weeks in four different seasonal pds. The lowest seasonal pH was summer
with an average value of 7.5 and a range of 7.14d.8omparison, the fall seasonal pH in
this study was similar with a value of 7.52. Thensuer seasonal pH (7.26) was slightly
lower, however it is within the range of Aneja €t(2000) reported summer pH values.
Bicudo et al. (1999) also measured the pH of sWAEO lagoons in North Carolina.
Bicudo et al. (1999) made measurements of lagoarackeristics including pH in 15
different lagoons in North Carolina. Samples werkected approximately once a month for
a two year period. Results showed the mean lagbbiopthe 15 lagoons to range from 7.6-
8.0, which is higher than the pH values reportethenfall and summer seasons from this
study. In addition, a North Carolina lagoon datab@iological & Agricultural

Engineering, 1994) has made a number of measursmoélegoon pH from different
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lagoons. This database reports an average pH &fofr8179 lagoon samples, which is also
higher than the summer and fall pH values repdrtebis study. However, the summer and
fall pH values are within the range of pH obsemadiin this database, which was 7.0-8.5. It
should be noted that for the Biological & AgriculilEngineering, (1994) database, that the
number of different lagoons sampled from is nottpes.

The seasonal pH standard deviations in this stadge from 0.10-0.14 (Table 2.3),
which is slightly higher than those observed byrBlen and Aneja (2008). However, they
are of similar magnitude to seasonal pH standavéhtiens observed by Aneja et al. (2000).
It can also be observed that the ranges of pH wbden this study are larger than those
reported by Blunden and Aneja (2008). They are ghaimilar for three of the four seasons
to those reported by Aneja et al. (2000). The etioeps the winter season, where there is a
large pH range of 7.27-8.25. However, it shoulchbed that large range is the result of low
pH values on one particular evening and nighttilinghis data is excluded from analysis,
then the lowest pH value would be 7.86. The catisiei®low pH event is unknown.

23.1.2. Diurnal Trends

The diurnal trends of seasonagiSHemissions are shown in Figures 2.4a, and 2.4b.
It should be noted that for the diurnal trend asiglyand analysis thereafter thaiSH
emissions caused by ‘bubble transport’ mechanisaxe been omitted. In the summer
season (Figure 2.4a.), it can be observed thdlukes increase during the nighttime and
early morning hours, resulting in the summer fl@aking at 10:00 with a value of 4.21
ng mi? min™. During the afternoon and evening the flux deaeasaching a minimum of

1.53pg mi min® at 18:00. The fall diurnal flux trend (Figure 2.)dis similar to the
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summer season, with fluxes increasing during tigattime and early morning, and then
decreasing in the afternoon and evening. The éalésn has a maximum hourly flux at
6:00 with a value of 1.1jig m? min* and a minimum hourly flux of 0.58y m* min™* at
21:00. In comparison, the winter and spring seasbowved different diurnal trends
(2.4b.). In the spring, the flux generally increadering the nighttime, morning and
afternoon, reaching a peak of 0d@m? min™ at 15:00. In the evening fluxes mostly
decrease reaching a minimum of 0@ min’ at 23:00. For the winter diurnal trend,
fluxes increase during the morning, afternoon arehing reaching a maximum of 0.11
ng miZ min at 20:00. The flux trend decreases throughounitjiettime reaching a
minimum of 0.04ug m* min™ at 7:00.

2.3.1.3. The Influence of Environmental Parameter$LS Lagoon Flux

Lagoon pH affects §$ flux from lagoons, as is discussed in the modediection
of this paper. Anaerobic lagoon pH usually rangemf7-8.5. In this region the fraction
of H,S available increases as the pH decreases (Figdije Therefore it is expected that
as pH decreases, thatFifluxes will increase.

A comparison of average seasonal flux and pH sadugport the influence of pH
on emissions (Table 2.1), with higher seasonalkeffuxorresponding with lower seasonal
pH values. The effect of pH was further investigaig examining it's seasonal diurnal
trend (Figure 2.5.). It can be observed that dutigdaytime that pH decreases in the
winter and spring seasons, which corresponds toWwh8 fluxes are at their highest
(Figure 2.4b.). In the summer and the fall the peteases during the daytime. The

summer diurnal trend does show a sharp decreaself8cd00-14:00, but this is the result
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of a lack of data collection at this hour, as dakperimental duties were often carried
out at this time. The daytime pH increases cornedpaith H,S fluxes decreases during
the summer and fall sampling seasons (Figure 2.4a.)

Further analysis of the influence of pH and o#revironmental parameters on
H,S flux were performed using statistical analystsr the statistical analysis, 15 minute
averaged data points were usegSHuxes had a lognormal distribution, therefotexéls
were log transformed. The relationship betweeg8 Hux and environmental parameters
were determined by using the coefficient of deteation (f). These Tvalues and their
respective p-values are presented in Table 2shadtild be noted that the variance in the
number of 15 minute data points is the result efitistruments occasionally not working
properly during the sampling periods. In additioagoon pH and lagoon temperature,
air temperature was also included in this analgsghe effect of the dynamic-flow
through chamber system on air temperature has ftbd small. Arkinson (2003) using
this system for flux measurements found the diffeesin air temperature inside and
outside of the chamber to be 1.55 +2@30

Of the environmental parameters, pH had the sasingprrelation with k5 flux
(r* (log H,S flux) = 0.74; p<0.0001). This relationship isgerted in Figure 2.6a. This
high P value supports the patterns observed betwe8nflkx and pH diurnal trends.
Lagoon temperature had th& &trongest correlation with48 flux ( (log H,S flux) =
0.44; p<0.0001). This relationship is presenteligure 2.6b. The effect of lagoon
temperature on 5 flux is related to changes in the mass trangfefficient. As lagoon

temperature increases, the mass transfep®fiiitreases across the air-manure interface,
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thus increasing b6 fluxes (Arogo et al., 1999). Additionally, aniiease in lagoon
temperature can increase microbial activity andefoee increase rates of decomposition.
This can result in more sulfide being availaBlenbient air temperature was also found
to have a significant relationship with$iflux (# (log H:S flux) = 0.33; <0.0001).
Similarly to the effect of lagoon temperature, g&ses in air temperature danrease the
mass transfer coefficient and thereforgSHuxes. As mentioned, ~two-thirds of the
lagoon samples collected had a sulfide contentb#ie analytical detection limit of 1
mg L. Therefore the data set was too limited to perfanturate statistical analysis.
Further statistical analysis was conducted toioonthe effect of environmental
parameters and to develop a statistical obsenaltrondel. Statistical analysis was
performed using SAS (Statistical analysis softwedeCary, NC). As mentioned,,8
data was collected continuously as 15 min averdgesgfore each data point is not
necessarily independent of each other. As a rash#n performing multiple linear
regression, autocorrelation was taken into accolrgrefore the b5 statistical
observational model was determined using autoregmesind Yule-Walker estimates.
Parameters were deemed significant if their p-vatlas < 0.05. Using this statistical
technique, the best-fitting model was the following
Log H,S flux = 4.5003 -0.7573(pH) + 0.0262{L + 0.0202(A) (23)
where log HS flux is in units ofug m*min™, pH is unitless, and-Lis the lagoon
temperature ifiC and A is the air temperature fi€. The statistical observation model
had an T value of 0.68 (p <0.0001) (Figure 2.7 this model, pH is by far the most

dominant environmental parameter, increasinpg ldgoon emissions as it decreases.
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Lagoon temperature had the second largest influend&S flux, increasing k5 lagoon
fluxes as it increases. However, this influence wést weaker than that of pH. Ambient
air temperature has the smallest influence of threnmental parameters. Similarly to

lagoon temperature,8 emissions increases as air temperature increased.

2.3.2. Barn Concentrations and Emissions

2.3.2.1. Seasonal Concentrations and Emissions

The average seasonaFlbarn concentrations and emissions, as well as
ventilation rates, and the environmental paramgbens temperature and ambient
temperature are presented in Table 2.5.

Average seasonal ambient temperatures range i@ B fall to 26.6C in
summer. The winter sampling season was warmerrtbanal and therefore had a higher
average ambient temperature than the fall withlaevaf 11.3C. Higher ambient
temperatures increase the temperature inside tine ©®ger the four sampling seasons,
the F value for ambient temperature and barn temperatase0.89 (p<0.0001).
However, the seasonal averages between these tanm@izrs do not show the same
trend. The winter season has an average ambiepetature 2.8C higher than the fall
season, whereas the seasonal winter barn tempeigtlue’C less than in the fall. The
reason for this is unknown, however it is suggesitatlit could be the result of the
number of animals in the barn. In the winter samgpBeason, there were almost half the
amount of pigs (476) compared to the fall seas®d.@. This was the result of sampling

being conducted later in the rotation, and theeefmme of the pigs had been sold. It is
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hypothesized that the lower pig numbers in the evimesulted in less body heat
production and thus lower barn temperatures.

Ventilation rates are influenced by ambient tempgea and thus barn
temperature. As barn temperature increases, mosetdian on, resulting in increased
ventilation rates. In this study over the four singpseasons, barn temperature and
ventilation rate have af value of 0.58 (p<0.0001). The main reason thistiehship is
not stronger is because increases in ventilatitsaig not proportional to increasing barn
temperature, as ventilation fans only turn on waeertain temperature is reached. A
further reason is that there may have been diftm®in the temperature measured at the
barn fan in comparison to the fan controller. Thierage seasonal ventilation rates
corresponded with average seasonal barn tempesaugatilation rates varied from 269
m® min™ in the winter to 1763 frimin™ in the summer.

The highest average seasonal concentration occurtee spring sampling
season, which was 631 ppb. However, this averagetia true value as 173 of the 649
(~ 27%) 15 minute averaged$iconcentration data points had concentrationseatiey
maximum range of the % analyzer (1000 ppb). Therefore the actual average
concentration is higher than the reported value fBader should take this into account
when spring concentration and emission values @sertbed in comparison to others.

The spring average seasonal concentration wassalmize as high as the next
highest average seasonal concentration, which @aggb for the fall season. The two
lowest average concentrations occurred in the ward summer seasons, 163 and 72

ppb, respectively. & concentration is expected to be influenced byika¢ion rate. This
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relationship was investigated by using the coeffitiof determination {). Overall four
sampling seasons, the distribution gB8toncentration was lognormal, thereforSH
concentration was log transformed. LogS-toncentration was found to have a fairly
strong negative relationship with ventilation rafe0.45, p<0.0001).

The highest b5 emissions occurred in the spring season witHue\at 647 g
day’. The next highest were the fall and summer seag@@sand 189 g ddy
respectively. The lowest emission was during theteviwith a value of 79 g ddy

Total animal weight is considered to be one oflingest factors influencing
emissions from a barn. Emissions were thereforsnabzed by 500 kg of live animal
weight (LAW), also known as 1 animal unit (AU). Tbalculated live animal weight, the
corresponding pig production data and the normaliZ£&S emissions are shown in Table
2.6. The weight of the pigs was based on thetitainiveight entering the swine CAFO,
which ranged from 20-24 kg. It was then assumetithtigapigs gained weight at a rate of
5.125 kg per week. Mortality rate was recorded takén into account when calculating
pig numbers.

After taking into account the total animal weigthiere is still considerable
variance in the emission rate. The highest seasty$ahormalized emission rate occurs
in the spring with an emission of 7.31 g daU™. The next highest is the fall season
with an emission of 2.99 g dAyAU™, followed by the summer season with an emission
of 2.20 g day AU™. The lowest normalized emission rate was in theeviwith an

emission of 0.71 g ddyAU™.
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Table 2.7 presents the concentrations and emissidigS from other swine
finishing CAFO studiesStudies have been selected that report emissiansatined for
live animal weight or that can be calculated basethformation provided in the paper.
These studies were mainly conducted in the mid-evegiart of the U.S., apart from the
Blunden et al. (2008) study, which was conductetthi@tsame sampling site in North
Carolina and also a study from South Korea. Averdagly mean (ADM) concentrations
for this study ranged from 73-645 ppb. The higi#d3M concentration (645 ppb)
occurred in the spring season, which was highar tha corresponding seasonal ADM
concentration in the Blunden et al. (2008) studii(ppb). This concentration is also
higher than those reported in other swine CAFGshimg studies. As previously
mentioned, the spring ADM concentration is actubliyher than this, due to 27% of the
15 minute average concentrations being above thlgzer's limit of detection. The"2
highest ADM concentration was in the fall with ancentration of 307 ppb. This was
only slightly higher than Blunden et al. (2008) responding seasonal ADM
concentration of 304 ppb. The winter season hadée highest ADM seasonal
concentration (150 ppb). This concentration wasarably lower than Blunden et al.
(2008) winter ADM concentration, which was theudy's highest ADM seasonal
concentration with a value of 632 ppb. The loweBM\season concentration was in the
summer with an average of 72ppb. Similarly, Blundeal. (2008) lowest concentration
also occurred in the summer with a value of 47 Jplese lowest average seasonal
concentrations are significantly higher than thegeorted by Jacobson et al. (2003).

They made measurements from a finishing swine CAR@calculated average
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concentrations of 10.1 and 8.7 ppb for the wintet summer, respectively. However this
swine CAFO employs a deep bedded manure collestistem. In comparison to the
other previous studies, the ADM concentrationsadie@ similar magnitude, despite the
differences in management and environmental caniti

Normalized emission rates in this study range fb#i-7.31 g dayAU™. These
compare well with the normalized emissions repobg@lunden et al. (2008) at the
same sampling site, which ranged from 1.2-4.2 g'dsly ™. However, there is some
variance in seasonal trends. The lowest seasonssi®min this study occurs in the
winter (0.72 g day AU™). In comparison, Blunden et al. (2008) report tiéghest
seasonal emission in the winter sampling seas@my(day* AU™). The reason for this
seasonal difference could be due to ventilatiotepas. In this study, 54% of the winter
season data was collected with tAfdn going on and off intermittently. It is
hypothesized that when the fan is off, the air floattern of the barn changes, resulting in
less air, and thus less$ibeing drawn from the shallow manure pit, causimger H,S
barn concentrations and emissions. Other posshkons for the difference include the
effect of live animal weight, which may not be lanelf so, this could have a particularly
strong effect on winter emissions, as this seasartle largest live animal weight
(Tables 2.5 and 2.6). Furthermore there could beff@ct in emissions related to pig
numbers and pig weight. In all eight sampling seasmnducted between the two
studies, the winter season in this study has theiést pigs, but the fewest numbers, with
~50% less than all the other sampling seasonseTlib@lso variance in the spring season

emissions. In this study, a spring normalized eimisgate of 7.31g dayAU™ was
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calculated, compared to 3.3 g da4U™ reported by Blunden et al. (2008). The reason
for this difference is not known. The summer arnbiseasons compare well, with the
emissions for both seasons in this study only 8iydtigher than the corresponding
season in the Blunden et al. (2008) study, 2.28yd AU compared to 1.2 g deyAU™
in the summer, and 2.99 compared to 1.7 g'dsly ™ in the fall.

The swine CAFO emissions in North Carolina are sinailar magnitude to other
swine CAFO studies, which range from 0.11-8.5,8 day* AU™ (Table 2.6). The
variance in emissions observed in Table 2.6 ocasiia result of different production,
management and environmental conditions. Produéictors include the number and
weight of the pigs. Management factors can be dulidito two subtypes, manure
management and housing management. Manure manatgkactens include depth and
characteristics of storage pit, waste storage tfhaghing frequency, and length of time
since the house has been cleaned. Housing managtctens include barn size, barn
structure and characteristics and ventilation tfpezironmental factors include manure
temperature, manure pH, and air velocity abovertheure. Additionally, the type of
measurement methodology used could effect repertadsions, particularly for barns
with natural ventilation, where flow rate can b#idult to measure.

Despite the influence of these various factorgetlaee still some trends that can
be observed in swine CAFO,8 emission studies. There are four studies, inctuthis
study that report emissions across a range of segd3acobson et al., 2003; Heber et al.,
2000; Blunden et al., 2008). In this study, theobaon et al. (2003) and Heber et al.

(2000) studies, the winter seasonal emission safeei lowest. The only study that does
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not show this is Blunden et al. (2008). This suggésat temperature may play a role in
influencing emissions.

A further observation is that the emissions tendddigher, the longer the waste
is stored. From the U.S studies, there are fousmed emissions reported for the deep pit
manure management system (Heber et al. 1997; &li 2002; Zhu et al. 2000), which
typically flush their pits after a pig rotation, ieh can be several months. The average of
these emissions is 3.6 g dajU™. The four seasonal emissions are from summergewint
and fall twice. Therefore the averaged emissiong Iogaconsidered representative of a
year. This emission average is slightly higher ttrenaverage emissions from two years
of measurement data (this study and Blunden e2@08) from a weekly flushed pit in
North Carolina, which is 3.0 g d&yAU™. In turn, the average weekly flushed emissions
are higher than the average emissions measure@agmar from a daily flushed facility,
which is 0.83 g dayAU™ (Heber et al., 2004). However, the lowest emissiane
reported for a deep bedded manure management systeéeep bedded system places a
layer of straw or sawdust on the barn floor surfdegobson et al. (2003) reports
emissions of 0.11 and 0.16 g da&U™ for the winter and summer sampling seasons,
respectively. In this study the waste removal fegy is not reported.

It is unknown why the deep bedded system has lewsssions. However, it may
be the result of high manure temperatures anddhagoration, reducing the amount of
manure (Groenestein and Van Faassen, 1996). Iiaddhe organic content of the
bedding material may influence,&l emissions. Andersson, (1996) reported that the

organic content of the bedding material can infa@ammonia emissions, by causing
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changes in the biochemical cycling of nitrogenha manure. However the extent of a
similar effect on the biochemical cycling of suliarmanure is unknown.

Similar manure management trends are reportedshydy in South Korea by
Kim et al. (2008). They measured¥emissions from five barns. Two of the barns
employed a deep pit system. A further two had amarremoval system, where manure
could be removed several times a day. One barmhedp bedded system, which was
cleaned once a month. Deep pit systems had thestighrerage emission rate, with an
emission of 7.6 g dayAU™. The scraper removal system had a lower averaggsiem
with a value of 6.1 g dayAU™. The lowest emission was measured in the deepsdedd
system with an emission of 3.0 g dagU™.

2.3.2.2. Diurnal variation of k6 Emissions, Concentrations and Ventilation rates

The calculated 6 emissions are the product of concentration antiagon
rate; therefore when discussing the diurnal trexid4$,S emissions it is also necessary to
consider the diurnal trends of concentration andilaion rate. The seasonal diurnal
trends for HS emissions and the corresponding seasonal diwemals for HS
concentration and ventilation rate are shown irufag 2.7-2.10.

The summer k5 diurnal emission trend (Figure 2.8a) shows twakpgone at
6:00 and another at 18:00. The early morning peakam emission rate of 2.84 g day
AU™, which is the highest hourly emission rate. Thenéng peak emission rate is
slightly lower with a value of 2.57 g dayAU™. The diurnal trend also shows two
troughs, one at midday, and another at 22:00. Tgtgtrme trough is slightly lower than

the midday trough, with an emission rate of 1.#&ayg" AU™ compared to of 1.80 g day
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AU™. The diurnal emission trend can be explained anering the concentration and
ventilation rate diurnal trends (Figure 2.8b). Meatilation rate is as expected,
increasing during the day as barn temperaturesraaehing a maximum hourly emission
of 2417 m min™ at 10:00, and decreasing during the evening agiut ais barn
temperatures decrease, resulting in a minimum poeritilation rate of 883 fmin™ at
5:00. The relationship between ventilation rate emacentration is expected to be
inverse, however it can be observed that therénareoncentration peaks that are
independent from ventilation rate. These concebptrgieaks correspond with the
emission peakd he smaller of the two peaks spans across thenafiarand evening,
where the concentration increases from the minirhoorly emission rate of ~35 ppb at
13:00 to ~56 ppb at 19:00. In the corresponding toariod, the ventilation rates slightly
decrease from ~2400%min™ to ~2230 M min™. However, it is hypothesized that the
influence of barn temperature, which is higheghmafternoon, may also contribute to
the peak. Increases in barn temperature will irsgélhe manure temperature. Similarly to
lagoon emissions, the higher manure temperatuteesililt in enhanced emissions due to
effect of temperature on two different processastllf, the higher temperatures lead to
increased rates of decomposition, resulting in nsafede being available. Secondly, an
increase in temperature will increase the massfieanf HS across the air-manure
interface (Arogo et al., 1999).

The other emission peak which occurs at 6:0kedylithe result of different
factors. Examination of the ventilation rate betw@e)0 and 6:00, shows a relatively

constant ventilation rate at around 909min™. However during the same time period,
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the concentration increases from ~115 ppb to ammaxi hourly concentration of ~155
ppb. This increase though is not due to increalsarg temperature, as barn temperature
is decreasing during this time period. Therefore tloncentration increase is likely the
result of a ‘build up effect’. Although the barmiperatures are decreasing throughout
the night, the summer barn temperatures are gl {25.0-25.5C), resulting in
significant emissions. However, due to the confagion of the ventilation system, a
maximum of only two fans are running at this tifhberefore during these hours there is
more HS being produced inside the barn than leaving &ne through ventilation.
Therefore over time, $$ accumulates or builds up inside the barn, reguiti the
emission peak from 5:00-7:00. As morning continli@sn temperatures increase,
triggering more fans to come on. This causes ard@crease in concentration until 9:00.
From 9:00-13:00 the concentration is at it's lowdéstctuating between ~35-43 ppb.

The fall diurnal HS emission trend (Figure 2.9a) has a daytime pebkdzn
13:00-18:00. During this period the emission ratesabove 4.0 g d&yAU™, with a
highest average hourly emission of 4.67 g'tay™ at 14:00. In the evening, night and
early morning (19:00-6:00), the emissions slowlgrdase reaching a minimum hourly
emission rate of 2.18 g dAyAU™ at 6:00. Between 6:00 and 7:00 there is a rapid
increase in emission rate to 2.85 g d&U ™. For the remainder of the morning, the
emission is reasonably steady at ~ 3.0 g'day ™.

Examination of the concentration and ventilatiaterdiurnal trends (Figure 2.8b)
show an approximate inverse relationship. Betweée@Qland 4:00, the ventilation rate

slowly decreases from ~ 310°min™ to a minimum hourly average of 22F min™.
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Between 4:00 and 6:00 the ventilation rate is statsinging between 221-222 min.
Correspondingly between 19:00 and 6:00, th® Ebncentration is fairly constant
ranging from ~330 ppb to ~365 ppb. The relationd@pwveen the concentration and
ventilation rate results in the slight decreaseroifssions between 19:00 and 6:00.

Ventilation rates increase from 6:00-14:00 dutimg daytime, reaching a
maximum average hourly peak of 668 min™ at 14:00. At 15:00 the ventilation rate is
only slightly lower with an hourly average of 642 min™. After this there is a rapid
decrease in ventilation rates until 19:00. As Jatitin rates increases during the
morning, the concentration correspondingly decreaséil 11:00. However, from 11:00-
15:00, the concentration levels stop decreasirgiedrd they are fairly steady with a slight
fluctuation that results in a minimum hourly contation of ~237 ppb at 15:00. It is
during this time period that43 emissions start to increase. Similarly to sumihes,
proposed that higher afternoon barn temperatugease the emission ot inside the
barn. This keeps the concentration levels steadigssribed and then increase the
concentration as the afternoon continues, resuitirgmaximum hourly concentration of
371 ppb at 18:00. This effect results in the dagtemission rate peak between 13:00-
18:00.

The average hourly winter emission trend (Figufi@®a) is highest in the morning
and afternoon between 9:00 and 17:00, ranging fi@h g daj AU™ to a maximum
hourly emission rate of 1.49 g d&pU™ at 15:00. After 17:00, emissions decrease,

before fluctuating into the late evening, reactanginimum hourly emission rate of 0.47
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g day’ AU at 22:00. For the remainder of the night and eadyning (23:00-8:00), the
emission rate is fairly constant, ranging from 00489 g day AU™.

The ventilation rate diurnal trend (Figure 2.18bas expected, with ventilation
rates generally increasing during the morning arty@fternoon and decreasing during
late afternoon, evening and nighttime. The highestilation rates occurred between the
hours of 11:00-17:00, ranging from 397 min™ to a maximum hourly emission rate of
529 nt min® at 15:00. During the evening, nighttime, and mgn(18:00-10:00), the
ventilation rates were all less than 300min, with a minimum emission rate of 162 m
min™ at 6:00. The winter diurnal concentration trendiféerent from the other seasons
as it is fairly constant with slight fluctuatio(Sigure 2.10b)The maximum hourly
concentration occurs at 6:00 with a value of 188.dme minimum hourly concentration
is 150 ppb, which occurs at 14:00. In the winterse®, concentration does not show a
strong inverse relationship with ventilation ratéhen ventilation rates are at their
highest between 11:00-17:00, the average ventilatite is 427 rhmin™ and the average
concentration is 161 ppb. However, for the timeneein 18:00-10:00, when ventilation
rates are significantly lower with an average \atitin rate of 205 rhmin™, the average
concentration is only slightly higher with a valoke167 ppb. A possible reason for the
weak relationship between the diurnal trends oteotration and ventilation rate is
related to ventilation patterns. This factor wasaliscussed as a possible reason for low
overall winter emissions. In the winter samplingsm, 274 out of 507 (54%) 15 minute
data points were collected with th&fan going on and off intermittently, with 258 it

274 (94%) data points occurring during the evenmgfyt, and morning between 18:00-
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10:00. As mentioned, it is hypothesized that whenfén is off, the air flow pattern of
the barn changes, resulting in less air movingssctibe manure surface, and thus less
H.,S being drawn from the manure surface. It is suggetat this factor has resulted in
low evening, nighttime and early morning concentres.

The spring diurnal emission trend (Figure 2.1%d)ighest between 14:00-18:00
with a maximum hourly emission rate of 11.17 g'day™ at 17:00. After 17:00, the
emission rate decreases throughout the evening émission rate of 6.46 g daypU™ at
1:00. From 1:00-8:00, the emission rate is faitBasly ranging from 6.40-6.61 g day
AU™. At 9:00 the emission rate starts to decreasénirg@ minimum hourly emission
rate of 5.48 g dayAU™ at 11:00. However, the evening, nighttime andyeadrning
hourly values may not reflect the actual emissair.rAs mentioned, 173 out of 649 (~
27%) 15 minute averaged8l concentration data points had concentrationseatiey
maximum range (1000 ppb) of theFanalyzer. 157 of these 173 (~88%) data points
occurred at nighttime between 22:00 and 9:00 on dbthe seven sampling days. The
other data points that exceeded the detection bogtirred earlier in the evening on two
of these four days at 17:30 and 20:15, respectively

The ventilation diurnal trend (Figure 2.11b) stad increase at 7:00 reaching a
maximum hourly rate at 12:00 of 1135 min™. During the same time period, the
concentration trend (Figure 2.11b) decreases nafrolin 735 ppb to a minimum of 237
ppb at midday. This decreasing concentration teauses the hourly emission
minimum. From 12:00-17:00, the ventilation rate hadight decreasing trend, reaching a

ventilation rate of 998 frmin™. During the same time period, concentration almost
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doubles, increasing to an hourly concentration3# ppb at 17:00. This concentration
increase coincides with the daytime emission p8akilarly to other seasons, it is
hypothesized that this is the result of increasiam temperature. In the evening there is
a large decrease in ventilation rate. Howeverctiteesponding concentration continues
to increases at a similar rate to the afternoors fiésults in the emission rate decrease.
The ventilation rate continues to decrease urflid teaching an hourly value of 35§ m
min™. Between 2:00 and 6:00 the ventilation rate iatieély constant, ranging from a
minimum hourly value of 357 frmin™ at 5:00 to 376 rhmin™. As mentioned, at ~22:00
the quality of the concentration data starts taese. There are three complete
nighttime profiles and one partial profile, whehe tdetection limit is not exceeded.
In all of the profiles, the ventilation rates remaglatively constant throughout the
evening and night. However, there is variance éndbncentration profiles. Two of the
complete profiles concentrations increase throhghetvening and night, the other
remains fairly constant. The partial profile shawdecrease in concentration through the
evening and night. The difference in profile trengisan that it is difficult to determine
the spring seasonal nighttime trend.

2.3.2.3.The Influence of Barn Temperature on Barn Emissions

Barn temperature is an important environmentalrpatar that can influence,H
emissions from barns. As mentioned, increasesrm teaperature can increase
emissions. Observational analysis of diurnal tresfdmmissions, concentrations and
ventilation rates suggested that barn temperatukl de a significant factor in

influencing emissions.
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The effects of barn temperature on normalize8 Bimissions were investigated
using regression analysis. Spring data points eotiicentrations above the concentration
detection limit were excluded from the regressinalgsis. Normalized k& emissions
had a lognormal distribution, therefore emissiomsenNog transformed. Log.B
emissions were found to have a weak positive aelahip with barn temperature, with an
r* value of 0.19 (p< 0.0001) (Figure 2.12).

A major reason that the relationship betweg8 Barn emissions and barn
temperature is not stronger is that the barn ignahic environment. The amount of$
in the barn at a certain moment is a function ¢ Hhput, which is the amount o%,8
being produced by the manure, angkbutput, which is the amount oSl leaving the
barn through ventilation. The amount ofSHproduced by the manure is influenced by
environmental factors, whereas the amount £8 léaving the barn is determined by
ventilation rate. The balance between the inputisthe outputs is constantly changing
over time. Therefore, it is hard to determine tki=et of the influence of environmental
parameters, such as barn temperature in this study.

There are other environmental and microbial paramethich may influence
barn emissions, e.g. manure pH. However, it waseéyhe scope of this study to

measure other environmental and microbial parameter
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2.3.3. Modeling of H,S Manure Emissions

2.3.3.1. Sensitivity Analysis of Air-Manure IntegaMass Transfer Model

To assess the effect of environmental parameteteoair-manure interface (A-
MI) mass transfer model predicted flux values, sgevity analysis was performed. This
was achieved by holding all environmental paransetenstant, while varying the
environmental parameter of interest. The constahies used were the average of the
four seasonal average values. These were as follo®2 mg L* for total sulfide
concentration, 19.8C for lagoon temperature, 7.71 for pH, 1%5C3for ambient air
temperature and 1.97 théor wind speed at a height of 10m. Figures 2.115Aresent
the sensitivity analysis of 3% emissions with respect to different environmental
parameters.

The sulfide concentration sensitivity analysisved HS fluxes to increase
linearly as total sulfide concentrations incredsgyre 2.13a). As expected, the pH
sensitivity analysis shows a different trend, w36 fluxes decreasing with increasing
pH (Figure 2.13b). This trend is similar to theeeffof pH on the fraction of 1%
available as presented in Figure 2.3. The lagompégature sensitivity analysis shows
H,S fluxes to slightly increase, with increasing lagaemperature (Figure 2.14a). Higher
lagoon temperatures increase predicted fluxesrasudt of the lagoon temperature
increasing the mass transfer of8-Hacross the air-manure interfadeditionally
increases in lagoon temperature also increase ¢heyts law constant, which also results
in higher HS fluxes. However, the effect of lagoon temperaturd+S flux is reduced

due to the influence of lagoon temperature on disson rate. Higher lagoon
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temperatures increase the dissociation rate,8f kesulting in a smaller fraction ot8
available.

To allow a sensitivity analysis of ambient air amature, the density of moist air
was assumed to be constant. This constant valuebtamed by using the average of the
seasonal moist air density values. The sensitanlysis shows that as air temperature
increases, predicted,8 flux very slightly decreases (Figure 2.14b). Tihiexpected, as
in the model, air temperature is only used in daloug the overall mass transport
coefficient, where it is a denominator in the raletvequation (Equation 21).

The sensitivity analysis of wind speed showed tedi BS flux to decrease with
increasing wind speed at 10 m (Figure 2.15). How#vs decrease is most rapid at low
wind speeds. As wind speeds increase, the rateasédse gets smaller, which results in
fairly constant predicted 43 fluxes for higher wind speeds. The wind speeatiis

related to the overall mass transfer coefficieayaloped by Arogo et al. (1999).
However, there are some limitations associated thghuse of Arogo et al. (1999)
measurements of the effects of air velocity onntagnitude of the mass transfer
coefficient. In their experiment, mass transferfioent measurements were made to
represent conditions in barns with a deep pit mamanagement system. Therefore the
air velocity was varied from 0.1-0.5 fhswhich using the power law profile represents a
wind speed at 10m of ~0.2-1.0 Ta& herefore, in this study, air velocity was
extrapolated for wind speeds less than 0.2 arel greater than 1 msAdditionally, the
exponential negative relationship between air vgtand the mass transfer coefficient is

not theoretically supported. As mentioned in sec#®.7, the overall mass transfer
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coefficient is the sum of the resistance in thaiticand gas films. The relative
contribution of the liquid and gas films to thedlatesistance is controlled by the
solubility of the chemical compound (Lewis and Winain, 1924; Liss and Slater, 1974).
For highly soluble gases (e.g. ammonia), the r@stst is dominated by the gas film
(Lewis and Whitman, 1924, Liss and Slater, 1974)exeas for less soluble gases such as
H,S the resistance is controlled by the liquid filoe\is and Whitman, 1924). Therefore
for highly soluble gases like ammonia, an increaseind speed will decrease the
thickness of the gas film, which will decrease tbgistance, thus resulting in an increase
in the mass transfer coefficient. However feSHa reduction in the thickness of the gas
film will have less of an impact in decreasing sémnce, resulting in little or no effect on
the mass transfer coefficient. It can be conclutietitheoretical considerations show that
wind speed can have a positive or zero effectereimsing the mass transfer co-efficient.
However, there is though no theoretical supporivfimd speed to decrease the mass
transfer coefficient as it increases.

Accordingly, the Arogo et al. (1999) mass transfeefficient was only used for
wind velocities greater than 0.2 that a height of 10 m, when the effect of wind véloc
on the mass transfer coefficient follows more dipiee expected theoretical trend.

To further investigate the effect of environmematameters on predicted flux,
the ranges of the environmental parameters fronmgb@surement study were used to
calculate the % relative change in predicted fllixe environmental parameter ranges,

the predicted fluxes and % relative change valuepeesented in Table 2.8.
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The pH and total sulfide content of manure haddhgest % relative changes in
predicted flux As pH increased across the range, predicted flaredsed by ~ 895%.
Predicted HS flux was found to increase by ~ 542% as sulfisedases across the range.
This value was calculated using a minimum sulfidkig of 1mg [*. As discussed, the
extent to which sulfide samples were below 1 rifgd.unknown. However, if the
minimum measured sulfide value was 0.63 rifgok lower, then sulfide would have
greatest % relative change, and thus would be tst mfluential environmental
parameter. These two parameters are significanke nmfluential than the other
environmental parameters. Wind speed was foun@dcedse predicted.8 flux by
~37%, using 0.2 nisas the minimum of the range. As air temperatuceei@msed across
the range, predicted.8 flux decreased by ~ 12%. Lagoon temperature s t
environmental parameter which had the least etiegiredicted kS fluxes. Predicted
H,S fluxes increased by ~7%, when lagoon temperatasevaried across it's range.

2.3.3.2. Evaluation of Air-Manure Interface Massafsfer Model

The A-MI mass transfer model was evaluated bytgubiag the measured
environmental parameters during lagoon samplingtim model. These predicted3H
flux values were then compared to the corresponghiegsured k8 lagoon flux values. It
should be noted that predictedSHfluxes could only be modeled, when a full set of
measured environmental parameters were availablditidnally as mentioned earlier,
data where the wind speed was < 0.2 msa height of 10 m was not included. The
relationship between measured and predictgtl fllixes were determined using the

coefficient of determination{y, and is shown in Figure 2.16. It can be obsettatithe
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model performs fairly well in predicting43 fluxes with an7value of 0.57 (p<0.0001).
The mean response for this relationship is 1.098 &vB5% confidence interval of +
0.796. Further evaluation of the performance ofitfoglel was conducted by calculating
the mean bias (Equation 24), the normalized meas (Equation 25), the mean error

(Equation 26) and the normalized mean error (EQuéi’).

%Z (Jmod (I) - ‘]meas(i)) (24)
EDICIOLER ORI 25)
N Zi -1 J meas(i )

13 : :

szmod (I) - ‘]meas(l)| (26)
EDILIOEEI0 [P o
N Zi -1 J meas(l )|

where N is the number of data pointgeqlnd Jeasare the corresponding model
predicted and measured flux values atfteith model-measurements data points.
The model was found to slightly over predict meadiftuxes with a mean bias value of
0.121ug m? min®, and a normalized mean bias value of 0.008%. Té&merror and
normalized mean error values were 0.6gIm? min™ and 0.040%, respectively.

The accuracy of the A-MI mass transfer model edpting BS emissions can be
rationalized by comparing it to the statistical @ystional model developed based on the
measurement data. Both models show pH to havga &fect on KHS emissions and

that increasing pH, decreases emissions. Alsolottels agree that lagoon temperature
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has a smaller effect on emissions, and that aséefype increases, emissions increase.
However, a difference in the models can be obselwvedir temperature. In the A-Ml
mass transfer model, emissions have a slight deiage&rend, as air temperature
increases. However, the statistical observationghsigdows a slight increase in fluxes as
air temperature increases.

A further difference between the A-MI model ahd statistical observational
model is related to the effect of wind speed. Théstical model does not include the
effect of wind speed, since the chamber air-lagatarface wind speed may be different
from ambient conditions. However, the A-MI masssfer model shows a slight
decrease in fluxes as wind speed increases. Adanedt sulfide content could not be
statistically analyzed due to low sulfide concetirzs, therefore the effect of this
environmental parameter cannot be compared.

From this analysis, it can be concluded that thdlAnass transfer modeloes
well in modeling the effect of pH and lagoon tengtere. There is though a
disagreement on the effects of air temperature. d¥ew this is not thought to be of
concern as the A-MI mass transfer model only modedsght decrease.

The accuracy of the model was further determineddmparing measured
average seasonal fluxes with predicted averag®sakifux using the corresponding
average seasonal environmental parameters vakishpavn in Table 2.9. The A-MI
mass transfer model was accurate in predicting fiax both the fall and spring season,
the model performed very well. In the fall, preditiflux exactly matched the measured

flux (1.17 pg m? min®). For spring, the predicted flux was only 0§04 m? min less
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than the measured flux value, 0426 m? min™ compared to 0.2jdg m? min™,

respectively. The flux was slightly under predicbedhe summer with a predicted flux of
3.05pg m? min, and a measured flux of 3.8y m> min™. Conversely, the flux was
slightly over predicted in the winter, with a preid flux value of 0.34ig nmi* min*
compared to a measured flux of 0j@Bm? min™. It should be noted that the sulfide
levels used for this comparison are maximum possibhcentrations, assuming that each
sample that was below the detection limit of 1 migwas equal to 1 mgt

2.3.3.3. Application of Process Based Air-Manureiface Mass Transfer Model
to Predict CAFO Emissions from Manure Surfaces

The process based air-manure interface masséramsidel developed in this
study performed well in predicting,B emissions from an anaerobic lagoon at a swine
CAFO. However, it is hypothesized that this modalyrbe used to predict,B emissions
from a variety of CAFO manure surfaces, thus allmpya method for quantifying
emissions in different production, management arvirenmental conditions. This is due
to the different approaches used to develop the e@nponents of the model, which can
take into account differences in manure charadiesis

The dissociation constant can be applied to atferure surfaces, as the
calculation of the activity coefficient used to @t the dissociation constant only
requires the measurement of manure electrical acivity. The Henry’s law constant
used in this study can be assumed to be the samaél foanures. As discussed, previous
experimental studies have found no significantedé@fce in the Henry’s law constant

between water and municipal wastewater (Al-Haddaad. 6.989; Yongsiri et al. 2005).
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The mass transfer coefficient used in this studyccalso be applied to predict emissions
from a variety of manure surfaces, however theegwao issues to consider, the
representation of the effect of air velocity on thass transfer coefficient as determined
by Arogo et al. (1999), and the effect of manurd&smontent on the mass transfer
coefficient. The effect of air velocity on the masensfer coefficient when taking into
account theoretical considerations, does not sedse tin accurate representation. The
effect of manure solid content on the mass trargdefficient is unknown. Arogo et al.
(1999) reported that between water and <1% solidureg there was a statistically
significant difference in the mass transfer coe#fit with respect to air velocity.
However, it is not known if this effect continuegiincreasing manure solid content.

Additionally, it is hypothesized that this procé&ssed model could be applied to
other trace gas CAFO emissions. Both the dissociatbnstant and the Henry’'s law
constant are based on thermodynamic principles;iwtan be applied to a range of
chemical compounds. The only requirement for the@hcs information on the behavior
of the compounds’ mass transfer coefficient ataingnanure interface in different

environmental conditions.

2.4. CONCLUSIONS

Measurements of £ emissions from an anaerobic lagoon and barn meade
over four seasonal sampling periods at a swine C&H@orth Carolina. The t6
emissions were evaluated with respect to diurndlssasonal variations and

environmental parameters. Additionally, a processeld air-manure interface mass
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transfer model was developed to predigbhinanure emissions. Different approaches
based on thermodynamic principles and related gl information were used to
determine the three main components of the moldeloverall mass transport coefficient,
the dissociation constant, and the Henry’s law s The accuracy of this model was
evaluated by comparing predictedS+luxes to measured,H lagoon fluxes.

Seasonal measureg$ilagoon fluxes were found to range from 0.08 OQ@
m? min™ in the winter to 3.82 + 3.24g m? min™ in the summer. The effect of
environmental parameters on measurefl ldgoon fluxes were determined by statistical
analysis. pH was found to have the largest infleemt flux, followed by lagoon
temperature and wind speed. Average seasonal bacewtrations were found to range
from 72 £ 43 ppb in the summer to 631 + 240 ppthaspring. Barn emissions were also
highest in the spring with a value of 7.31 + 2.48ay" AU™. The lowest barn emissions
were in the winter with an emission of 0.81 + Ogd8ay' AU™. Due to the nature of the
barn environment, it is hard to determine the iefice of environmental parameters.
However, barn temperature was found to have a weaklation with HS emissions {r
=0.19, p<0.0001).

The process based air-manure interface masseramsidel did well in predicting
H,S fluxes, when compared with 15 minute averagedadtixes (f = 0.57, p<0.0001).
The model also performed well in predicting seaktagpon fluxes. It is hypothesized
that with good estimations of the overall massdpanmt coefficient, that this model could

be applied to predict trace gas CAFO emissions frorariety of manure surfaces, thus
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providing a method for quantifying emissions infeliént production, management and

environmental conditions.
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Table 2.1. Lagoon % fluxes and corresponding environmental parameters

Season/ Flux Lagoon Lagoon Air wind Sulfide
Sampling date (ug mi? min™) Temperature pH temperature Speed  (mg L%
(’C) (’C) (m/s)
Summer 3.87 25.89 7.26 21.91 1.38 1.8%
(3.24) (2.74) (0.12) (4.90) (1.05) (1.68)
N =705 N =676 N=520 N =705 N =705 n=12 (8§
Fall 1.17 20.54 7.52 17.81 1.68 1.48
(1.62) (2.91) (0.10) (6.43) (1.69) (1.09)
N = 646 N= 645 N = 559 N= 646 N=646 n=12(9)
Winter 0.08 12.23 8.02 6.97 2.05 1.56
(0.09) (2.14) (0.14) (5.73) (1.19) (1.04)
N =631 N= 605 N =631 N= 631 N=631 n=12 (6)
Spring 0.27 19.93 8.03 14.45 2.76 1.19
(1.71) (2.09) (0.10) (6.81) (1.74) (0.28)
N =478 N =478 N = 469 N= 469 N=469 n=10(7)

&Mean value

® +1 Standard Deviation

N represents the number of 15 minute averagedpadés

9The maximum possible average of sulfide concewtmaissuming that the sulfide samples below thectien limit
are equal to 1 mg't

¢ number of anlaerobic lagoon samples collected, euinbparentheses represent the number of sanpieteation
limit of 1 mg L
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Table 2.2. HS fluxes from previous swine CAFOs lagoon studies.

Reference Location| Sampling Period Lagoon | pH Sulfide H,S flux
Temperatu- Concentration|  (ug m? min™)
re (C) (mg L)
Zahn et al. (2001) MO August - 8.1 15 438
Zahn et al. (2001) MO September - 8.2 17 492
Zahn et al. (2001) MO October - 8.1 18 1266
Lim et al. (2003) Midwest April-July 25 8.1 - 546
Lim et al. (2003) Midwest April-July 25 7.9 - 138
Byler et al. (2004) NE May-June - 7.8 - 114
Byler et al. (2004) NE May-June - 7.4 - 192
Byler et al. (2004) NE July-August - 8.1 - 4.2
Byler et al. (2008) NE July-August - 7.7 - 19.2
Blunden and Aneja (2008) NC October-November 18 8.1 0.6 0.3
Blunden and Aneja (2008) NC February 12 8.1 3.2 ~0.0
Blunden and Aneja (2008) NC April 15 8.1 1.8 0.5
Blunden and Aneja (2008) NC June 30 8.0 9.2 5.3
This study NC June 26 7.3 18 3.8
This study NC October-November 21 75 1.5 1.2
This study NC February 12 8.0 i.6 0.1
This study NC April 20 8.0 172 0.3

& Location is assumed to be the Midwest of the UdBation is not specified in paper
® Maximum possible average of sulfide concentratimsuming that the sulfide samples below the detetimit are equal to

1 mg L™
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Table 2.3. pH values from swine CAFO lagoons intN@arolina

Reference Sampling Lagoon pH Description of
Period Sampling Methodology
Blunden et al. (2008) Fall 81~ 0.0¥, 8.0-8.2 one lagoon
Winter 8.1 (~ 0.0), 8.0-8.2 continuously measured
Spring 8.1(~0.0),8.0-8.2 for a~1 week period
Summer 8.0 (0.1), 7.9-8.1
Aneja et al. (2000) Summer 7.5(0.18), 7.1-7.8 one lagoon
Fall 8.0 (0.06), 7.9-8.1  continuously measured
Winter 7.8 (0.13), 7.66-8.02 for a 1-2 week period
Spring 7.7 (0.06), 7.64-7.81
Bicudo et al. (1999) - 7.6-8100.1f 15 lagoons measured
~once/month for
2 years
Biological & - 7.8 (0.24), 7.0-8.5 179 samples taken from
Agricultural a range of lagoons
Engineering (1994)
This study Summer 7.26 (0.12), 7.10-7.69 one lagoon
This study Fall 7.52 (0.10), 7.31-7.82continuously measured
This study Winter ~ 8.02 (0.14), 7.27-8.25 for a ~1 week period
This study Spring 8.03 (0.10), 7.71-8.32

& Mean value
b+ 1 standard deviation
“Range

4 Range of averages from 15 lagoons
®Average standard deviation from 15 lagoons
" All values are based on 179 observations, the enmidifferent lagoons is not known
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Table 2.4. T values and corresponding p-values for the relatigm
between HS flux and environmental parameters.

pH Lagoon Air
Temperature Temperature
r’ 0.74 0.44 0.33
p-value <0.0001 <0.0001 <0.0001
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Table 2.5. Seasonal statistics for the barn measnts.

H,S H,S Ventila- Barn Ambient
Emissions  Concentra- tionrate temperature temperature
(g day’) tion (ppb)  (M>min™) (°C) (°C)
Summer 189 72 1763 27.9 26.0
(42 N°=518  (43), 73 (691) (2.7) (4.1)
Fall 206 327 327 19.9 8.4
(88) N=741 (158), 307 (180) (2.4) N =740 (5.2)
Winter 79 165 269 18.4 11.3
(54) N =507 (64), 150 (181) (3.8) (6.2)
Spring 647 631° 626 26.5 19.0

(219) N =649 (240), 645 (350) (1.5) N=630 (4.2) N =632
&Mean value
b +1 standard deviation
N represents the number of 15 minute averagedpaanss collected in each sampling
season for BB concentration, ventilation rate and all corresipog environmental
parameters, unless stated.
d Average daily mean value
©27% of the 15 minute averaged data points, héshat one minute average
concentration above the limit of detection of thelsizer (1000 ppb).
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Table 2.6. Seasonal pig production information @redcalculated normalized.8
emission rate.

Sampling Number  Number  Average Total Live Normalized HS
Season of Pigs of weeks Weight Animal Weight emission rate
in rotation  (kg) (kg) (g day' AU™)
Summer 884.5 7-8 48.7 43,049 2.20 (0°49)
Fall 994.5 4-5 34.6 34,428 2.99 (1.27)
Winter 476 20-21 116.6 55,513 0.71 (0.48)
Spring 874.5 8-9 50.6 44,262 7.31(2.48)

@+1 standard deviation
® Occurred at end of rotation, when some pigs hat lseld.
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Table 2.7. Previous studies$lconcentrations and emissions.

Reference L ocation of Ventil- Manure collection Month ADM®  Total Emission
study ation system Conce- live rate
type ntrat- animal (H.Sg
ion weight day™
(ppb) (kg AU)
Heber et al. (1997) Midwest NV Deep pit Jan-Mar 180 - 0.84
Ni et al. (2002) IL MV Deep pit Jun-Sep 173 48,783 8.3
Zhu et al. (2000) Midwest MV Deep pit Sep 414 44,990 2.0
Zhu et al. (2000) Midwest NV Deep pit Sep 271 43,640 3.32
Jacobson et al. (2003) MN NV Deep bedded Dec 16.1 - 0.17
Jacobson et al. (2003) MN NV Deep bedded Jun-Jul 8.7 - 0.16
Heber et al. (2004) Midwest MV Shallow pit/Flush daily Aug-Nov 141 79,650 1.34
Heber et al. (2004) Midwest MV Shallow pit/Flushlga Dec-Mar 73.5 74,324 0.35
Heber et al. (2004) Midwest MV Shallow pit/Flushlga May-Aug 171 94,329 0.80
Kim et al. (2008) S. Korea NV Deep pit May-Jun & Sep-Oct 296.3 - 6.7
Kim et al. (2008) S. Korea MV Deep pit May-Jun & Sep-Oct 612.8 - 8.5
Kim et al. (2008) S. Korea NV Scraper removal May-Jun & Sep-Oct 115.2 - 5.8
Kim et al. (2008) S. Korea MV Scraper removal May-Jun & Sep-Oct 270.3 - 6.3
Kim et al. (2008) S. Korea NV Deep bedded May-Jun & Sep-Oct 137.8 - 3.0
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Feb 632 48,963 4.2
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Apr 441 73,895 3.3
Blunden et al. (2008) NC MV Shallow pit/Flush wegekl Jun 47 33,952 1.2
Blunden et al. (2008) NC MV Shallow pit/Flush weekly Oct 304 38,390 1.7
This study NC MV Shallow pit/Flush weekly Jun 73 Ne:e] 2.20
This study NC MV Shallow pit/Flush weekly Nov 307 4,328 2.99
This study NC MV Shallow pit/Flush weekly Feb 150 5,513 0.81
This study NC MV Shallow pit/Flush weekly Apr 645 4,262 7.31

& Location is assumed to be Midwest of U.S, locaisonot specified in paper

P Concentrations presented from this study are geetancentrations, instead of average daily meaoerdrations
¢ Emissions calculated for this study are basedata presented in the paper

4 Emission numbers for this study are based on cathimelacobson et al. (2004)

®ADM = Average daily mean
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Table 2.8. % relative change in predicted fluxesragsronmental parameters vary across
the measurement range.

Parameter Range Predicted flux Predicted flux % relative

from minimum from maximum  change

of range of range

Sulfide 1-6.4 1.39 8.92 542

pH 7.10-8.32 3.78 0.38 895
Lagoon Temperature  8.85-34.13 0.70 0.74 6
Air Temperature -4.28-34.92 0.70 0.80 12.5

WS 0.2-7.55 0.97 0.61 37
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Table 2.9. Average measured and model predict&dsdasonal flux values.

Season Sulfide pH Lagoon Wind Air Measured Predicted
(mg LY Temper- Speed Temper- flux flux
ature msh ature  (ugm?  (ug m?
(°C) (°C) min™) min™)
Summer 1.83 7.26 25.89 1.38 21.91 3.81 3.05
Fall 1.48 7.52 20.54 1.68 17.81 1.17 1.17
Winter  1.56 8.02 12.23 2.05 6.97 0.08 0.34
Spring 1.19 8.03 19.93 2.76 14.45 0.27 0.26
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Chapter I11.
Characterizing Reduced Sulfur Compound Emissions
from a Swine Concentrated Animal Feeding Operation

ABSTRACT
Reduced sulfur compounds (RSCs) emissions fromerdrated animal feeding
operations (CAFOs) have become a potential enviemtah and human health concern,
as a result of changes in livestock production wa@shRSC emissions were measured
using fused-silica lined (FSL) and SUMMA polishedisless steel canisters and were
analyzed ex-situ using a gas chromatography systéma flame ionization detector
(GC-FID). Nine to eleven canister samples werertadach from both an anaerobic
lagoon and barn over a period of ~7 days, durirf @ the four seasonal sampling
periods during the period June 2007 through A@0& Continuous hydrogen sulfide
(H2S) measurements were made in-situ by using a pillse@scence t6/SQ analyzer.
During sampling, physiochemical and meteorologpzabmeters were measured
continuously. The two main RSCs identified by th@-&ID were dimethyl sulfide
(DMS) and dimethyl disulfide (DMDS), which were fodiin almost every lagoon and
barn sample. Overall average fluxes were Qud 20 min™ for DMS, and 0.09g m®
min™ for DMDS. These were approximately an order of nitagle lower than the overall
average BSlagoon flux, which was 1.38g m? min™. DMS flux was found to be
significantly influenced by lagoon pH, where as DBIux was significantly influenced
by lagoon temperature..8 flux was significantly dependent on lagoon pldplan

temperature, and wind speed. For DMS and DMDSsd#asonal mean concentrations

159



ranged from 0.18-0.89 and 0.47-1.02 ppb, respdygti®easonal mean,8 barn
concentrations were considerably higher ranginmff@-631 ppb. Barn $
concentrations were generally one to two ordersagnitude above their odor threshold.
DMDS concentrations were also found to regularlyed the lower limit of an odor
threshold. The overall average barn normalized sionisfactors were 3.3 g daau™

(AU (animal unit) = 500 kg) for b8, 0.018 g day AU for DMS and 0.037 g dayAU™
for DMDS. RSC emissions from swine CAFOs in Nd#éwolina were estimated to be
1.46 million kg y#* for H,S, 9,509 kg yf for DMS, and 17,406 kg ¥t H,S swine CAFO

emissions were estimated to contribute ~21% oflNGdrolina HS emissions.
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3.1. INTRODUCTION

Reduced sulfur compounds emissions (RSCs) fromerdrated animal feeding
operations (CAFOs) can have a wide range of enmearial impacts. On the local scale,
the primary environmental effect is odor. RSCsgaeerally odorous, and are therefore
key contributors to odorous emissions from CAFCdoQelated emissions of
compounds are important as they can cause healtptegns and additionally health
effects (Schiffman and Williams, 2005). Furthermtirey can affect the quality of life
for people in surrounding areas (Wing and Wolf,@0Dhu et al., 1997).

RSCs can also have regional environmental im@ectsresult of the oxidation of
reduced sulfur compounds, which leads to the faonadf sulfur dioxide (S@. SG can
in turn further react to form aerosols such as amuom sulfate and ammonium bi-
sulfate. Particulate matter has a variety of emmrental impacts; it can affect human
health through inhalation of small particles, whaan cause damage to the lungs (U.S.
EPA, 1997), decrease visibility (Seinfeld and Pantlp98), and scatter incoming solar
radiation, which can result in regional cooling yetock et al., 1972).

Swine farming is one of North Carolina’s lestjanimal agricultural industries,
with approximately 2800 swine farm operations, arsiine population of ~ 10 million
(United States Department of Agriculture (USDA)P2D The majority of the pigs reside
in the southeastern coastal plain of North Carol@ieghe swine farm operations, ~ 1600
have a thousand pigs or more (USDA, 2009). TheeegR88C emissions from waste at

swine CAFOs in North Carolina are an issue of pii@éanvironmental concern.
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H,S is the most extensively studied of the RSCs. €atnations and emissions of
H,S from swine CAFOs have been reported by a rangeudfes (Blunden and Aneja,
2008; Blunden et al, 2008; Jacobson et al., 208&kkon et al., 2004; Heber et al.,
2004; Zahn et al, 2001; Lim et al. 2003, Bylerle@04, Heber et al., 1997; Ni et al.,
2002; Zhu et al., 2000; Kim et al., 2008). Thergasance in both the concentrations and
emissions reported due to different production, aga@ment and environmental
conditions. However, the studies generally repe& Ebncentrations 1-2 orders of
magnitudes higher than their odor threshold, wisdtefined as the concentration of a
chemical compound at which it’s odor can first letedted.

In comparison to b8, other RSCs have not been studied as extensively.
Currently, less than a handful of studies (Clargnd Schmidt, 2000; Blunden et al.,
2005; Kim et al., 2007; Trabue et al., 2008) hasorted concentrations of otRECs
at swine facilities. Results from these studiegyesgithat concentrations of these RSCs
may exceed their odor threshold. Of these studise report anaerobic treatment lagoon
emissions rates and only one reports barn emisates, which was conducted in South
Korea (Kim et al., 2007).

This chapter presents the measurement of RSCsiemssover four seasonal
sampling periods, from both an anaerobic lagoonkemds at a swine CAFO in North
Carolina. These emissions are evaluated with réspeaseasonal variations and
environmental parameters. Two different measurereshiniques are used for measuring
RSC emissions in this study,$lis determined continuously in-situ using a pulsed

fluorescence analyzer. Other RSCs were collected) dissed-silica lined (FSL) and
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SUMMA polished stainless canisters and analyzeditexusing a gas chromatography-
flame ionization detection (GC-FID) system.

In this chapter, b6 emissions are presented to allow a comparisdnaotiter
RSCs emissions, and to also determine their palestivironmental impact. More in-
depth analysis of % emissions with respect to diurnal and seasomedtians, as well as
meteorological and physiochemical factors are ihetlin chapter II.

The potential environment impact of RSCs emissfoms swine CAFOs are
assessed by comparing concentrations to theirthdeshold. Additionally, measured
emissions are used to calculate the total Nortlol@& RSCs emissions from swine

CAFOs.

3.2 METHOD AND MATERIALS
3.2.1. Sampling Site

The experimental site is an operational commesmahe finishing farm located
in the eastern coastal plain of North CarolinaJanes County. The farm consists of eight
mechanically ventilated barns, with 900-1000 pilge@d in each barn.

The swine farm handles it's waste using a conveatimethod known as
‘Lagoon and Spray Technology '(LST). In this methtite waste from the pigs fall
through slatted floors into a shallow pit. The veaistflushed weekly through pipes into a
water-holding structure, known as an anaerobidrireat lagoon. Waste from the
anaerobic treatment lagoon can then be sprayedrosusiding crops as a source of

nutrients. The waste from the anaerobic treatnaggudn waste is also recycled to flush
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the barn pits. This method is employed by the nitgjof swine farms in North Carolina.
Measurements of RSCs were from made from the ab@aireatment lagoon and the

barn.

3.2.2. Sampling Scheme

Measurements were made from the lagoon using amdigaflow through
chamber system for a 5-7 day sampling period. Rerbarns, a sample line was placed
directly in front of a ventilation fan. To calcuéathe flux, the flow rate from the barn was
measured. The barn emissions were also measuredSaf day period. Sampling was
conducted over four seasons, the summer seasonJinom &-June 28, 2007; the fall
season from the October"2eNovember 12, 2007; the winter season from Februaty 8

February 29, 2008; and the spring season fronf' Bpril-April 28", 2008.

3.2.3. Field Sampling Technique and Instrumentation
3.2.3.1.Reduced Sulfur Compounds (RSCs)

RSCs were analyzed ex-situ using a GC-FID. Theddi2cts compounds with a
hydrocarbon bond, which includes the RSCs of istedlenethyl sulfide (DMS,;
CH3;SCH;), dimethyl disulfide (DMDS; Ch5,CH3) and methyl mercaptan (G8H).

3.2.3.1.1. Stability of RSCs in Canisters

Field sampling was conducted by collecting whole saimples. In this study, the
whole air samples were collected using 6-L passd/atanisters. Both SUMMA and

fused-silica lined (FSL) canisters were used fongang.
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The SUMMA canister has an interior surface madestainless steel, which is
passivated by electrolysis and coated with a chroitlee| oxide layer (Hsu et al., 2001).
Humidified SUMMA canisters have been shown to keblst for a wide range of non
methane volatile organic compounds (NMVOCSs) fortapgfour weeks (Brymer et al.,
1996; Ochiai et al., 2002). However, humidified SMK canisters are reported to be
unsuitable for mercaptans (Brymer et al., 1996;i@a#t al., 2002) including the sulfur
compound of interest G43H (Brymer et al.,, 1996). The stability of the ottsilfur
compounds of interest, DMS and DMDS, in humidif@dMMA canisters is uncertain,
as there has been no known peer-reviewed studystigaéing the stability of these
compounds.

FSL canisters are constructed of stainless ste&lhich a fused-silca coating has
been added to the interior of the canister. Simyildrumidified FSL canisters are stable
for a wide range of NMVOCs for up to four weeks [i2c¢ et al., 2002). However, the
fused-silca coating is applied to improve the rergwf RSCs. A recent study reported
DMS and DMDS to have good recovery in humidifiedLF&nisters (Trabue et al.,
2008). This study also found that €3H had poor recovery in humidified FSL canisters.
However, CHSH had good recovery in dry FSL canisters.

To assess the performance of the two types of teginisthe recovery of DMS,

DMDS and CHSH, a stability test was conducted. Individual ggsders of DMS (1
ppm), DMDS (1.05 ppm) and GBH (10 ppm) mixed with nitrogen were obtained from
Air Liquide (Houston, TX). Each gas was transferosthg a syringe into pre-humidified

SUMMA and FSL canisters. Canisters were pre-huneidiby adding water into the
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canister using a syringe. DMS and DMDS canistene\wee-humidified to a relative
humidity (RH) of 32.4%. CEBH canisters were pre-humidified to 31.4% RH.
Additionally, CH;SH was injected into dry SUMMA and FSL canistershbserve the
effects of varying moisture on recovery. The camsstvere diluted using a high-purity
nitrogen gas. The canisters were then analyzedapmoximately a three-week period.
3.2.3.1.2. Field Sampling

Nine to eleven canister samples were taken frorh thet lagoon and barn over each
measurement period. A mixture of 6-L SUMMA and R&lnisters were used for
sampling. Of these, approximately a quarter were é&isters. Prior to sampling, the
canisters were cleaned by a XonTech Model 960 taroteaning system. The
automated system performs a cycle of cleaning, &vbanisters are evacuated, filled with
humidified air and then baked at £20 The canisters were cleaned using 2 cycles. After
the cleaning, the system evacuates the canister9 05 mm Hg using a vacuum pump.

Samples were taken over a period of ~5 minutesifegreht times of the day
(between 8:00 and 18:00 EST) and in different nretegical conditions to examine the
factors that influence RSCs emissioAssummary of the time and frequency of canister
sample collection is provided in Table 3.1. Sammplere collected over a minimum of
four days over each lagoon and barn sampling period

3.2.3.1.3. Analytical System

Analysis of the canisters was conducted at the dNati Exposure and Research

Laboratory (NERL) of the US Environmental Protentidgency (EPA) in Research

Triangle Park, NC. Samples were analyzed using wiétePackard Model 5890A
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(Avondale, CA) gas chromatography system. The systeludes a cryogenic u-shaped
stainless steel trap, which is used to pre-conatntithe sample using liquid argon (-
187°C). The sample is drawn onto the cryogenic tragehvis immersed in liquid argon,
the trap is then immersed in a dewar of boiling engt=99C). The sample is then
separated using a J & W Scientific (Folsom, CA) DBelumn (60m x 0.32mm x dm).
Helium carrier gas is kept at a constant presstut&@kPA. At 75C, this provides a flow
rate of 2.65 crhmin™. The initial column temperature is %) this temperature is held
for two minutes, and then increases at a rat€©fr8in to 200C. The temperature is then
held at 208C for 7.75 min, before a further temperature inseeaf 25C/min to 225C.
Finally the temperature is held at 225or 8 minutes. The FID applies a voltage of 200v
and was maintained at a temperature of’@73 he flow rates for hydrogen and air were
48 and 325 crhmin™, respectively, with a make-up gas of 3Ganin™ of nitrogen.
Calibration of the GC-FID system was performeag%.25 ppm + 1.2% propane
in air (National Institute of Standards and TeclogglStandard Reference Material).
From the slope of the multi-point calibration curaeesponse factor is determined based
on ppbC (parts per billion carbon) afedhis is applied to all observed peaks. The FID
has a uniform carbon response for all peaks, tberef single response factor can be
used to represent all compounds (Blades, 1976nlstey et al., 1962). Additionally a 4
compound standard cylinder containing Ethane (4&Y,Propane (53.9 ppbC),
Isobutane (51.2ppb), and n-Butane (54.6 ppbC)esd wsgularly to provide verification
of retention time location, and FID response. Raaliy assurance and quality control,

the analytical reproducibility is tested by repaaalysis of samples. The data integration
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system is performed using the ChromPerfect-5898dDrhromatographic software
program (Justice Innovations, Mountain View, CAA different software program
known as HCID (Graham Solutions, Conyers, GA) isdu® check the integration, and
manually re-integrate as necessary. This softwlaceadlows the use of a file named
CALTABLE, which contains approximately 300 composmdtention times, retention
index and compound name including the RSCs, DMSPSNMnd CHSH. To convert
from ppbC to ppb, a compound is adjusted usingeifsctive carbon number (Scanlon
and Willis, 1985; Kallai and Balla, 2002; Jorgenseial., 1990). The limited information
available suggests that sulfur has no effect onredponse (Jorgensen et al., 1990).

In order to confirm the accuracy of the peak nanpracedure or to identify
unknown compound peaks a gas chromatography-masg@metry (GC/MS) system is
used. The analytical instruments are a Hewlett-&akctas Chromatograph Model 6890
combined with a Hewlett Packard Model 5972 Mase@&8gle Detector. The same
column, temperature program, and pre-concentratstem is used for the GC-MS as
the GC-FID. A difference between the systems isugeof an electronic pressure control
device to keep the helium carrier flow rate consgari.4 cniymin, throughout the
temperature program. This occurs due to pressuegihg with column temperature. At
75°C, the pressure is measured as 67 kPa.

3.2.3.2. Hydrogen Sulfide £8)

A Model 450C pulsed fluorescenceFASQ analyzer with a range of 0-1000 ppb

was used to measure$iconcentrations continuously in-situ. A multi-pogalibration

was conducted for the analyzer before each expatahperiod, using a TElI model 146
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dilution-titration system (Thermo Environmental @oration, Mountain View, CA).
Additionally the instruments were zeroed and spdmegularly during the sampling
period. This procedure was also performed afteln sampling period. SO

concentrations were not considered for analysispasentrations were found to be

negligible at the swine CAFO.

3.2.4. Lagoon, Barn and Environmental Parameter M easurements

A brief summary of the most pertinent informati@garding the lagoon, barn and
environmental parameter measurements methodoleggrasented in this chapter.
Further details on the methodology are describeghapter Il.

3.2.4.1. Lagoon Measurements

A dynamic flow-through chamber system was useceterthine anaerobic lagoon
flux (Blunden and Aneja, 2008; Aneja et al., 2000).

Compressed zero-grade air (Machine and WeldingI$uWpompany, Raleigh,
NC) flows into the chamber through Teflon tubingpeTflow rate was set to ~ 4 L niin
for H,S measurements, and 4-6 L fhifor lagoon canister samples. Inside the chamber,
a rotating Teflon impeller was used to ensure tiwatair is well mixed similarly to

ambient air. The steady state flux was calculasdgithe following equation:

J =[c][ﬂh (1)
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where, J is the compound flux, q is the flow rdtearrier gas through chamberjsthe
concentration of compound in carrier gas, V iswbkime of chamber above the lagoon
surface, and h is the height of the chamber.

3.2.4.2. Barn Measurements

Barn measurements were made at one of the eighedwirns at the sampling
site. At the west end of the barn facing the lagtnane are five fans, that turn on in a set
sequence, as the temperature increases insidwithe Isarn.

The equation used to calculate the barn flow matetermined as the following:

. ‘Measured RPM
Calculated fan flowrate = Manufactures fan flow rate x (W)

(2)

The measured flow rate of the fans was determiisaty a rotation-voltage
relationship system (Blunden et al., 2008). Moteese attached to the fans, that
produced a voltage when the fans were rotating.sMeanents of the static pressure
difference between the inside and outside of thielimg were made. The manufacturers
fan flow rate was adjusted for the average stagsgure measurement. During canister
sampling, fan voltages were recorded and useditalate the ventilation rate at the time
of sampling.

To calculate the emission rate from the swin@&parsample line was placed
directly in front of the first fan to turn on. Tleencentration distribution was assumed to
be uniform across the fan. Concentrations wereadsamed to be equal for all five fans.

For the HS/SQ analyzer, background samples were collected upwofiride

barns using FSL canisters. Concentrations werkgildg in comparison to
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corresponding k& concentration measured from the ventilation tlaerefore they were
not considered during emission calculations. FoeoRSCs, background canister
samples were taken simultaneously to the barn samphe samples were collected
upwind of the swine house, and were analyzed idalhtito the barn canister samples.
No RSCs were identified in background samples.

The barn emission rates were calculated usingptlmving equation:

J=C*) f 3)

where J is the compound flux, C is the gas conagatr at the fanZ T is the sum of the
flow rates of each individual fan.

3.2.4.3. Environmental Parameter Measurements

Meteorological and physicochemical factors canehasgignificant effect on
emissions from a swine farm. Therefore meteoroklgparameters, i.e. relative humidity,
air temperature, and solar radiation were measatracheight of 2 m. Additionally, wind
speed and wind direction were measured at a hefgld m. Lagoon physicochemical
factors were also measured. Lagoon temperatur@ldmndere measured continuously at a
depth of ~7cm. Also, near-surface (< 10 cm) andertbbatment lagoon samples were
taken daily to be analyzed for sulfide content. Fam sampling, temperature was

continuously measured at the fan outlet.
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3.3.RESULTS

3.3.1. Stability Test

DMS, DMDS and CHSH stability are presented in Figure 3.1. Restitssthat
DMS and DMDS exhibit excellent recovery over a ghveeek period for both humidified
SUMMA and FSL canisters with their recovery ovez #ntire period + 4%.

CHsSH recovery was poor for SUMMA canisters. In thendified SUMMA
canister, CHSH was not detected after two days. For the dry $1A\tanister, CHSH
was not initially detected, and is therefore natuded in the figure. This supports the
findings of Brymer et al. (1996). Brymer et al. B) investigated stability of various
compounds including C4$H in humidified SUMMA canisters. At the first exaration
of recovery after seven days, methyl mercaptanfaasd to be below the limit of
detection.

The FSL canisters results show that the dry FShister had better Ci$H
recovery than the humidified FSL canister. The &$L canister had an excellent
recovery of £ 5% for up to eight days. After thime, the recovery began to decrease. By
23 days the recovery was 60%. In comparison, tmeiditied FSL canister had reduced
recovery, with a recovery of 80% over two days, 48%r eight days and 8% over 23
days. These results are supported by a study ctetilny Trabue et al., (2008). Their
study reported a 60% recovery of €3 after 4 hours in humidified FSL canisters and
~100% recovery in dry canisters after 4 days.

Results from this study indicate that water cohteareases the stability of GEH

in SUMMA canisters, and decreases §SH stability in FSL canisters. The effect of
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water content on C§$H in FSL canisters contrast with how NMVOCs usubkhave in
stainless steel canisters. Typically humidity im@® the stability of compounds, as
water molecules occupy active sites on the canssidace.

The results suggest that the stability of DMS amdiI® in SUMMA and FSL
canisters will not effect measured concentratitmsontrast, the experiment indicates
that CHSH will not be measured in SUMMA canisters, and rbat reduced

concentrations in FSL canisters

3.3.2. RSCs Emissions

The two main RSCs identified in this study were D&l DMDS, which were
identified in almost every lagoon and barn sam@lé;SH was not identified in any
lagoon or barn samples, despite many FSL canis&ng analyzed within an appropriate
time. Therefore, it is hypothesized that a combamadf low concentrations and
instability, resulted in CESH not being detected. Furthermore,sSH may convert to
DMDS in the canister. Additionally, dimethyl trigide (CH;S;CH3) was identified by
the GC-FID in some lagoon and barn samples. Howdlvercompound concentration
was around the detection limit and was therefotesalected for further analysis.

The GC-MS additionally identified carbon disulfifleS;) in samples, but for this
study, the GC-MS was not used to quantify compounds

The RSCs emissions results presented in this paglade continuously
measured k5. However, it should be noted thaiSHemissions are only presented to

allow a comparison with other RSCs emissions, araldo determine their potential
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environmental impact. More in-depth analysis g6¢missions with respect to diurnal
and seasonal variations, as well as meteorologiwdlphysiochemical factors are
included in chapter Il. Additionally, chapter lisdusses measured$lemissions in
comparison to previous swine CAFO studies.

3.3.2.1. Lagoon Fluxes

Table 3.2 and Table 3.3 present the RSCs fluxeshtadcorresponding
environmental parameters from the anaerobic lagibshould be noted that for DMDS,
there may be possible system peak interferenceorsamples. Therefore these samples
were excluded from analysis. As mentioned, cansderples were collected during the
daytime. As observed forJ8 lagoon flux in chapter Il, there is diurnal véioa in
lagoon fluxes, therefore the flux values presefed®MS and DMDS are not
representative of a full day as they do not take atcount nighttime variations in flux.
The sampling period(s) during the day also represkea short sampling period (Table
3.1) and this should be considered when usingshmated flux values.

DMS and DMDS seasonal fluxes (Table 3.2) are bajhest in the summer
sampling season, with DMS flux slightly higher tHamDS flux, 0.26 compared to 0.22
ug m? min?, respectively. DMS flux is slightly higher in @éasons apart from spring,
where the DMDS flux is 0.1fig m> min* compared to DMS flux of 0.06g ni* min™.
DMS seasonal flux is"2 highest in the fall and®highest in the spring. This trend is

reversed for DMDS seasonal fluxes. DMS and DMDSehtheir lowest fluxes in winter
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with values of 0.05 and 0.Q& mi” min™. The overall average fluxes are Oj@Pm?
min™ for DMS, and 0.121g m? min™ for DMDS.

There are no known previous swine CAFO measurenséi$1S and DMDS
lagoon fluxes to compare the values in this stadypMS and DMDS seasonal fluxes are
lower than HS fluxes in all seasons (Table 3.3), particulamlyhe summer and fall
season, where they are an order of magnitude lddavever, the winter flux is only
marginally lower than the 45 average winter flux of 0.8y m? min™. For S, which
is continuously collected over a 5-7 day perio@, ltighest flux is in the summer season
with a flux of 3.81ug m? min™. This is almost three times higher than the fak {1.17
ug m? min), and at least an order of magnitude higher thwh the spring (0.2jdg m
min™) and winter flux (0.08ig m? min™). The overall average flux for#8 is over an
order of magnitude higher than for DMS and DMDShvetflux of 1.33ug m min™.

The relationship between RSC fluxes was investjaty using the coefficient of
determination ). Figure 3.2 presents the relationship betweerthte= RSCs. All three
compounds exhibit strong correlation. The strongastionship is between,8 and
DMDS with a £ value of 0.61 (p<0.0001), then,$1and DMS with a*rvalue of 0.43
(p<0.0001). DMS and DMDS have the lowest coeffitigihdetermination with &value
of 0.36 (p<0.0001). Examination of Figure 3.2 sholzt DMS has a weaker relationship
than DMDS with HS primarily as the result of the presence of afieyuor DMS in the
summer season. This does not occur for DMDS aasitahcorresponding high flux value.

The DMS and DMDS relationship seems the weakegélgdue to the fall values, where
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DMS flux is considerably higher than DMS flux. Tleedifferences are possibly the result
of the compounds response to environmental facwdrgh is discussed in the next
section.

3.3.2.1.1. The Influence of Environmental Parangeter RSCs Lagoon Fluxes

The influence of environmental parameters on DM& BMDS fluxes was
statistically analyzed using, rand their respective p-values. Air temperaturs wa
included in this analysis, as the effect of dynaffow through chamber system on air
temperature is minimal. Arkinson, (2003) using thember system for flux
measurements, determined the air temperature @hfterbetween the outside and inside
of the chamber to be 1.55 + 2.30D.
The results of this analysis are shown in Tabde Bor both DMS and DMDS, there
were three environmental parameters that were feahdve a significant correlation
(p<0.05). These were pH, lagoon temperature ang@perature. Figure 3.3 and Figure
3.4 show that lagoon temperature and pH have ofgeBects for both DMS and
DMDS, with flux increasing with decreasing pH, andreasing with lagoon temperature.
Air temperature showed a similar trend to lagoongerature for DMS and DMDS flux.
To determine which environmental parameters infbeditux, multiple linear regression
was performed using SAS (Statistical analysis saféw8, Cary, NC). The analysis
found that pH was the only significant factor irghcing DMS flux. For DMDS, the
analysis found only lagoon temperature to be afsignt factor. Ambient temperature
was not found to be a significant parameter irugficing DMS or DMDS flux. It is

hypothesized that the correlations observed weredabult of ambient temperatures
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relationship with lagoon temperature. In comparjstatistical analysis found,8 fluxes
to be dependant on lagoon pH, lagoon temperatw@iatemperature (see chapter II).

Lagoon pH was found to be the significant factoeffecting DMS, with
emissions increasing with decreasing pH. For thisccur there has to be dissociation of
DMS. However there are no known studies discusfiag@aqueous dissociation of DMS.
It should also be noted that although pH was fawnge the only statistically significant
factor effecting fluxes, lagoon temperature wastbto be significantly correlated with
DMS fluxes, and had af value only 0.03 lower than lagoon pH. Thereforis it
suggested that further measurements would helprtiirm the effects of lagoon
temperature and lagoon pH on DMS lagoon fluxes.

DMDS fluxes were found to be significantly influmsd by lagoon temperature,
with fluxes increasing as lagoon temperature irsgsaThis effect can be explained by
changes in the mass transfer coefficient, as aease in lagoon temperature can
increase the mass transfer of gases across theaainre interface (Arogo et al., 1999).
Additionally, an increase in lagoon temperature icanease microbial activity, resulting
in increased rates of decomposition, thus incregsia amount of sulfide available.

In this study, the relationship between anaertke@tment lagoon sulfide content
and RSC fluxes could not be determined. This wasehult of ~two-thirds of the sulfide
samples collected being below the analytical ditedimit of 1 mg L*. Therefore there

was not enough data available to perform accutatestcal analysis.
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3.3.2.2. Lagoon Emissions

The lagoon emissions for the swine CAFO were catedl based on the lagoon
surface area at the time of sampling. The surfeea af the lagoon was measured
manually for one season. For the other seasonfagben surface area was adjusted
from the measured surface area based on the eelafiud lagoon level and the slope
ratio. Using the lagoon surface area and the aeditag for each season, seasonal lagoon
emissions were calculated. These values are pegsenTable 3.5. Lagoon surface area
was the smallest in the summer and fall seasotisamiarea of 17,702%min the winter,
the lagoon surface area had increased by ~4% &72 8. This trend continued with a
further ~2% rise in the spring season, resulting lagoon surface area of 18,802 m

DMS emissions ranged from 1.32-6.63 g dajth an overall average emission
of 3.09 g day. DMDS lagoon emissions were slightly lower, ramgirom 0.53-5.61 g
day’ with an overall average emission of 2.54 g HayS seasonal emissions were at
least an order of magnitude higher than DMS and [3Wiissions. k& lagoon
emissions varied from 2.12-97.1 g dawith an overall average emission of 34.1 g 'Hay
As the lagoon surface area only varied 6% throughbbthe sampling seasons, the
seasonal emission trends were similar to the sehfiar trends.

3.3.2.3. Barn Concentrations and Emissions

RSCs concentrations, ventilation rates, emissitesrand corresponding
environmental parameters are presented in Tablarg@i@able 3.7. Similarly to lagoon
samples, it should be noted that canisters samplagyconducted during the daytime. In

chapter I, diurnal variations in43 barn concentrations and emissions can be observed
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Therefore the barn concentrations and emissionB¢% and DMDS are not
representative of a full day as they do not take atcount nighttime variations in
emissions. Also, the sampling period(s) duringdag represented a short sampling
period (Table 3.1) and this should be considereenaising the estimated concentration
and emission values.

DMS and DMDS concentrations ranged from 0.18-@89 and 0.47-1.02 ppb,
respectively (Table 3.6). The highest average sed®omncentrations both occurred in
the fall season. Similarly, the lowest average aealsconcentrations both occurred in the
summer season. DMS average concentration wasrltiggee DMDS in the winter and
spring. Conversely, DMDS average concentration mgiser than DMS in the summer
and fall. The highest individual DMS concentratigas 2.09 ppb, which occurred in the
fall season. The highest individual DMDS concemrabccurred in the spring season
with a value of 1.69 ppb. DMS and DMDS concentrairom the barn were 2-3 orders
of magnitude lower than43$ concentrations. The highesiSHaverage seasonal
concentration is 631 ppb, which occurs in spring(€ 3.7.). This average concentration
is actually higher than reported as a result of 27%e data going beyond the detection
limit of a 1000 ppb. The next highest is the falason (327 ppb), followed by the winter
(164 ppb) and summer (72 ppb), respectively.

To further investigate RSCs concentrations, theiomships between DMS,
DMDS and HS barn concentrations were analyzed using the fooesit of
determination ). Figure 3.5 presents this analysis. The relaligmbetween sulfur

compounds concentrations is not particularly strdrge strongest occurs between DMS
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and HS (F = 0.20; p = 0.0050), then DMS and DM$%r0.13; p = 0.0283). The
relationship between DMDS and$lis very weak (r= 0.03; p = 0.2868).

The weak relationships between DMS andHand DMDS and $& seem to
occur as a result of the spring sampling seasorrevtomparatively $ concentrations
are considerably higher. The poor relationship betwDMS and DMDS seem to result
from variability in comparative concentrations ihsampling seasons.

Table 3.8 presents DMS and DMDS barn concentratilom previous swine
CAFO studies. Blunden et al. (2005) took samplesifin front of a barn fan at the same
sampling site as this study, during two differearngling seasons, and measured average
concentrations of DMS and DMDS ranging from 0.148pb, which is lower than the
average concentrations observed in this study. &smyere also taken from a finishing
farm in North Carolina with natural ventilation. #tis swine CAFO, concentrations were
found to range from 0-1.6 ppb for DMS and 0-0.2 fiptDMDS.

Concentrations in this study are lower than threperted by a Kim et al. (2007)
study in South Korea. They made measurements fafrssdmpounds concentrations and
emissions from mechanically ventilated swine openst They reported individual
concentrations ranging from 1.5-12 ppb for DMS @ar&t7 ppb for DMDS for five
different facility types; these were gestationrdaring, nursery, growing and
fattening/finishing. Mean concentrations rangeanr.1-8.4 and 0.9-4.7 ppb for DMS
and DMDS, respectively. The finishing facility wimsind to have the highest mean

concentrations out of the five facility types.dtrnoted though that all the facility types
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employed a deep pit manure collection system, wtenls to store manure longer than
shallow pit systems, resulting in increased emissio

Clanton and Schmidt (2000) made measurements osR8&variety of different
manure collection systems. Air samples were takem tommercial Minnesota swine
operations and a simulated deep pit system, whoakamed manure from a swine
gestation/farrowing/nursery facility. For the simtdd deep pit system, concentrations
ranged from 2.2-5.1 ppb for DMS and 0-3.9 ppb fMD5. For a pit fan sample taken at
a deep pit gestation facility, a DMS concentrawb2.2 ppb was measured; DMDS
though was not detected. Additionally, DMS and DMi&e not detected in any of the
nursery pull plug facilities air samples.

Trabue et al. (2008) also measured RSC concemtsarom different manure
management systenfSsamples taken from the pit fan of a deep pit systathan average
DMS concentration of 5.3 ppb. In the same sam&4DS was measured below the
limit of quantification. In samples taken from pplug manure collection systems in
finishing and farrowing facilities neither DMS oMDS were detected.

Overall, taking into account the variations in ti@tion system, manure
collection system, sample location, season andatéinthe measured concentrations in
this study compare well, as the concentrationsratiee same order of magnitude as
previous swine CAFO studies.

The seasonal DMDS emission rates were higherllfitowa seasons in
comparison with DMS (Table 3.6). DMDS highest estaa rate was in the summer

(4.25 g day). The lowest emission rate was in the winter sitalue of 1.41 g dady
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DMS emissions ranged from 0.90 g dawhich was measured in the summer to 2.17 g
day*, which was measured in the fall. Seasonal barssari rates for DMS and DMDS
were two to three orders of magnitude higher thg® émission rates.43 highest
emission rate occurred in the spring with a valiig4y g day (Table 3.7). Fall and
summer were next highest, 206 g daynd 189 g day; respectively. The lowest
emission rate occurred in the winter (79.8 g ay

Animal weight is one of the largest factorduehcing emissions from a barn.
Therefore seasonal emissions were normalized bk§@d live animal weight (LAW),
also known as 1 animal unit (AU). The LAW and tloeresponding pig production
numbers as well as the normalized RSC seasonasiemssare shown in Table 3.9. The
average seasonal normalized emissions are alsenpees

Normalized seasonal emissions for DMS and DMDS edrfgopm 0.010-0.032
and 0.013-0.061 g d&yAU™, respectively. Both compounds had their highest
normalized seasonal emissions in the fall. Lowestnalized seasonal emissions
occurred in the winter for DMDS. DMS had equabiykest emissions in the summer and
winter seasons. DMDS overall average normalized barission (0.037 g dhyAU™) is
approximately twice as high as the emission for D918 g day AU™).

DMS and DMDS normalized seasonal emissions arefsigntly lower than HS.
The highest seasonab®lemission is in the spring season with an emissiagh31 g day
! AU™. Fall and summer sampling seasons are the nexéstigvith emissions of 2.99

and 2.20 g dayAU™?, respectively. The lowest emission occurred interimvith a value
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of 0.72 g day AU™. The overall average-8 emission is two orders of magnitude higher
for H,S (3.3 g day AU™) compared to DMS and DMDS.

RSCs emissions were further investigated by examithe relationships between
DMS, DMDS and HS barn normalized emissions (Figure 3.6.). Simjleolthe barn
concentration analysis, the strongest relationsiaip between 6 and DMS G = 0.28, p
=0.0007), and the weakest betweesS tdnd DMDS = 0.03, p = 0.2852). DMS and
DMDS were slightly better correlated with gvalue of 0.18 (p = 0.0075). As with the
H,S and DMS concentration relationship, th&Skand DMS emission relationship was
effected by high BB emissions in the spring season in comparisorM& Bmissions.
High H,S emissions in the spring and fall in comparisoDDS emissions were
mostly responsible for the corresponding weak i@tahip. The poor relationship
between DMS and DMDS was influenced by variabilitgomparative emissions in all
seasons.

The variance in RSCs emissions is caused by a i@ffgetors. One of the most
important is the total amount of sulfide in therhawhich is a product of the total amount
of manure in the barn, and the % sulfide conterthefmanure. In this study, the total
amount of manure in the barn was taken into accoymormalizing the emission rate by
500 kg of live animal weight. However, there areestfactors related to manure
management such as flushing frequency and the ambtime since the barn was
cleaned that influence the total amount of manuithe barn. The % sulfide content of
the barn manure can also be variable. The % sutfidéent is determined by the sulfur

content of the feed, and the efficiency of theipigetaining sulfur.
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Also important in causing variance in emissionseare@ronmental conditions that
influence the release of gases from manure. Insthidy, barn temperature was
measured. Increases in barn temperature will resulcreases in manure temperature,
which as discussed will increase gas emissions. RMSEDMDS emissions were found
to have very weak relationships with barn tempeeatihe f values were 0.05 (p =
0.1607) and 0.05 (p = 0.1538), for DMS and DMDSpestively. However, thé value
for DMS was for a negative correlation. The weak@ations were the result of
variability in the relationship in all seasonsSbarn emissions were found to have a
stronger correlation with barn temperatufe=(0.19, p< 0.0001), (see chapter Il). The
relationships might be stronger, if the emissioesencorrelated with manure
temperature. However, it was beyond the scopeeoétindy to measure this
environmental parameter and others such as mahkijrangl the speed of the air
movement across the manure surface.

A further reason that the relationship between R& emissions and barn
temperature is not stronger is that barn emissa@sot just dependant on environmental
parameters, but are additionally related to theé @asssion patterns, which control the
mass of a gaseous compound in the barn at a gieement in time. Thamount of a
gaseous compound in the barn is a function of twagsses. Firstly, the total amount of
the gaseous compound being produced by the mamareaaiven time, which is
influenced by environmental factors and secondlg,total amount of a gaseous
compound leaving the barn over a given time, wigatontrolled by the ventilation rate.

Therefore, if the amount of a RSC exiting the kAmugh fan ventilation is greater than
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the amount of a RSC being emitted from the marmreonversely if the amount of a
RSC exiting the barn through fan ventilation islésan the amount of the RSC being
emitted from the manure, then the RSCs barn emmissiee in an unsteady state. This
unsteady state can result in the amount of a RSkeibarn either increasing or
decreasing with time. The more unsteady or unbaldtive relationship between these
processes, the weaker the influence of environrhpatameters on emissions. It is
hypothesized that this imbalance of barn inputsartguts result contributed to the weak
influence of barn temperature on RSC emissionsrabden this study.

In comparison to the only other known study repgrRSCs emission
rates, the measured DMS and DMDS emissions irstbdy are an order of magnitude
lower. Kim et al. (2007) study in South Korea, céddted normalized emissions ranging
from 0.22-0.94 g dajAU™ for DMS and 0.12-0.53 g d&p\U ™ for DMDS, for five
different types of pig production stages. It is @xted that this difference in emissions is

caused by the different production, managemeneandonmental conditions.

3.3.3. Potential Environmental | mpacts

3.3.3.1. Odor

A potential environmental impact of RSC swine CA&issions is the effect of
odor on the health of the local surrounding popaoitatvho reside nearby. Chemical
compounds are odorous when they exceed their adectibn threshold, which is
defined as the lowest concentration of a chemioadpound that produces a sensory

response in the olfactory receptors of humans (Asaerindustrial Hygiene Association,
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(AIHA), 1989). In odor testing, it is defined astminimum concentration of sensory
response detected in 50% of the odor panel (AIH¥89). Odorous compounds can
cause health symptoms and health effects evemédswv an irritant threshold
(Schiffman and Williams, 2005). This occurs becawsgleasant odors can cause a
change in the functioning of the human brain andyles a result of a biological response
(i.e. the human nervous system reacts to bad adaevarn us against potentially unsafe
air and food), which in turn can lead to the depatents of health symptoms and health
effects (Schiffman and Williams, 2005). RSCs arearticular concern as they have
unpleasant odors and low odor thresholds. SchiffarehWilliams (2005) identified six
community studies where exposure to low concewtnatof HS or RSCs have been
related to health effects. In two of these studhes|th effects were reported from an
average daily b5 concentration exposure of 10-11 ppb.

A summary of HS, DMS, and DMDS odor thresholds and charactesistic
available in literature are presented in Table 3ltl€an be observed that there is slight
variance in the reported odor thresholds. Thisues t the studies using different
literature sources and methodologies to calcukaariean odor threshold. The RSCs all
have low odor thresholds, with odor thresholds ragdrom 4.5-17.8 ppb for }$
(American Industrial Hygiene AssociatighlHA), 1989; Devos et al., 1990; Amoore and
Hautala, 1983), 2.24-20 ppb for DMS (Devos et90; Haz-Map, 2009) and 0.78-12.3
ppb for DMDS (Devos et al., 1990; Haz-Map, 2009cdnparison of 55 barn
concentrations to their odor thresholds is presemdable 3.11. It can be observed that

the average seasonal concentrations are consigdrigher than the odor thresholds. Of
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the 2415 15 minute average data points recorddddgrstudy, only two did not exceed all
of the odor thresholds. These concentrations oedurrthe summer and winter sampling
seasons and are respective minimums in each getmsons. However, it should be noted
that these concentrations did exceed the lowesbtheo thresholds. The highest peak
concentrations occurred in the spring season witbodf the 15 minute average data
points above the limit of detection of the analyzeinich was 1000 ppb. Peak
concentrations were 197, 796 and 345 ppb for thenser, fall and winter seasons,
respectively. These peak concentrations are &hat an order of magnitude higher than
the odor thresholds. The extent that 15 minute eotnations exceed their odor threshold
was assessed by determining the number of 15 madatéepoints that were at least an
order of magnitude higher than the average oftireetodor thresholds, which was 101.3
ppb, (Table 3.11). This was highest in the spriitfy @7% of 15 minute average
concentrations above 101.3 ppb. The next highest f@d and winter with 93% and

79% of 15 minute average concentrations above 1fJib3The season with the least
amount of 15 minute concentrations above 101.3vgbspring with 27%.

A comparison of DMS and DMDS barn concentratiangheir odor threshold is
summarized in Table 3.12. No DMS concentrationgegdheir odor thresholds, with the
highest individual concentration in fall (2.09 ppb3t below the lowest odor threshold of
2.24 ppb. Individual DMDS sample concentrationseexzd the lowest odor threshold in
all sampling seasons (0.78 ppb). The fall had tbetreamples exceeding this odor

threshold with eight, however the spring had tlghést individual concentration of 1.69
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ppb. Fall was the only season where the averag®salbconcentration (1.02 ppb)
exceeded the lowest odor threshold.

From this analysis, it can be concluded thz8 Honcentrations are most likely to
cause odor related health effects. It is thouglobdythe scope of this study, to model the
dispersion of HS from swine CAFOs to predict downwind concentraiof HS.
However it is of interest, that the diurnal profdebarn concentrations in chapter Il show
that concentrations tend to be highest during tbletnwhen there is a shallow planetary
boundary layer.

3.3.3.2. North Carolina RSC Emissions

The potential environmental effect of RSC swineFDAemissions on a
regional scale can be evaluated by calculatingdts North Carolina swine CAFO
emissions. To achieve this, the overall averageefitfor the RSCs were used. These
were 1.33ug m? min™ for H,S, 0.12ug m“ min for DMS and 0.09ug m min™ for
DMDS. In addition, the total swine CAFO lagoon aie&lorth Carolina was determined.
Aneja et al., (2000) estimated that the averageafia lagoon is ~1 ha (10,000)m
using a SPOT satellite image of North Carolina2®7 (most recent data available), it
was estimated that the number of swine CAFOs irtiNGarolina was 2,800 (USDA,
2009). Using this information and the overall agerflux, the North Carolina RSC
lagoon emissions were estimated as 18,175 kdoyrH,S, 1640 kg yr for DMS and
1230kg yi* for DMDS.

The North Carolina barn emissions were calculatdg the most recent

statistics ((December, 2008-February, 2009 pemodyided by the USDA (USDA,
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2009). Information was provided on the populatiod aveight of North Carolina pigs.
The swine population was divided into five weiglatsses. These classes were breeding,
under 60 Ibs, 60-119 Ibs, 120-179 Ibs, and overlii80A weighted average was
calculated using the amount of pigs in each ckssthe breeding class the average
weight was estimated to be 433 Ibs (Williams, 206%)y >180Ibs, 220 lbs was estimated
to be the average weight. It was determined theattider 60 Ibs category represented
feeder pigs, which are estimated to have an avevagght of 30 Ibs (Williams, 2005).
For the remaining two classes the average of gmsaleight range was used i.e. 90 and
150 Ibs, respectively. From this, the total livénaal weight for North Carolina pigs was
calculated, which is presented in Table 3.13.

The RSC overall average barn emissions were usenhigsion factors. From
Table 3.9, these are the following: 3.3 g d&W™ for H,S, 0.018 g dayAU™ for DMS,
and 0.037 g dayAU™ for DMDS. These were applied to all classes ofrahiweight.
From this, the total RSC barn emissions were estichd&Results show that barns at North
Carolina swine farms emit 1.44 million kg“yof H,S. Statewide estimates of DMS and
DMDS are significantly lower, 7,870 kg Yrand 16,176 kg ¥, respectively. North
Carolina HS barn emissions are two orders of magnitude higtzar lagoon emissions.
For DMS and DMDS, barn emissions are not as donjnéth lagoon emissions
contributing ~17% and ~7%, respectively. Total esioiss from North Carolina swine
CAFOs (barn + lagoon) are therefore 1.46 millionykg for H,S, 9,509 kg yf for DMS,

and 17,406 kg yt for DMDS.
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The North Carolina Division of Air Quality (NCDAQEleased an North Carolina
H,S emission inventory for 2002 stating total emissiof 5.40 million kg yF (NCDAQ,
2003). This inventory did not include emissionsriranimal operations. By adding the
contribution of the swine farms to the inventotyisitherefore estimated thag$i
emissions from swine barns and lagoons in Nortlol@e comprise approximately 21%

of statewide HS emissions.

3.4. CONCLUSIONS

Measurements of RSC emissions were made from ara@ia lagoon and barn
at a swine CAFO in North Carolina. These emissisere evaluated with respect to
seasonal and environmental factors. Furthermoespdtential environmental impact of
RSC emissions was assessed by comparing barn é¢xiasaggntration to their odor
threshold and by estimating total North CarolinaCR$nissions.

RSCs apart from $6 were analyzed ex-situ using a combination of SUMand
FSL canister and a GC-FID system. Stability testsfl good recovery of DMS and
DMDS in humid SUMMA and FSL canister. However, £3t1 had moderate recovery in
humid FSL canisters and very poor recovery in huBiiMMA canisters. In sampling
analysis, DMS and DMDS were found in almost evagobn and barn sample. ¢5H
though was not identified in any lagoon or barn glam

Overall average DMS and DMDS lagoon fluxes werer@n order of magnitude
lower than HS fluxes, 0.12 and 0.Q8y m“ min™* compared to 1.38g m min™,

respectively. RSC fluxes were statistically anatyaed found to be significantly
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influenced by different environmental parameterlDflux was significantly influenced
by pH, where as DMDS was significantly influencedidgoon temperature.,8 was
found to influenced by pH, lagoon temperature anmttivgpeed.

The overall average barn emissions for DMS and 3Mire 0.018 g ddyAuU™
and 0.037 g dayAU™?, respectively. These were approximately two oréérsagnitude
less than the overall averageS-hormalized seasonal emission factor for barngwh
was 3.3 g day AU™. The relationships between RSC barn concentratiodsemissions
were found to be weaker than the relationship betRSC lagoon fluxes. RSC
emissions did not correlate well with barn tempemtparticularly for DMS and DMDS.

H,S barn concentrations were found to exceed fofereifit published odor
thresholds by one to two orders of magnitude. Noxddncentrations exceeded their
odor threshold. DMDS concentrations were founcegutarly exceed the low limit of the
Haz-Map, (2009) odor threshold.

Using the overall average flux, lagoon emissiard\forth Carolina were
estimated to be 18,175 kg'yfor H,S, 1,640 kg yf for DMS, and 1,230 kg ¥rfor
DMDS. Using the RSCs overall average normalizedssions as an emission factor, and
USDA production data, the total North Carolina bamissions were calculated,$1
emissions for North Carolina swine barns were hyilon kg yr*. North Carolina DMS
and DMDS emissions were considerably lower, 7,8791K, and 16,176 kg Vf,
respectively. By combining the emissions from thgolon and barn, it is estimated that

total H,S emissions from swine farms in North Carolina weds million kg yf*. It is
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estimated that swine farms are responsible foraqumately 21% of North Carolina total

H>S emissions.
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Table 3.1. Time and frequency of canister sampling.

Season Day 1 Day 2 Day 3 Day 4 Day5 Day®6 Day 7 otallhumber of samples
Lagoon Summer 17:40 15:23 15:20 10:51 15:07  13:4110:58 10
13:52 11:07
11:16
Fall 16:30 14:01 16:25 15:33 15:24 10
16:42 16:01 15:34
15:43
16:00
Winter 16:28 14:25 15:45 10:31 11
16:41 14:36 16:01 10:42
16:50 16:32 10:52
Spring 12:36 11:50 15:08 12:37 10
12:45 11:59 15:17 12:48
12:57 12:08
Barn Summer 12:24 14:40 14:12 8:36 10
14:49 14:21 8:50
14:59 8:59
15:08
Fall 15:35 14:02 15:30 15:23 10
14:19 16:01 15:34
16:15 15:44
16:25
Winter 14:32 12:56 13:43 12:58 9
14:43 13:09 14:03 13:07
14:30
Spring 14:33 12:09 13:16 15:10 11:53 9
14:45 13:25 15:21 12:01

197



Table 3.2. Seasonal DMS and DMDS fluxes and coomdipg environmental parameters.

Season Flux (ug mi* min™) Lagoon Lagoon pH  Wind Speed Air Sulfide
Temperature (ms? Temperature  (mg LY
(°C) (°C)
DMS DMDS
Summer 0.26' 0.22 27.0 7.33 2.23 26.7 1.8
(0.08) (0.04) (3.34) (0.16) (0.87) (3.32) (1.68)
n=10 n=8 n=10 n=5 n=10 n=10 n=12(8y
Fall 0.11 0.04 23.3 7.63 3.07 25.5 1.48
(0.08) (0.01) (1.67) (0.16) (2.03) (3.01) (1.09)
n=10 n=10 n=10 n=10 n=10 n=10 n=12 (9)
Winter 0.05 0.02 12.3 8.08 2.38 8.59 1.56
(0.04) (0.02) (2.50) (0.11) (0.77) (1.23) (1.04)
n=11 n=11 n=11 n=11 n=11 n=11 n=12 (6)
Spring 0.06 0.11 19.6 8.03 4.37 18.3 1.19
(0.03) (0.03) (1.77) (0.07) (1.80) (6.24) (0.28)
n=10 n=10 n=10 n=10 n=10 n=10 n=10 (7)
#Mean value

®+1 standard deviation

°n is the number of canister samples

%epresents the maximum possible average sulfideerration, assuming that the sulfide concentrattmelow the
detection limit are equal to 1 mg L

°number of analerobic lagoon samples collected, eumbparentheses represent the number of sanpietextion
limit of 1 mg C
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Table 3.3. Seasonak8 fluxes and corresponding environmental parameters

Season Flux Lagoon Lagoon Wind Air Sulfide
(Mg M2 mint) Temperat-  pH Speed Temperat- (mg L%
ure CC) (ms')  ure PC)
Summer 3.8%¢ 25.9 7.26 1.38 21.91 1.8%
(3.24¥ (2.74) (0.12)  (1.05) (4.90) (1.68)
N =705 N=676 N=520 N=705 N=705 n=12(8§
Fall 1.17 20.5 7.52 1.68 17.81 1.48
(1.62) (2.91) (0.10) (1.69) (6.43) (1.09)
N = 646 N=645 N =559 N=646 N=646 n=12(9)
Winter 0.08 12.2 8.02 2.05 6.97 1.56
(0.09) (2.14) (0.14) (1.19) (5.73) (1.04)
N =631 N=605 N=631 N=631 N=631 n=12 (6)
Spring 0.27 19.9 8.03 2.76 14.45 1.19
(1.71) (2.09) (0.10) (1.74) (6.81) (0.28)

N =478 N=478 N=469 N=469 N=469 n=10(7)

#Mean value

P +1 standard deviation

°N represents the number of 15 minute averagedpdénis

drepresents the maximum possible average sulfideertration, assuming that the sulfide
concentrations below the detection limit are eqod mg L*

®number of anaerobic lagoon samples collected, numh@Earentheses represent the number
of samples at detection limit of 1 mg'L
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Table 3.4. Tvalues and corresponding p-values for the relatigmbetween
DMS and DMDS flux and environmental parameters.

pH Lagoon Air
Temperature Temperature
DMS 0.49 0.46 0.35
p<0.0001 p<0.0001 p<0.0001
DMDS 0.24 0.39 0.25

p=0.0031 p<0.0001 p=0.0012
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Table 3.5. RSCs lagoon emissions.

Season Flux Lagoon Surface  Emissions
(ug m? min'Y) Area (nf) (g dayh)
H.S Summer 3.81 17702 97.1
Fall 1.17 17702 29.8
Winter 0.08 18372 2.12
Spring 0.27 18802 7.31
Overall average 34.1
DMS Summer 0.26 17702 6.63
Fall 0.11 17702 2.80
Winter 0.05 18372 1.32
Spring 0.06 18802 1.62
Overall average 3.09
DMDS Summer 0.22 17702 5.61
Fall 0.04 17702 1.02
Winter 0.02 18372 0.53
Spring 0.11 18802 2.98
Overall average 2.54
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Table 3.6. Seasonal concentrations, ventilatiogsta@missions and corresponding environmental peiess
for DMS and DMDS.

Season Concentration  Ventilation Emissions Barn Ambient
(ppb) rate (g day?) Temperature Temperature
(m® min™) (°C) (°C)
DMS DMDS DMS DMDS
Summer 0.18 0.47 2040 0.90 4.25 30.27 31.15
(O.22j3 (0.39) (589) (0.90) (2.38) (3.18) (2.48)
n°®=10 n=10 n =10 n=10 n=10 n=10 n=10
Fall 0.89 1.02 725 2.19 4.19 16.42 23.70
(0.61) (0.34) (289) (1.28) (2.03) (3.67) (1.81)
n=10 n=10 n=10 n=10 n=10 n=10 n=10
Winter 0.84 0.66 435 1.10 1.41 14.05 19.78
(0.41) (0.32) (296) (0.50) (0.98) (4.15) (2.78)
n=9 n=9 n=9 n=9 n=9 n=9 n=9
Spring 0.57 0.50 850 1.56 1.90 22.42 27.61
(0.25) (0.51) (366) (0.51) (1.31) (3.47) (1.62)
n=9 n=9 n=9 n=9 n=9 n=9 n=9

#Mean value
P +1 standard deviation
°n is the number of canister samples
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Table 3.7. Seasonal concentrations, ventilatiossyamissions and corresponding environmental
parameters for §8.

Season Concentration Ventilation Emissions Barn Ambient
(ppb) rate (g dayl) Temperature temperature
(m® min™) (°C) (°C)
Summer 72,73 1763 189 27.9 26.0
(43 (691) (42.4) (2.7) (4.2)
N?=518 N =518 N =518 N =518 N =518
Fall 327, 307 327 206 19.9 8.4
(158) (180) (88.7) (2.4) (5.2)
N =741 N =741 N =741 N =740 N =741
Winter 164, 150 262 79.8 18.4 11.3
(63) (174) (53.6) (3.8) (6.2)
N = 507 N = 507 N = 507 N = 507 N =507
Spring 63%, 645 601 647 26.5 19.0
(240) (321) (219) (1.5) (4.2)
N = 649 N = 649 N = 649 N =630 N =632

&Mean value

b Average daily mean value

¢ +1 standard deviation

4N represents the number of 15 minute averagedpaétis

¢ 27% of the 15 minute averaged data points, hézhat one minute average above the limit of degaatf the analyzer
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Table 3.8 Concentration of RSCs from swine CAFOs.

Reference L ocation Vent Manure collection system/description  Facility type Month Concentration (ppb)
system of sample location DMS DMDS
Clanton and Schmidt, (2000) MN M Deep pit/room air Grow/Finish Apr 2.2 3.9
Clanton and Schmidt, (2000) MN M Deep pit/room air Grow/Finish Apr 5.1 1.2
Clanton and Schmidt, (2000) MN M Deep pit/pit fan ed@tion Apr 2.2 ND
Clanton and Schmidt, (2000) MN M Pull plug/wall fan Nursery May ND ND
Clanton and Schmidt, (2000) MN M Pull plug/room air Nursery May ND ND
Clanton and Schmidt, (2000) MN M Pull plug/pit fan Nursery May ND ND
Trabue et al., (2008) IA M Pull plug/room air Finis NS ND ND
Trabue et al., (2008) IA M Pull plug/room air Farrow NS ND ND
Trabue et al., (2008) IA N Deep pit/pit fan NS NS 5.3 <LOQ
Kim et al., (2007) S. Korea M Deep pit/room air Gestation Mar-May & 2.1 0.9
near fan outlet Sep-Nov
Kim et al., (2007) S. Korea M Deep pit/room air Farrow Mar-May & 2.0 1.2
near fan outlet Sep-Nov
Kim et al., (2007) S. Korea M Deep pit/room air Nursery Mar-May & 2.3 1.4
near fan outlet Sep-Nov
Kim et al., (2007) S. Korea M Deep pit/room air Grow Mar-May & 6.0 3.4
near fan outlet Sep-Nov
Kim et al., (2007) S. Korea M Deep pit/room air Finish Mar-May & 8.4 4.7
near fan outlet Sep-Nov
Blunden et al., (2008) NC M Shallow pit/ outside of barn near fan Finish cto 0.2 0.1
Blunden et al., (2008) NC M Shallow pit/ outside of barn near fan Finish ebF 0.1 0.2
Blunden et al., (2006) NC N Shallow pit/ outside of barn near fan Finish eps 1.6 0.2
Blunden et al., (2006) NC N Shallow pit/ outside of barn near fan Finish anJ ND ND
This study NC M Shallow pit/at fan outlet Finish nJu 0.2 0.5
This study NC M Shallow pit/at fan outlet Finish Wo 0.9 1.0
This study NC M Shallow pit/at fan outlet Finish bFe 0.8 0.6
This study NC M Shallow pit/at fan outlet Finish rAp 0.6 0.5

ND = No detection, NS = Not specified, <LOQ belamit of quantification.
@ Measurements made at same swine CAFO.
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Table 3.9. Barn pig production numbers and theutatled normalized emission factor for the RSCs.

Sampling Number Number Average Total Live Normalized Emissions
Season  of Pigs of weeks Weight Animal Weight (g day* AU™)
in rotation (kg) (kg) H,S DMS DMDS

Summer 884.5 7-8 48.7 43,049 2.20 0.010(0.01)  0.050 (0.03)
(0.497

Fall 994.5 4-5 34.6 34,428 2.99 0.032(0.02) 0.061(0.03)
(1.27)

Winter” 476 20-21 116.6 55,513 0.72 0.010(0.01) 0.013(0.01)
(0.48)

Spring 874.5 8-9 50.6 44,262 7.31 0.018(0.01) 0.021 (0.02)
(2.48)

Overall 3.3 0.018 0.037

average

Emissions

@+ 1 standard deviation
® Occurred at end of rotation, when some pigs had lseld.
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Table 3.10. RSCs odor thresholds and characteyistic

Odor Threshold (ppb) Odor Characteristic ®
H,S 17.84.5 8.1, Rotten eggs
DMS 2.24 9.8-20 Stench
DMDS 12.30.78-3.6 Putrid garlic

@ Devos et al. (1990)

® American Industrial Hygiene AssociatiohiHA), (1989)

°Amoore and Hauatala, (1983)

4 Haz-Map, (2009). Note: The reference for this atioeshold was not provided
€ Odor characteristic from Schiffman et al. (2001)
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Table 3.11. HS barn concentrations in comparison to their odrsholds.
H,S concentration Number and % of 15 minute
(ppb) average concentrations above an
order of magnitude higher than
average HS odor threshold

101.3 ppb

Summer 72(43Y, 15-197 139, 27%
n=518

Fall 327 (158), 43-796 690, 93%
n=741

Winter 164 (63), 42-345 399, 79 %
n =507

Spring 631 (240), 15-1060 631, 97%
n = 649

&Mean value

® + 1 standard deviation

°Range

4N represents the number of 15 minute averageptdtas

€ 27% of the 15 minute average points had concémiaaibove the limit
of the analyzer (1000 ppb).
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Table 3.12. DMS and DMDS barn concentrations mmgarison to their odor threshold.
Number of samples exceeding
odor threshold

Odor Threshold (ppb) Summer Fall Winter Spring
DMS 2.24 v} 0 0 0
0.57 2.09 1.58 0.92
DMDS 0.78 3N 8Y 4 N 2N
1.17 1.53 1.08 1.69

21f there are individual samples exceeding the ddi@shold, the letter indicates if the
seasonal average exceeds the odor threshold, Y&
® highest individual sample concentration in eactsea
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Table 3.13. Live animal weight calculations for gtate of North Carolina for the
December 2008-February 2009 period (USDA, 2009).

Average Number  Total

Weight Weight

(Ib) (Ib)
Breeding 433 980,000 4.243 *90
< 60 Ibs 30 3,300,000 9.900 *&0
60-119 Ibs 90 1,930,000 1.737 810
120-179 Ibs 150 1,750,000 2.625 *10
>180 Ibs 220 1,640,000 3.608 *810
Total live 1.320* 10
animal weight
(Ibs)
Total live 5.989* 16
animal weight
(kg)
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Figure 3.1. The stability of RSCs in different tgpef canister and varying moisture.
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CHAPTER V.
Characterizing Non-Methane Volatile Organic
Compounds Emissions from a Swine
Concentrated Animal Feeding Operation

ABSTRACT
Emissions of non-methane volatile organic compoyhddvVOCs) were measured from
a swine concentrated animal feeding operation (CAR®Iorth Carolina. NMVOCs
were measured using SUMMA and fused-silca lined_jFEanisters. Measurements were
made from both an anaerobic lagoon and barn in efitte four seasonal sampling
periods during the period June 2007 through A@0& In each sampling period, nine to
eleven canister samples were taken from both therabic lagoon and barn over a
minimum of four different days during a period df week.

The canisters were analyzed using a gas chromagiog flame ionization
detection (GC-FID) system. Measurements of metegrchl and physiochemical
parameters were also made during sampling. In lagamples, 12 significant NMVOCs
(i.e. had significantly higher fluxes in comparigonother compounds) were identified,
which included three alcohols (ethanol, 2-ethylekdmnol, and methanol), six aldehydes
(acetaldehyde, decanal, heptanal, hexanal, noaadabctanal), two ketones (acetone
and methyl ethyl ketone), and a phenol (4-methylphe The overall average fluxes for
these NMVOCs, ranged from 0.8 m“ min™ for 4-methylphenol to 2.1fig mi? min™*
for acetone. Seven of the twelve NMVOCs had a St negative relationship with
pH (4-methylphenol, acetaldehyde, decanal, heptaeahnal, octanal and 2-ethyl-1-

hexanol), three a significant positive relationshith lagoon temperature (methyl ethyl
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ketone, acetone and nonanal), and one a signifpzsitive relationship with air
temperature (methanol). In barn samples, there sirrgignificant NMVOCs identified.
These consisted of two alcohols (methanol and ethawo ketones (acetone and 2-3
butanedione), an aldehyde (acetaldehyde) and ap{emethylphenol). Of the six
significant NMVOCs, ethanol had the highest oveaaktrage concentration with a
concentration of 16.21 ppb. 4-methylphenol haddkest overall average concentration
with a concentration of 2.87 ppb. Overall averagemalized NMVOC emission rates
ranged from 0.45 g dadyAU™ for ethanol to 0.16 g dadyAU™ for acetaldehyde. Eight
odorous NMVOCs were identified in canister samf8-butanedione, decanal,
ethylbenzene, heptanal, hexanal, 4-methylphenolamal, and octanal), with four of
these NMVOCs ( 2-3-butanedione, decanal, 4-metleylphand nonanal) exceeding
their odor threshold at the barn fan exhaust. @fsignificant NMVOCs identified in
lagoon and barn emissions, 4 of them were hazargopsllutants (HAPS)
(acetaldehyde, methanol, 4-methylphenol and mettmll ketone). A further eight HAPs
were also identified in lagoon and barn samplegsé&lhwere benzene, ethyl benzene,
hexane, methyl chloride, styrene, xylene, toluaem 2,4 trimethylpentane.

Using overall average lagoon and barn emissitestdtal emissions from swine
CAFOs in North Carolina was estimated for the NM\&Ethanol had the largest total
NC emission of 206,367 kg yr The barns were found to have higher emissions tthe
lagoons for all NMVOCs except one, contributingvioetn 72.7-100% of total NC
emissionsAcetaldehyde was determined to be the NMVOC withtilghest ozone

forming potential.
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4.1. INTRODUCTION

Concentrated agricultural feeding operations (CAF€mit a number of trace
gases including non-methane volatile organic comgeyNMVOCS). In North Carolina,
the primary CAFO is swine, with a swine populatair- 10 million, which is mostly
concentrated in the southeastern coastal plaineifission of NMVOCs from swine
CAFOs in North Carolina is of concern due to thpaitential environmental impacts.
Certain NMVOCs are odorous. Odorous emissionsmapaitant locally, as they can
potentially effect human health (Schiffman and Vitis, 2005) and their quality of life
(Wing and Wolf, 2000; Thu et al., 1997). Additiolyall62 of the 188 hazardous air
pollutants (HAPs) are NMVOCs (U.S. EPA, 2009a). l4Adre defined by the U.S. EPA
as pollutants that are known to cause cancer @r gtrious health effects such as
damage to the immune system, reproductive, devedafah neurological, and
respiratory effects (U.S. EPA, 2009b). NMVOC enuossi can also have regional effects.
NMVOCs are generally reactive, and can throught afseeactions form ozone. Ozone
can have negative impacts on the human respirat@tgm, reducing lung capacity and
increasing the development of illnesses such &sras({Lippmann, 1993).

In comparison to other trace gases (i.e. ammomgdhane), measurements of
NMVOC concentrations and emissions from swine CAR®g been limited. NMVOC
research studies include reports of barn concémtia{Blunden et al., 2005; Trabue et
al., 2008), concentrations from a deep basin watstage system (Zahn et al., 1997), and

identification of compounds present in anaerobgotm water and barn air (Schiffman et
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al., 2001). Currently, there is no known study ties reported NMVOC emissions from
swine CAFOs with respect to seasonal and envirotaheariations.

This paper presents the measurement of NMVOC @emnissver four seasonal
sampling periods from an anaerobic lagoon and aaanswine CAFO in North Carolina.
The emissions are evaluated with respect to sebganations and environmental
factors.

The potential environmental impacts of NMVOC enaas from swine CAFOs
will be assessed in a number of ways; firstly, bgnparing compounds’ concentrations
to their odor threshold. Additionally, the numbéHAPs emitted by swine CAFOs will
be identified. Measured emissions will also be usechlculate total North Carolina
NMVOC emissions from swine CAFOs. These emissiansl compounds’ reactivity
with the hydroxyl radical (OH) will be used to assevhich NMVOCs have the largest

potential to form ozone.

42. METHOD AND MATERIALS
4.2.1. Sampling Site

The sampling site was a swine CAFO located in eaderth Carolina. The
swine CAFO has eight barns, which are mechaniwalhtilated. The waste at the swine
CAFO is dealt with, using a waste management mekhogn as ‘lagoon & spray
technology’. In this method, swine waste accumslatea shallow pit under a slatted
floored barn. This waste is then flushed on a webkkis into an anaerobic lagoon. The

waste from the lagoon can then be sprayed on @®pssource of nutrients.
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Additionally, the lagoon waste is used to flush shallow pit. This waste management

method is used by most swine CAFOs in North Caaolin

4.2.2. Sampling Scheme

Measurements of NMVOC emissions were made frorh tiad anaerobic lagoon
and barn. Lagoon measurements were made usingaanitysflow through chamber
system over an approximate one week period. Baasarements were similarly made
over a one week period. Concentration measuremars made by placing a sample
line directly in front of a ventilation fan. To cailate the emissions, the fan ventilation
rate was simultaneously measured. Measurementsmaae over the four seasonal
periods of the year: summer, JufeRine 28, fall, October 28- November 12, 2007;

winter, February 8 —February 29, 2008; spring, April 19 —April 28", 2008.

4.2.3. Field Sampling Technique and Instrumentation

42.3.1. Stability of NMVOCs in Canisters

Field samples were collected using both 6-litteSUMMA and fused-silica
lined (FSL) canisters. A wide range of NMVOCs h&een found to be stable in humid
SUMMA and FSL canisters. The stability of NMVOCshaomidified SUMMA was
investigated by Brymer et al. (1996). Brymer et{(3096) analyzed the stability of 194
NMVOCs in SUMMA canisters at 70% relative humidiBH) covering a wide range of
NMVOC groups including alcohols, aldehydes, alkyra#kenes, alkanes, aromatics and

ketones. NMVOC stability was examined after 7 a@ai8ys. Results showed that 168
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out of 194 compounds were deemed stable after 38 @@mpounds were considered
stable if (1) the ANOVA analysis storage varialyilitas less than 10% of the mean
concentration, (2) if the mean day 7 and day 3@eotrations are within +1 standard
deviation, or (3) the time vs. concentration sldpes not have a statistically negative
slope. Ochiai et al. (2002) performed a comprelvensiudy on the recovery and stability
of 58 NMVOCs in SUMMA and FSL canisters. The NMVO&samined included a
range of chemical groups including halogenated dwahbons, aromatic hydrocarbons,
alcohols, ketones, esters, ethers, nitriles aradsthThe compounds’ stability was
examined at low ppb concentrations under varyingleof humidification ((8%, 27%,
39%, 53% and 99%). After 28 days at 53% RH, whidls #he RH in their study which
would generally portray conditions at a swine CARCGeptable recoveries (>80%) were
found in SUMMA and FSL canisters for all compoudpect four thiols.

4.2.3.2. Field sampling

During each sampling period, 9-11 canister sagiere taken from each the
lagoon and barn. Before sampling, the canisterg wieaned using a XonTech Model
960 canister cleaning system. This system usesla ofcleaning. Canisters are
evacuated, filled with humidified air, and then tegato 126C. Each canister was
cleaned using two cycles. Afterwards the canisieesevacuated by the system to < 0.05
mm Hg. Both 6-L SUMMA and FSL canisters were usadsampling, of which
approximately a quarter were FSL canisters. Carssteples were taken over ~ five
minute periods during different times of the dawiffi 8:00-18:00 EST)A summary of

the time and frequency of canister sampling is fg®d in Table 4.1. Canister samples

222



from the lagoon and barn were collected from a mum of four different days over
each sampling period.

4.2.3.3. Analytical System

Samples were analyzed using a Gas ChromatogrdphyeHonization Detection
(GC-FID) system at the National Exposure and Rebedraboratory of the U.S.
Environmental Protection Agency (EPA) in Researgharigle Park, NC. The FID detects
in parts per billion carbon (ppbc). Compounds waatected based on retention time. The
system has a library of ~ 300 compounds retentirord. To convert from ppbC to ppb,
the effective carbon number for the compound isduséhich is available from past
literature (Scanlon and Willis, 1985; Kallai andllBa2002; Jorgensen et al., 1990). To
confirm the accuracy of the compound identificatfmocedure and identify unknown
compounds, a gas chromatography-mass spectronystens (GC-MS) was used.

For more information on the GC-FID and GC-MS methlodies, the reader is

referred to chapter Ill.

4.2.4. Lagoon, Barn and Environmental Parameter M easurements

A summary of the lagoon, barn and environmentahpaters measurements are
presented in this paper. Further information onnigasurement methodology is provided
in chapters Il and Ill.

4.2.4.1. Lagoon Measurements

Anaerobic lagoon flux measurements were made wsthgamic flow-through

chamber system (Blunden and Aneja, 2008; Anej&,e2@00). Compressed cylinder
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zero air flows into the chamber through Teflon ngbat a flow rate of 4-6 L mih It
should be noted that approximately half of thermdirs used in this experiment were
sampled and analyzed by the GC-FID to confirm thatcylinders contained zero air. A
Teflon impeller rotates inside the chamber, engutivat the air is well mixed similarly to
ambient air. The air then leaves the chamber avasfthrough more Teflon tubing into

the canisters. The steady state flux is thus déteadrby the following equation:

J=[c ]{3} h (1)
where J, the compound flux is a function of C, ¢cbenpound concentration in the carrier
gas, q, the flow rate of the carrier gas, and v lanahich are the volume and height of
the chamber, respectively.

4.2.4.2 Barn Measurements

Barn emissions were measured from one of the bgms at the swine CAFO.
The barn used five fans for ventilation, which wiereated on the west side of the barn
facing towards the anaerobic lagoon. As temperatareases inside the barn, the fans
turn on in a set sequence. The concentration wasumed by placing a Teflon sampling
line directly in front of the first fan to turn ofthe concentration distribution was
assumed uniform across the fan. Additionally, thecentration was assumed to be the
same for all five fans. While collecting barn saesp background barn samples were
simultaneously collected, upwirtd the swine barns. Net sample concentrations were

calculated for each compound.
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To calculate barn emissions, the concentrationmuagiplied by the total fan
flow rate from each of the five fans. Each indiaditan flow rate was calculated using

the following equation:

Calculated l te= M tu I t K(Mmmmd RPM&) @
) = Manufactures fan flowrate X | ——————
alculated fan flowrate f fanf Specified RPM |

where RPM represents the revolutions per minuteefan. The RPM of the fans were
measured by attaching motors to the fans that pextia voltage, when the fans were
turning. Additionally, manufactures flow rate was adjustedthe average static pressure
difference between the inside and outside of thie.dauring sampling, fan voltages were
recorded and used to calculate the ventilation rate
4.2.4.3. Environmental Parameter Measurements

During lagoon measurements, lagoon temperaturg@lneere recorded at a depth of
~7cm below the lagoon surface. For barn sampliagy kemperature was measured at
the fan outlet. During both lagoon and barn sangplmeteorological measurements of
wind speed and wind direction at a height of 10 emenmade. Additionally,
measurements of air temperature, relative humahty solar radiation were made at a

height of 2 m.

4.3. RESULTS AND DISCUSSION
4.3.1. Lagoon Fluxes
Observational analysis suggests that there arel®@&NMVOCs in

lagoon canister samples. Of these NMVOCs, there w2rcompounds that had
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significantly higher emissions in comparison toestNNMVOCs, and were identified in
almost every sample. Of these 12 NMVOCs, three ak@hols, (ethanol, 2-ethyl-1-
hexanol, and methanol), six were aldehydes, (atetgte, decanal, heptanal, hexanal,
nonanal, and octanal), two were ketones, (acetodereethyl ethyl ketone), and one was
a phenol, (4-methylphenol). All 12 compounds welentified by retention time, and
confirmed by GC-MS. These compounds’ seasonal i their overall average flux
are shown in Table 4.2. It should be noted thah&tanal and heptanal, there may be
possible system peak interference on some santpiefore ten hexanal samples and
one heptanal sample were excluded from analysiditiddally, in four brand new
canisters (i.e. had not been used before), there adremely high levels of methanol,
significantly above the concentrations observethis study. It can be concluded that
these high methanol concentrations were the restiie manufacture’s canister cleaning
process, as methanol may be used as a cleaning &berefore these methanol samples
were excluded from analysis. It should be notetl ¢haister sampling was conducted
during the daytime. As observed for the continupuastasured b8 lagoon flux in
chapter Il, there is diurnal variation in lagoouxis, therefore the flux values presented
for the NMVOCs are not representative of a full @aythey do not take into account
nighttime variations in flux. Also, the samplingrigel(s) during the day represented a
short sampling period (Table 4.1) and this sho@ddiken into consideration when using
the estimated flux values.

Acetone has the largest NMVOC lagoon flux withomerall average flux of 2.11

Hg m? min™. This is almost twice the magnitude of tH&argest overall average flux,
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which is methanol, with a flux of 1.18y m? min™. Acetaldehyde has the next largest
overall average flux, with a flux of 0.6 m? min™, which is closely followed by
ethanol and methyl ethyl ketone (MEK), with oveialkerage fluxes of 0.59 and 0.56
m min™, respectively. Other compounds had smaller overadtage fluxes of less than
0.2pg Mm% min,

From Table 4.2, it can be observed that therdéaage seasonal variations in
NMVOCs fluxes. For 10 out of the 12 NMVOCs, thelegt fluxes are in the summer,
with the exception of methanol and ethanol. Gehgrtlile fluxes are significantly higher
in summer than any of the other seasons. Of tlegseadmpounds, six have their lowest
flux in the spring, which included five of the saldehyde compounds. The exception was
nonanal, which had it's lowest seasonal flux it feéhere was little variation in flux
between the fall, winter and spring seasons foattehydes. There was also little
variation in MEK and 2-ethyl-1-hexanol fluxes iretfall, winter and spring seasons,
with the lowest fluxes occurring in the winter aspting, respectively. The other two
compounds with highest fluxes in the summer weneedhylphenol and acetone. Both of
these compounds showed greater seasonal variatioe fiall, winter and spring seasons,
particularly acetone. Both compounds have theietvgeasonal concentration in the fall.

As mentioned, methanol and ethanol were onlywtedompounds that did not
have their highest fluxes in summer. For methamelhighest flux was in the fall (1.53
ng m? min™), which was slightly higher than th8ighest seasonal flux (1.3@ m?

min™), which was in the summer. The highest seasonalfflr ethanol was in the winter

227



(1.54pg m? min™), which was significantly larger than th& Righest seasonal flux
(0.55pug m? min™), which like methanol was in the summer. The higihter ethanol
flux is caused by two samples collected on the saayehat have considerably higher
fluxes than the other samples collected in theaviagason. It is hypothesized that these
two samples were collected during an ethanol Highdvent. Methanol and ethanol
lowest seasonal fluxes were in the winter and gpr@spectively.

In comparison to previous anaerobic lagoon stu@ekiffman et al. (2001)
identified 9 of these 12 compounds in lagoon watex North Carolina swine CAFO.
The three compounds that were not identified westhanol, ethanol and 4-
methylphenol.

4.3.1.1Influence of Environmental Parameters on NMVOC laagBlux

Seasonal environmental parameters for the carsataples are presented in
Table 4.3. Air temperature ranged from 8°89in the winter to 26.72C in the summer.
As expected, lagoon temperature followed the saattenm, varying from 12.3%C in the
winter to 27.00°C in the summer. In the moderate seasons, falblagemperature was
slightly higher than spring with a temperature 8f27°C, compared to 19.5€ in
spring. Lagoon pH was lowest in the summer, wittalae of 7.33. It was higher in the
fall season with a value of 7.63. However, it wasrehigher in the winter and spring
seasons with values of 8.08 and 8.03, respectiVélg.influence of environmental
parameters was investigated using the coefficienowelation (f), and their respective
p-values, which are presented in Table 4.4. The@@mwental parameter, air temperature

was included in the analysis, as the effect ofdyreamic-flow through chamber system
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on air temperature is small. Arkinson, (2003) ugimg chamber system for flux
measurements determined the difference in air temye to be 1.55 + 2.31C between
the inside and outside of the chamber.

Lagoon temperature and lagoon pH had the highgsifisiant  values (p<0.05)
for 10 of the 12 compounds, with the exceptions@penethanol and ethanol. For all 10
compounds, lagoon temperature had a positive oalstiip with lagoon flux, and pH had
a negative relationship with lagoon flux. Of thd€ecompounds, seven (4-methylphenol,
acetaldehyde, decanal, heptanal, hexanal, octad&-&thyl-1-hexanol) had a highér r
for pH than for lagoon temperature, with the higleesurring for hexanal with af r
value of 0.42 (p=0.0002) (Figure 4.1). Additiondity these seven compounds, lagoon
temperature was also significant (p<0.05), withrthealue on average 0.12 less than the
corresponding’rvalue for lagoon pH. Lagoon temperature had adrigtfor the other
three compounds (MEK, acetone and nonanal), witiglaest f value of 0.33 (p<0.0001)
for MEK (Figure 4.2). For these 3 compounds, lagpblnwas significant (p<0.05) for
two of them, with the’rvalue on average 0.05 less than the correspomtirajue for
lagoon temperature. As mentioned, methanol andhetltad not have their highest
significant f values with lagoon temperature or lagoon pH. Methaighest significant
r’ value was with air temperaturé & 0.29, p=0.0005). Lagoon temperature was also
significant but with a lowerPrvalue (f = 0.15, p=0.02). Lagoon pH though was not
significant. It should be noted that there were fmmmpounds (acetone, hexanal, MEK
and methanol) that had a significant (p<0.05) datien with air temperature. However,

only for methanol was the air temperatireaiue higher than the lagoon temperatdre r
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value. It is not known why air temperature had gdveorrelation with flux than lagoon
temperature. Ethanol was not found to have a sggmft correlation with any
environmental parameters. This poor correlatigdhasresult of the winter high flux

event, which was described in the previous sectdind speed did not have a significant
correlation with any of the NMVOC:s.

The positive relationship between lagoon tempeeaand flux, can be explained
by the effect of temperature on flux, as increaséagoon temperature can increase the
mass transfer coefficient of chemical compoundbetir-lagoon surface interface.
Increases in lagoon temperature can also incréasddnry’s law constant which relates
the equilibrium of a chemical compound at the lagao surface interface. Additionally,
an increase in temperature can increase the ratecoimposition and thus increase the
amount of organic carbon available.

As mentioned, the relationship between lagoon #na pH was negative i.e. as
pH increased, the flux decreased. However, theme isnown literature on the ionization

of NMVOCs to support this analysis.

4.3.2. Barn Concentrations and Emissions

Observational analysis of barn samples showed gasinumber of compounds to
lagoon samples (i.e. over 100). In barn samplg\\BIVOCs had significantly higher
concentrations and emissions in comparison to diyOCs. These six compounds
were also identified in almost every sample. Tr@se&ompounds consisted of two

alcohols (methanol and ethanol), two ketones (aeeémd 2-3 butanedione), an aldehyde
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(acetaldehyde), and a phenol (4-methylphenol). &leesnpounds were all identified by
retention time and confirmed by GC-MS, except f&t Butanedione. 2-3 butanedione
was not in the retention time database, howewgad identified by GC-MS. Of the six
compounds, all except 2-3 butanedione was idedtd&ga significant compound in
lagoon emissions. It should be noted that 2-3 lmdmme was identified in lagoon
samples, however it's fluxes were < 0j8d. nmi” min, and were therefore considered
negligible. Similarly to lagoon samples, there was brand new canister in barn
samples that had elevated levels of methanol, wdsamentioned was attributed to the
manufacture’s cleaning process. This sample wasi@xd from further analysis.

As discussed for lagoon samples, canister samy@es collected during the
daytime, and are therefore not representativefoll day. Accordingly, the NMVOC
barn concentrations and emissions presented dak®into account nighttime variations
in emissions, which were observed foiSbarn concentrations and emissions in chapter
Il. Additionally, the sampling period(s) during thay represented a short sampling
period (Table 4.1) and this should be taken inttant when using the estimated
concentration and emission values.

Seasonal and overall average concentrations aixrggnificant barn
compounds are presented in Table 4.5. Overall geerancentrations range from 2.87
ppb for 4-methylphenol to 16.12 ppb for ethanol.

Variations can be observed in the NMVOCs seasomatentrations (Table 4.5).
Ethanol has it's highest seasonal concentratidhdrspring season with a concentration

of 28.80 ppb and it's lowest concentration in thater with a concentration of 8.67 ppb.
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Methanol has it's highest concentration in the fath a concentration of 20.33 ppb. In
the fall season, this is the highest compound aanagon. The lowest methanol
concentration occurs in the summer (6.84 ppb). dreehas it's highest seasonal
concentration in spring with a concentration of862ppb and it's lowest seasonal
concentration in the summer with a value of 2.08.gimilarly to methanol,
acetaldehyde has it's highest concentration irfah€7.20 ppb) and it's lowest in the
summer (1.44 ppb). 2-3 butanedione also has itjsdst concentration in the fall with a
value of 6.23 ppb. The lowest seasonal concentratwcurs in the winter with a
concentration of 1.36 ppb. The highest 4-methylpheancentration occurs in the spring
(5.25 ppb), and the lowest in the summer (0.95 .pplgrall, it can be observed that all
the highest seasonal concentrations occur in thiegspr fall, and all the lowest in the
summer or winter.

Table 4.6 presents concentrations of these six RI@¥ from previous swine
CAFO barn studies. Blunden et al. (2005) made sammglasurements in front of swine
barns at two swine CAFOs in North Carolina. The sneaments were conducted in two
different seasons. One swine CAFO employed a njtwentilated system, the other
was the same sampling site as this study and tireremployed a mechanically
ventilated system.

The Blunden et al. (2005) study reported conegioins of ethanol, methanol,
acetaldehyde, acetone, and 4-methylphenol. Indhg&aly ventilated system, seasonal
ethanol concentrations varied greatly. In thedatbncentration of 45.1 ppb was

reported, which is higher than any of the seasamatages reported in this study.
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However, the winter concentration was 0.5 ppb, Whias lower than any of the
seasonal averages reported in this study. At the sampling site, ethanol
concentrations were 12.5 ppb in the winter andopi®in the fall. Both concentrations
are lower than the seasonal average concentragposted in this study. Methanol
concentrations at the naturally ventilated CAFOen&t.6 ppb in the fall, which was
slightly larger than the highest seasonal conceatran this study (20.33 ppb). In the
winter season a concentration of 1.2 ppb was regdpwhich is lower than any seasonal
concentration in this study. At the same samplitey soncentrations were 3 ppb in the
fall and 9ppb in the winter, which are lower thhe torresponding seasonal
concentrations reported in this study. Acetone eatrations (1.5 ppb and 1.7 ppb) at the
same sampling site were lower than any of the sedswerages in this study. A low
acetone concentration was also measured at theathateentilated CAFO in winter (0.1
ppb). However, the fall concentration was of simifeagnitude to concentrations in this
study with a value of 13.7 ppb. Seasonal acetalfielopncentrations were 1.8 ppb
(winter) and 3.6 ppb (fall) at the naturally veatdd CAFO and 1.2 ppb (winter) and 2.1
ppb (fall) at the same sampling site. These vatoespare fairly well, however the
concentrations are all lower than two out of therfeeasonal averages (6.54 ppb and 7.20
ppb) in this study. 4-methylphenol was only ideatifin one of the two seasons at each
sampling site. The concentration was higher ferrtaturally ventilated barn, 5.0 ppb
compared to 1.6 ppb. These concentrations aresiofiidar magnitude to the seasonal

concentrations reported in this study.
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Schiffman et al. (2001) identified all six signéiect NMVOCSs in barn air samples
from a swine CAFO. Concentrations were reportechtmtaldehyde, acetone and 4-
methylphenol. However, the study did not quanti@tihanol, ethanol and 2-3
butanedione concentrations. Acetaldehyde was regp¢othave a concentration of 4 ppb,
which is of similar magnitude to the concentratiomgorted in this study. The acetone
concentration was lower than all of the seasonatentrations in this study, with a
concentration of 1 ppb. Conversely, the 4-methyhgheoncentration was slightly higher
than any of the seasonal concentrations in thystwith a concentration of 9 ppb.

Trabue et al. (2008) also reported the concentraifagl-methylphenol from
inside a swine barn in lowa. 4-methylphenol wasiified to have a concentration of 2.4
ppb, which was within the range of seasonal comagaohs measured in this study.

Overall, it can be concluded that seasonal acetoneentrations are generally
higher in comparison to previous swine CAFO studiésthanol, ethanol, acetaldehyde
and 4-methylphenol seasonal concentrations howaweigenerally of a similar
magnitude to previous studies. There have beenewiqus studies reporting 2-3
butanedione concentrations, although Schiffmarn. €2@01) did identify the compound
as being present in barn air samples.

Seasonal emissions were calculated using thelatoti rate at the time of
sampling. The barn ventilation rates and the cpording environmental parameters are
presented in Table 4.7. The seasonal and overalhge emissions for the six significant
NMVOCs are presented in Table 4.8 in units of g'dahe NMVOC with the highest

overall average emission is ethanol with a valug795 g day. Methanol has the"?
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highest overall average emission rate with an éorissf 22.24 g day, which is only
slightly higher than the overall average emissate for acetone (19.62 g d3y The
overall average emission rates of 2-3 butanediane 4-methylphenol are lower with
similar emissions of 14.89 and 13.40 g daespectively. The lowest overall average
emission rate is acetaldehyde with an emission®¥ g day-.

Four of the six compounds have their highest donsste in the spring. These
are acetone (34.85 g d9y methanol (28.46 g ddy, 4-methylphenol (28.22 g ddyand
ethanol, which has the highest overall seasonadsan rate with an emission of 61.34 g
day'. The two other compounds, acetaldehyde and Z#hbdione had their highest
emissions in the fall, with emissions of 13.92 g'tland 22.93 g dal; respectively. The
spring and fall seasons have tfitahd 2° highest seasonal emission rates for all of the
six compounds apart from ethanol, where the sunse&son had thé%highest seasonal
flux. For all six compounds, the winter season tiedlowest emission rate.

Animal weight is considered to be a factor thdtignces barn emissions,
therefore seasonal emissions were normalized f@k§0f live animal weight, also
referred to as 1 animal unit (AU). The live animadight, the corresponding pig
production numbers and the normalized NMVOC sedseméssions are presented in
Table 4.9. Normalizing the emissions for live anlinvaight only affected the seasonal
trend of one of the six compounds, which was methas mentioned, the highest
seasonal methanol emission rate was in the spg2Big¢¢ g day), followed by the fall
with an emission rate of 26.92 g dayHowever, the larger live animal weight in the

spring compared to the fall, resulted in highemmalized emissions in the fall season
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than the spring, 0.39 compared to 0.32 g'day™, respectively. The highest overall
average normalized emission rate was ethanol witkee of 0.45 g dayAU™, followed
by methanol and acetone with normalized emissi®é@s2¥ and 0.24 g dayAU™,
respectively. 2-3 butanedione had a normalized sotigate of 0.19 g ddyAU™, which
was slightly higher than the normalized emissidae od 4-methylphenol, which was 0.16
g day’ AU™. The lowest normalized emission rate of the sixpounds was
acetaldehyde with an emission of 0.10 g Hay ™.

There are seven compounds (decanal, 2-ethyl-1-loéXagptanal, hexanal, MEK,
nonanal, and octanal) that were identified as Bgamnt compounds in lagoon emissions
that were not significant compounds in barn emissi@hese compounds, seasonal
concentrations, emissions and normalized emissimnpresented in Table 4.10.
Emissions were normalized for 500 kg of live animalght, using the same live animal
weight data presented in Table 4.9. It should dedhthat MEK concentrations were less
than 0.1 ppb, therefore they were considered nétgignd were not quantified. It can be
observed that the concentrations and emissiortgesttcompounds are considerably
lower, and are up to two orders of magnitude lothan the six significant compounds
identified in this study. It should be noted thiatifarly to the lagoon samples, that some
hexanal, heptanal and octanal samples may haveafieeted by a possible system peak.
Therefore three heptanal, two hexanal and one aksample were excluded from
analysis. These seven compounds were all identifyegsichiffman et al. (2001) in air

samples taken from a barn at North Carolina swiAE@.
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4.3.2.1. Factors Influencing Barn Emissions

The variance in NMVOC emissions is the result &f itifluence of a range of
factors. Some of the most important factors aredtibat influence the amount of organic
carbon in the barn, which is determined by the amhofimanure in the barn and the
organic carbon content of the manure. The amoubaof manure is influenced by the
total animal weight, which was taken into accounthis study. However, there are other
manure management factors such as the amount@ftime the barn was cleaned and
flushing frequency that will also influence the ambof manure inside the barn. The
organic carbon content of the manure is influermgthe carbon content of the feed and
the efficiency of the swine in retaining the carbbiM\VOC emissions are also
influenced by environmental factors that affectithie of releasef compounds from the
manure into the air. Important environmental fagthiat may influence emissions
include temperature, which was measured at thefaarautlet. Barn temperatures were
highest in the summer, with a seasonal sample geerb31.15C, followed by spring
and fall with seasonal sample averages of 2%48nd 23.81C, respectively. The
lowest seasonal sample average was winter withug wd 20.01°C. The influence of
barn temperature on normalized emissions in thidysivas determined usingvalues.
Normalized ethanol emissions was found to haveakwesitive relationship with barn
temperature {r= 0.23, p<0.0022), (Figure 4.3.). The other fignificant compounds’
normalized emissions were found to have little @relationship with barn temperature,
with all the £ values for this relationship less than 0.05 amdcttrresponding p-values

greater than 0.05. However, the weak relationsbhgteeen barn temperature and
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NMVOCs normalized emissions were expected. As dsed in chapter I, the balance
between the input and outputs of emissions in #ra makes it hard to determine the
influence of environmental parameters.

There are other environmental factors that mayémice NMVOC barn emissions
such as manure pH and the air velocity above theumeasurface. It was though beyond

the scope of this study to measure these envirotahgarameters.

4.3.3. Potential Environmental | mpacts

43.3.1. Odor

The emission of odorous compounds from swine CA&&Pshave a health impact
on people who live in the surrounding area. Chehuempounds become odorous when
they exceed their odor detection threshold. Thdefned as the lowest concentration of
a chemical compound that produces a sensory resjpotise olfactory receptors of
humans (American Industrial Hygiene AssociationHA), 1989). In odor testing, it is
defined as the minimum concentration of sensorgarse detected in 50% of the odor
panel (AIHA, 1989). Unpleasant odors cause a i@aah the human nervous system to
warn us against unsafe air and food. This in téfeces the functionality of the human
brain and body, which can result in the developne¢tiealth symptoms and furthermore
health effects (Schiffman and Williams, 2005). Cieahcompounds have the potential
to be odorous if they have low odor thresholdghla study, eight odorous NMVOCs
(heptanal, octanal, nonanal, decanal, ethylbenZ8dyutanedione, 4-methylphenol and

hexanal) were identified in barn samples from thene CAFO. Of the eight odorous
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NMVOCs, two (4-methylphenol and 2-3 butanedionejerggnificant NMVOCs in barn
samples. Compounds were defined as odorous, ifithdyan odor threshold less than 10
ppb. The odor thresholds for these compounds aiddbor characteristic are presented
in Table 4.11. It can be observed that there tlog tdesholds vary slightly. This is due
to the different methodologies and sources usekktermine the odor threshold.
A comparison of NMVOC barn concentrations to tleelor threshold is presented in
Table 4.12.Ethyl benzene concentrations were less than 0.1thplkefore this
compounds’ concentration was considered negligibttwas not included in the
analysis.

4-methylphenol was the NMVOC that exceeded it'srabdceshold the most
frequently. Three out of the four 4-methylphen@smal averages were above all the
odor thresholds, with a highest seasonal avera§e26fppb in the spring, which is ~3
ppb above the highest odor threshold, and almasbrders of magnitude higher than the
lowest odor threshold. The summer seasonal avevagehe exception with a
concentration of 0.95 ppb, which was above twdefthree odor thresholds. 34 of the 38
(~89%) 4-methylphenol sampt@ncentrations were found to exceed the lowest odor
threshold of 0.068 ppb and over two-thirds (26d)haf sample concentrations also
exceeded the"2highest odor threshold of 0.264 ppb. Furthermexectly half of the
sample concentrations (19) exceeded the highesttbashold of 1.86 ppb. Sample
concentrations were generally highest in the spsargpling season, with all nine sample
concentrations exceeding the highest odor threshdlis season. However, the highest

individual sample concentration was 11.67 ppb, Whccurred in the winter season.
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2-3 butanedione concentrations exceeded theirthdeshold the second most
frequently of the NMVOCs. Three of the four averagasonal concentrations were
above the lowest odor threshold of 1.42 ppb, with seasonal concentration exceeding
the 2% highest odor threshold of 4.37 ppb. No seasonat@uatrations exceeded the
highest odor threshold of 7.39 ppb, with the higlseasonal concentration occurring in
the fall with a concentration of 6.92 ppb. 23 o 88 (~61%) 2-3 butanedione sample
concentrations exceeded the lowest odor thresiHdd@ ppb. There were 14 (37%)
sample concentrations that exceeded fi@ighest odor threshold of 4.37 ppb and 4
(11%) sample concentrations that exceeded the $tigiger threshold of 7.39 ppb.
Sample concentrations were highest in the fallsprthg, with the highest sample
concentration occurring in the fall with a conceatibn of 22.28 ppb, which is ~3 times
larger than the highest odor threshold.

For nonanal, only individual samples exceededdiest odor threshold of 0.77
ppb. The highest seasonal concentration was isgheg with a concentration of 0.64
ppb. Six (16%) of the sample concentrations extieedowest odor threshold. These
were all from the fall and spring sampling periaath the highest sample concentration
occurring in the spring with a concentration ofQLppb.

Similarly to nonanal, decanal had no seasonal curat@ns exceeding it's odor
threshold, which was 0.89 ppb. The highest seasmmalentration was in the fall with a
concentration of 0.28 ppb. However, there was amapde concentration in the fall

season that was above the odor threshold, witmeerdration of 1.63 ppb.
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Heptanal, hexanal, and octanal sample concentsatiene all below their odor
thresholds. The highest seasonal heptanal contentwas spring with a concentration
of 0.34 ppb, which is an order of magnitude beltsvlowest odor threshold of 4.79 ppb.
The spring also had the highest heptanal sampleeotration with a concentration of
0.74 ppb, which was also significantly below thevést odor threshold. The highest
seasonal hexanal concentration was spring witmaegdration of 0.78 ppb. The winter
season had the highest hexanal sample concentratioch was 1.50 ppb. Both the
highest seasonal and sample concentration weretieélowest odor threshold of 7.0
ppb. For octanal, the highest seasonal concentraias fall with a concentration of 0.15
ppb and the highest sample concentration was qab3wghich occurred in spring. Both
were below the lowest odor threshold of 1.11 ppb.

4.3.3.2. Hazardous Air Pollutants

Hazardous air pollutants (HAPs) are defined byl EPA as pollutants that
are known to cause cancer or other serious heffdti® such as damage to the immune
system, reproductive, developmental, neurologanad, respiratory effects (U.S. EPA,
2009b). The U.S. EPA identified 188 hazardous allupants (HAPSs), of which 162 are
NMVOCs (U.S. EPA, 2009a). In this study, four oé tsignificant compounds emitted
from the lagoon and barn were HAPs. These weraattyde, methanol, 4-
methylphenol, and MEK. A further HAP identified legoon and barn samples by
retention time and GC-MS was hexane. Seasonal ke@rcentrations, emissions, and
normalized emissions are presented in Table £&8sonal hexane barn concentrations

ranged from 0.08-1.20 ppb, with an overall averaggcentration of 0.63 ppb. Emissions
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ranged from 0.74 g to 3.69 g daywith an overall average emission of 1.98 gtay
Normalized emissions ranged from 0.009-0.042 g'dsly ™, with an overall average
emission of 0.022 g ddyAU™. Hexane lagoon samples all had fluxes less thahQ
m min?, therefore the lagoon emissions were considergtigitle and were not
guantified. Additionally a further seven HAPs w@entified by retention time in lagoon
and barn samples. These were benzene, ethyl bemmetteyl chloride, styrene, xylene,
toluene and 2,2,4 trimethylpentane. All of thesmapounds had lagoon fluxes less than
0.01pg m? min™® and barn concentrations less than 0.1 ppb, theréfese lagoon and
barn emissions were considered negligible and wetguantified. Schiffman et al.,
(2001) identified all the HAPs in this study apfadm styrene and 2,2,4
trimethylpentane.

4.3.3.3. North Carolina NMVOCs Emissions

The potential regional environmental impact of NM@Gwine CAFO emissions
can be evaluated by determining the total Nortlolta swine CAFO emission$o
determine the NMVOC North Carolina lagoon emissjdhs total lagoon area for North
Carolina was estimated. Aneja et al. (2000) us8®@T satellite image of North
Carolina to determine that the average size ofiaesi@agoon was approximately 1 ha
(10,000 ). The number of swine CAFOs in North Carolina wesvided by the United
States Department of Agriculture (USDA). Their mestent estimate of the number of
swine CAFOs was 2,800, for the year 2007 (USDA 200sing this information and
the overall seasonal lagoon flux, the NMVOC Nortrdina lagoon emissions were

estimated.
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The NMVOC North Carolina barn emissions were calted based on the most
recent estimate of the number and weight of hodsoirih Carolina (December, 2008-
February, 2009 period), as provided by the USDARAS2009).The USDA provides
information on swine population in five differeriasses; breeding, under 60 Ibs, 60-119
Ibs, 120-179 Ibs, and over 180 Ibs. It was deteechithat the average weight of a
breeding pig was 433 Ibs (Williams, 2005). The urélelbs category was interpreted as
representing feeder pigs, which is estimated te fzvaverage weight of 30 Ibs
(Williams, 2005). For 60-119 Ibs and 120-179 Ihs &verage of the weight range was
used, i.e. 90 and 150 Ibs. For the > 180 Ibs caye@@0 Ibs was estimated to be the
average pig weight. From this the total live animalght for North Carolina was
calculated, which is presented in Table 4.14. Ysdms and the overall average
normalized emission (Table 4.9), the NMVOC barnssmins were estimated. The barn
emissions, the lagoon emissions, and the totalstomis (lagoon + barn) are presented in
Table 4.150f the NMVOCs, ethanol has the largest North Casfwine CAFO
emissions with an emission of 206,367 kg.yFhe second highest was acetone with an
emission of 134,765 kg yr which was closely followed by methanol with anigsion of
134,732 kg yt. The 4" and %" highest are 2-3 butanedione and 4-methylphendi wit
emissions of 81,704 and 70,064 ki yrespectively. The next highest is acetaldehyde
with an emission of 53,798 kg yrThe other aldehyde compounds, MEK, hexane and 2-
ethyl-1-hexanol had smaller emissions ranging f&&67 to 16,519 kg ¥t With the
exception of MEK, it can be observed that barndrdmute 72.7% to ~100% of

NMVOCs emissions in this study.
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4.3.3.4. Ozone Potential

The potential for NMVOCs to form ozone was estiaaby taking into account
NMVOCs North Carolina emissions and their reactate with the hydroxyl radical
(OH). Although this estimation technique does nee@ complete representation of
potential ozone production, it does provide andatbr of the VOCs that are most likely
to contribute to the formation of ozone.
Reaction rates were normalized by propylene reactte as suggested by the National

Research Council (NRC), (1991), therefore:

3)

OzonePotential= Emissiomx)(
Kow (P)

Kow (X) j

where x is the North Carolina emission of the NMV@fGnterest in kg yt, kow (X) is
the reaction rate of the NMVOC of interest with Q&hd ko (p) is the reaction rate of
propylene with OH, which is 2.63 x 1bcm® moleculé' s* (Atkinson and Arey, 2003).
Table 4.16 presents the ozone potential of thefgignt NMVOCs measured in this
study. For six of the NMVOCs (2-3 butanedione, 4tmiphenol, decanal, nonanal,
octanal, and 2-ethyl-1-hexanol), the reaction vate OH could not be found in
literature.

Due to it's reaction rate with OH, acetaldehydhijol had the 8 largest
emission, had the highest potential to form ozerith a value of 32,320 kg yr
Ethanol, which had the largest emissions, ha@thbighest potential to form ozone
with a value of 25,659 kg Yr Hexanal and heptanal had tH&ahd 4" highest potential

to form ozone, with values of 16,368 and 8,585 KYj yespectively. Hexanal and
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heptanal had low emissions, but had the fastestioparatef the NMVOCs. As a
result of their low reactivity, both methanol (4688g yr*) and acetone (1,122 kg¥)r
had low potentials to form ozone, despite theigéaemissiondHexane also had a low
potential for ozone formation (1,906 kg“yrwhich was mostly due to low emissions.
The lowest ozone potential was MEK (382 ki)ydue to a combination of low

emissions and low reactivity.

4.4, CONCLUSIONS

NMVOCs emissions were measured over four seasamapling periods from an
anaerobic lagoon and barn at a swine CAFO in NGdtolina. The NMVOC emissions
were evaluated with respect to seasonal variadodsthe influence of the environmental
parameters. The potential environmental impactwfie CAFO emissions was assessed
in a number of wayS\MVOC barn exhaust concentrations were compareleio odor
threshold. Also, hazardous air pollutants (HAPs)endentified in lagoon and barn
samples. In addition, HAPs emissions were calcdlad®erage seasonal NMVOC
emissions from the lagoon and barn were used tmaist total North Carolina swine
CAFO emissions. The potential for NMVOCs to fornoone was also assessed.

12 significant compounds were identified in lagsamples. Of the significant
lagoon NMVOCs, three were alcohols (ethanol, 24ethlgexanol, and methanol), six
were aldehydes (acetaldehyde, decanal, heptana@nék nonanal and octanal), two
were ketones (acetone and methyl ethyl ketone (ME)d one was a phenol (4-

methylphenol). Overall average fluxes of these counmgls ranged from 0.Q8& m? min
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! for 4-methylphenol to 2.1fig m min™ for acetone. For seven of these 12 compounds
(4-methylphenol, acetaldehyde, decanal, heptaeahral, octanal and 2-ethyl-1-
hexanol), pH was found to have the strongest meatiip with flux. For all seven
compounds, the relationship between pH and flux meagmtive. Three of the NMVOCs
(methyl ethyl ketone, acetone and nonanal) weradda have their strongest
relationship with lagoon temperature, with fluxesreasing as lagoon temperature
increased. One NMVOC (methanol) was found to hégesirongest relationship with air
temperature. Similarly to lagoon temperature, tationship was positive. Ethanol was
the only compound not to have any significant retathips with environmental
parameters.

In barn samples, six significant compounds wdeaiified, two alcohols
(methanol and ethanol), two ketones (acetone adth@®anedione), an aldehyde
(acetaldehyde) and a phenol (4-methylphenol). Qlvavarage concentrations for these
six compounds ranged from 2.87 ppb for 4-methylph&m16.12 ppb for ethanol.
Ethanol also had the highest normalized overaliaye emission rate, with an emission
of 0.45 g day} AU™. The lowest normalized overall average emissio® was
acetaldehyde with an emission of 0.16 g Hay ™. As a result of the nature of the barn
environment, it is hard to determine the effect¥ironmental parameters on NMVOC
emissions, however, one NMVOC, ethanol had a waakfieant relationship with barn
temperature.

Eight odorous compounds were identified in bamgas. Of these eight, four

had concentrations that exceeded an odor threshaoigthylphenol was the compound
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that exceeded it's odor thresholds the most fretipand by the largest magnitude. Four
of the significant NMVOCs emitted from lagoons drains were also hazardous air
pollutants (HAPS). These were acetaldehyde, methdmoethylphenol and methyl ethyl
ketone. Additionally, there were a further eight Psg\identified in lagoon and barn
samples (benzene, ethyl benzene, hexane, metloyldsl styrene, xylene, toluene and
2,2,4 trimethylpentane).

Using overall average lagoon flux and overall agerbarn emissions, the
NMVOC swine CAFO emissions for North Carolina weedculated. The NMVOC with
the largest North Carolina swine CAFO emissions @thanol with an emission of
206,367 kg yr. For all but one NMVOC, the barns composed theoritgjof North
Carolina swine CAFO emissions in this study, witinttibutions ranging from 72.7% to
~100%. NMVOCs were evaluated for their potentiaiaion ozone by taking into
account their emissions and their reaction rath tié hydroxyl radical (OH). From this,

acetaldehyde was identified as the NMVOC with tlghést potential to form ozone.
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Table 4.1. Time (EST) and frequency of canistersamm.

Day 1 Day 2 Day 3 Day 4 Day5 Day6 Day|7 Totanber
of samples
Lagoon Summer 17:40 15:23 15:20 10:51 15:07  13:4110:58 10
13:52  11:07
11:16
Fall 16:30 14:01 16:25 15:33 15:24 10
16:42 16:01 15:34
15:43
16:00
Winter 16:28 14:25 15:45 10:31 11
16:41 14:36  16:01 10:42
16:50 16:32 10:52
Spring 12:36  11:50 15:08 12:37 10
12:45 11:59 15:17 12:48
12:57 12:08
Barn Summer 12:24 14:40 14:12 8:36 10
14:49 14:21 8:50
14:59 8:59
15:08
Fall 15:35 14:02 15:30 15:23 10
14:19 16:01 15:34
16:15 15:44
16:25
Winter 14:32 12:56  13:43 12:58 9
14:43 13:09 14:03 13:07
14:30
Spring 14:33 12:09 13:16 15:10 11:53 9
14:45 13:25 1521 12:01
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Table 4.2. Seasonal NMVOC fluxes and their ovesadisonal fluxes.
Flux (ug m? min™)

Summer Fall Winter Spring Overall
Average

Acetaldehyde 1.6"“7(1.20}’ 0.40 (0.14) 0.34 (0.19) 0.24 (0.10) 0.66
n=10 n=10 n=11 n=10

Acetone 441 (1.26) 1.00(0.31) 1.19(0.20) 1.82(0.84) 2.11
n=10 n=10 n=11 n=10

Decanal 0.21 (0.10) 0.07 (0.03) 0.09 (0.07) 0.06 (0.03) 0.11
n=10 n=10 n=11 n=10

Ethanol 0.55(0.37) 0.26 (0.16) 1.54(3.78) 0.02 (0.01) 0.59
n=10 n=10 n=11 n=10

2-ethyl-1-hexanol  0.54 (0.66) 0.06 (0.02) 0.06 (0.07) 0.06 (0.02) 0.18
n=10 n=10 n=11 n=10

Heptanal 0.27 (0.31) 0.06 (0.04) 0.06 (0.03) 0.05(0.02) 0.11
n=10 n=10 n=10 n=10

Hexanal 0.31(0.15) 0.11(0.04) 0.08 (0.05) 0.07 (0.02) 0.14
n=7 n==6 n=9 n=9

Methanol 1.39(1.15) 1.53(0.41) 0.67(0.23) 1.16(0.84) 1.19
n =10 n==6 n=11 n=10

MEK 0.97 (0.22) 0.42(0.14) 0.41(0.16) 0.42 (0.06) 0.56
n=10 n=10 n=11 n=10

4-methylphenol 0.17 (0.08) 0.03 (0.02) 0.06 (0.04) 0.04 (0.03) o0.07
n=10 n=10 n=11 n=10

Nonanal 0.29 (0.29) 0.06 (0.04) 0.09 (0.09) 0.06(0.02) 0.13
n=10 n=10 n=11 n=10

Octanal 0.30 (0.34) 0.06 (0.04) 0.07 (0.05) 0.05(0.02) 0.12
n=10 n=10 n=11 n=10

& Mean value
b +1 standard deviation
“ Number of samples
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Table 4.3. Seasonal environmental parameters fostea samples.

Season Lagoon Lagoon pH Air Temperature Wind Speed
Temperature®C) (°C) (m/s)

Summer  27.00 (3.34f 7.33 (0.16) 26.74 (3.32) 2.23 (0.87)
n=10 n=>5 n=10 n=10

Fall 23.27 (1.67) 7.63 (0.16) 25.49 (3.01) 3.07 (2.03)
n=10 n=10 n=10 n=10

Winter 12.34 (2.50) 8.08 (0.11) 8.59 (1.23) 2.38 (0.77)
n=11 n=11 n=11 n=11

Spring 19.59 (1.77) 8.03 (0.07) 18.30 (6.24) 4.37 (1.80)
n=10 n=10 n=10 n=10

& Mean value

b +1 standard deviation
(o4

n is the number of observations
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Table 4.4. 7 and p-values for the relationship between NMVOgbtan
fluxes and environmental parameters.

Lagoon Lagoon pH Air
Temperature Temperature
r? p-value f p- r*  p-value
value

Acetaldehyde 0.16 0.01 0.32 <0.01 0.15 o0.10
Acetone 0.32 <0.01 0.20 <0.01 0.16 0.01
Decanal 0.13 0.02 0.19 0.01 0.07r 0.10
Ethanol 0.04 0.21 0.01 064 0.04 0.22
2-ethyl-1-hexanol  0.14 0.02 0.26 <0.01 0.08 0.07
Heptanal 0.10 0.05 0.23 <0.01 0.07 0.09
Hexanal 0.26 <0.01 042 <001 025 <0.01
Methanol 0.15 0.02 <0.01 085 029 <0.01
MEK 0.33 <0.01 032 <0.01 023 <0.01
Nonanal 0.10 0.04 0.09 0.08 0.07 0.10
Octanal 0.10 0.04 0.19 <0.01 0.08 0.08
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Table 4.5. NMVOC concentrations from swine CAFOrisar

Concentration (ppb)
Acetaldehyde Acetone 2-3 butanedione Ethanol Methanol 4-methylphenol

Summer 1.4% 2.03 2.33 12.85 6.84 0.95
(2.21}O (2.72) (3.04) (15.28) (6.29) (1.12)
n=10 n=10 n=10 n=10 n=10 n =10

Fall 7.20 10.29 6.23 14.15 20.33 2.37
(6.59) (4.30) (6.22) (7.81) (11.35) (2.50)
n=10 n=10 n=10 n=10 n=9 n=10

Winter 2.39 7.31 1.36 8.67 14.17 2.91
(4.86) (4.49) (2.08) (15.89) (12.32) (4.31)

n=9 n=9 n=9 n=9 n=9 n=9
Spring 6.54 12.85 4.33 28.80 19.18 5.25
(2.32) (4.89) (2.30) (7.33) (5.89) (1.73)
n=9 n=9 n=9 n=9 n=9 n=9

Overall 4.17 8.12 3.56 16.12 15.13 2.87

average

concentration

& Mean value
® +1 standard deviation
¢ Number of samples
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Table 4.6. NMVOCs concentrations from previous ®M3AFO barn studies (ACE =Acetaldehyde, ACT = Aneto

2-3 B = 2-3 butanedione , ETH = Ethanol, MET = Maetbl, 4-MP = 4-methylphenol).

Reference Location  Vent Manure collection Production  Month
System  system/description type Concentration (ppb)
of sample location
ACE ACT 23B ETH MET 4-MP
Schiffman et al. (2001) NC NS NS/ inside barn NS NS 4.0 1 2 2 2 9
Blunden et al. (2005) NC N Shallow pit/ outside Finish Sep 2.1 13.7 - 45.1 21.6 5.0
of barn near fan
Blunden et al. (2005) NC N Shallow pit/ outside Finish Jan 1.2 0.1 - 0.5 1.2 0
of barn near fan
Blunden et al. (2005) NC M Shallow pit/ outside Finish Oct 3.6 15 - 1.0 3.0 0
of barn near fan
Blunden et al. (2005) NC M Shallow pit/ outside Finish Feb 1.8 1.7 - 125 9.0 1.6
of barn near fan
Trabue et al. (2008) 1A M Shallow pit/inside  Finish NS - - - - - 2.4
barn
This study NC M Shallow pit/barn fan Finish June 41. 20 2.3 12.8 6.8 1.0
This study NC M Shallow pit/barn fan Finish Oct- 7.2 10.3 6.2 14.1 20.3 2.4
Nov
This study NC M Shallow pit/barn fan Finish Feb 24 7.3 1.4 8.7 14.2 2.9
This study NC M Shallow pit/barn fan Finish Apr 6.5 12.9 4.3 28.8 19.2 5.2

NS = not specified, N = naturally ventilated, M=chanically ventilated
#Compound identified, but concentration not reparted
®Barn temperature was reported aSCL5
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Table 4.7. Ventilation rate and corresponding emvimental
parameters during canister sampling.

Season Ventilation Barn Ambient
rate Temperature Temperature
(m® min™) (°C) (°C)
Summer 2040 30.27 31.15
(589) (3.18) (2.48)
n =10 n=10 n=10
Fall 725 16.42 23.70
(289) (3.67) (1.81)
n=10 n=10 n=10
Winter 435 14.05 19.78
(296) (4.15) (2.78)
n=9 n=9 n=9
Spring 850 22.42 27.61
(366) (3.47) (1.62)
n=9 n=9 n=9
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Table 4.8. Seasonal emissions of NMVOCs.
Emission (g day)
Acetaldehyde Acetone 2-3 butanedione Ethanol  Mwtha4-methylphenol

Summer 5.07 9.58 16.60 55.33 22.25 9.05
(6.79¥ (11.12) (17.62) (44.98)  (16.36) (8.25)
Fall 13.92 24.96 22.93 28.40 26.92 10.90
(11.91) (11.92) (21.57) (19.73)  (21.62) (14.77)
Winter 1.78 9.10 2.04 6.71 11.32 5.43
(3.62) (7.41) (2.99) (12.25)  (14.87) (7.75)
Spring 11.12 34.85 18.00 61.34 28.46 28.22
(4.08) (12.63) (13.17) (17.98)  (9.23) (14.67)
Overall 7.97 19.62 14.89 37.95 22.24 13.40
average
emissions

2 Mean value
b +1 standard deviation
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Table 4.9. Seasonal pig production information @redcalculated normalized NMVOCs emission rates
(ACE =Acetaldehyde, ACT = Acetone, 2-3 B = 2-3 Imgidione , ETH = Ethanol, MET = Methanol, 4-MP = &thylphenol).

Sampling Number Number Average Total Live Normalized Emissions
Season of Pigs of weeks Weight  Animal (g day* AU
in rotation (k) Weight
(kg)
ACE ACT 23B ETH MET 4MP
Summer 884.5 7-8 48.7 43,049 ¢:06 0.11 0.19 064 026 0.11
(0.08f (0.13) (0.20) (0.52) (0.19) (0.10)
Fall 994.5 4-5 34.6 34,428 0.20 036 033 041 039 0.16
(0.127) (0.127) (0.31) (0.29) (0.31) (0.21)
Winter 476 20-21 116.6 55,513 0.02 0.08 0.02 0.06 0.10 0.05
(0.03) (0.07) (0.03) (0.11) (0.13) (0.07)
Spring 874.5 8-9 50.6 44,262 013 039 020 069 032 0.32
(0.05) (0.14) (0.15) (0.20) (0.10) (0.17)
Overall 0.10 0.24 0.19 0.45 0.27 0.16
average
emissions

2 Mean value
b +1 standard deviation
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Table 4.10. NMVOCs seasonal and average seasamggmivation, emissions and normalized emissions.

Decanal 2-ethyl-1-hexanol Heptanal Hexanal Nonanal Octanal
Summer Concentration (ppb) 0.03(0.06¥ 0.24 (0.28) 0.09 (0.07) 0.26(0.15) 0.19 (0.12) 0.10 (0.12)
Emission (g day) 0.57 (1.26) 4.23 (5.25) 1.28 (1.00) 3.36 (2.42) 2.92 (1.64) 1.55 (1.39)
Emission (g day AU™) 0.007 (0.015) 0.049 (0.061) 0.015 (0.012) 0.039 (0.028) 0.034(0.019) 0.018 (0.016)
Number of samples n=10 n=10 n=9 n=9 n=10 n=9
Fall Concentration (ppb) 0.28 (0.48) 0.27 (0.24) 0.23(0.19) 0.49 (0.33) 0.48 (0.45) 0.17 (0.09)
Emission (g day) 1.53(1.91) 1.56 (1.30) 1.18 (1.20) 2.08 (1.55) 2.75 (2.68) 0.93 (0.66)
Emission (g day AU™) 0.022 (0.028) 0.023 (0.019) 0.017 (0.017) 0.030(0.022) 0.040 (0.039) 0.013(0.010)
Number of samples n=10 n=10 n=9 n=10 n=10 n=10
Winter Concentration (ppb) 0.10 (0.06) 0.09 (0.12) 0.11 (0.14) 0.37 (0.51) 0.29 (0.30) 0.07 (0.07)
Emission (g day) 0.51(0.63) 0.21 (0.27) 0.22 (0.26) 0.62 (0.86) 1.15 (1.67) 0.19 (0.15)
Emission (g day AU™) 0.005 (0.006) 0.002 (0.002) 0.002 (0.002) 0.006 (0.008) 0.010 (0.015) 0.002 (0.001)
Number of samples n=9 n=9 n=9 n=9 n=9 n=9
Spring Concentration (ppb) 0.08 (0.11) 0.33 (0.24) 0.34 (0.18) 0.78 (0.36) 0.64 (0.50) 0.17(0.17)
Emission (g day) 0.54 (0.65) 2.58 (2.55) 1.77 (0.64) 3.30 (1.36) 4.42 (3.48) 0.92 (0.73)
Emission (g day AU™) 0.006 (0.007) 0.029 (0.029) 0.020 (0.007) 0.037 (0.015) 0.050 (0.039) 0.010 (0.008)
Number of samples n=9 n=9 n=_8 n =8 n=9 n=9
Overall average concentration (ppb) 0.12 0.23 0.19 0.48 0.40 0.13
Overall average emission (g day 0.79 2.14 1.11 2.34 2.81 0.90
Overall average emission (g dagU™) 0.010 0.026 0.013 0.028 0.034 0.011

a
Mean value

®+1 standard deviation
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Table 4.11. Odor threshold and characteristic offods NMVOCSs.

Compound Odor Threshold Odor Characteristic

(ppb)
Heptanal 4.7953.5 Fruit, heavy, sweet, estery
Octanal 1.351.11-2.59 Aldehydic
Nonanal 2.2%4 0.77-2.08 Earthy, aldehydit
Decanal 0.89 ND
Ethylbenzene 2.88 ND
2-3-Butanedione  4.371.42-7.38 Chlorine like, butter lik&
4-methylphenol  1.860.06793-0.264 Medicinal, phenolic, barnyard
Hexanal 13.87.0-12.8 Grassy

ND = No Description of odor characteristic
! Devos et al. (1990)

2 Rychlik et al. (1998)

% Haz -Map (2009)

* Schiffman et al., (2001)

> Cai et al., (2006)
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Table 4.12. A comparison of NMVOC barns concentraito their odor thresholds

Number of samples exceeding
odor threshold

Compound Odor threshold Summer Fall Winter Spring
(ppb)

2-3 butanedione 1.42 42y 8Y 3N 8Y
8.57 22.28 6.58 7.92
4.37 2N 6Y 1N 5N
7.39 IN 2N 0 1N

Decanal 0.89 0 1N 0 0
0.18 1.63 0.21 0.34

Heptanal 4.79 0 0 0 0
0.20 0.53 0.35 0.74

Hexanal 7.0 0 0 0 0
0.55 1.07 1.50 1.49
4-methylphenol 0.06793 9Y 10Y 6Y 9Y
3.12 7.67 11.67 8.06
0.264 5Y 7Y 5Y 9Y
1.86 2N 5Y 3Y 9Y

Octanal 111 0 0 0 0
0.31 0.34 0.18 0.53
Nonanal 0.77 0 3N 0 3N
0.35 1.26 0.73 1.70

21f there are individual samples exceeding the ddashold, the letter indicates if the
seasonal average exceeds the odor threshold, ¥$=Nre No
P Highest individual sample concentration observeddch season
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Table 4.13. Hexane seasonal and overall averageentrations, emissions
and normalized emissions.

Concentration Emissions Emissions
(ppb) (g day’) (g day" AU™)
Summer 0.08 0.74 0.009
(0.05),n=10 (0.42) (0.005)
Fall 0.29 1.19 0.017
(0.20),n =10 (2.07) (0.016)
Winter 1.20 2.29 0.021
(0.86),n=9 (1.42) (0.013)
Spring 0.96 3.69 0.042
(0.37),n=9 (1.33) (0.015)
Overall 0.63 1.98 0.022
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Table 4.14. Live animal weight calculations for gtate
of North Carolina for the December, 2008 — Februa@p9 period.
Average Number  Total

Weight Weight

(Ib) (Ib)
Breeding 433 980,000 4.24 90
< 60 Ibs 30 3,300,000 9.90 *10
60-119 Ibs 90 1,930,000 1.74 *80
120-1791bs 150 1,750,000 2.63 **10
>180 Ibs 220 1,640,000 3.61 *80
Total live 1.32* 10
animal weight
(Ibs)
Total live 5.99* 1¢f
animal weight
(kg)
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Table 4.15. Lagoon, barn and total NC NMVOC swifd=O emissions

Compound NC % lagoon NC % barn Total NC
lagoon  contribution barn contribution swine CAFO
emissions  to total emissions  to total emissions
(kgyr')  emissions (kgyr') emissions (kg yr?)
Methanol 17,464 13.0 117,268 87.0 134,732
MEK 8,208 ~ 100 NQ - 8,208
Ethanol 8,701 4.2 197,666 95.8 206,367
4-methylphenol 1,097 1.6 68,967 98.4 70,064
Acetaldehyde 9,782 18.2 44,016 81.8 53,798
Acetone 30,983 23.0 103,781 77.0 134,765
Decanal 1,548 26.4 4,319 73.6 5,867
Heptanal 1,632 21.7 5,894 78.3 7,526
Hexanal 2,089 14.6 12,260 85.4 14,349
Nonanal 1,861 11.3 14,658 88.7 16,519
2-3 butanedione NQ - 81,704 ~ 100 81,704
Hexane NQ - 8,744 ~ 100 8,744
Octanal 1,795 27.3 4,771 72.7 6,567
2-Ethyl-1- 2,616 18.9 11,232 81.1 13,848
hexanol

NQ = Not quantified.
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Table 4.16. NMVOCs ozone potential.

Emission Reaction rate Propylene Ozone
(kgyr)  (cm®moleculé' s) normalized potential
reaction rate (kg yr?)

Methanol 134,732 9.44 * 192 0.036 4,836
Ethanol 206,367 3.27 * 162 0.124 25,659
Acetaldehyde 53,798 1.58 * 162 0.600 32,320
Acetone 134,765 2.19 * 192 0.008 1,122
Heptanal 7,526 3.00 * 18° 1.141 8,585
Hexanal 14,349 3.00 * 18° 1.141 16,368
Hexane 9,642 5.20 * 18° 0.198 1,906
MEK 8,241 1.22 * 132" 0.046 382

& reaction rate from Atkinson, (1994)
P reaction rate from Atkinson and Arey, (2003)
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CHAPTER V. SUMMARY AND CONCLUSIONS

Measurements of reduced sulfur compounds (RSGkhan-methane volatile
organic compounds (NMVOCSs) were made from an artetagoon and barn at a swine
concentrated animal feeding operation (CAFO) inthNi@arolina.

H.S emissions were measured continuously and weteatgd with respect to
diurnal and seasonal variations, as well as tHeante of environmental parameters. The
overall average 8 lagoon flux was 1.38g mi* min’. Lagoon pH was found to have the
largest influence on #$ flux, followed by lagoon temperature and windespelhe
seasonal kB barn concentrations were found to range from 43 fpb in the summer to
631 £ 240 ppb in the spring. Overall average sesswrmalized barn emissions were
3.3 g day AU™ for H,S. Barn temperature was found to have a weak atioalwith
H,S emissions.

In addition, a process based air-manure intenfaass transfer model was
developed to predict1$ manure emissions. Different approaches based on
thermodynamic principles and related publishedrimfition were used to determine the
three main components of the model: the overallsnransport coefficient, the
dissociation constant, and the Henry’s law constEim¢ accuracy of this model was
evaluated by comparing predictedS+luxes to measured.H lagoon fluxes.

The process based air-manure interface masseramsidel did well in predicting
H,S fluxes, when compared with 15 minute averagedadtuxes (f = 0.57, p<0.0001).

The model also performed well in predicting seaktagpon fluxes. It is hypothesized
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that with good estimations of the overall massdpanmt coefficient, that this model could
be applied to predict trace gas CAFO emissions frorariety of manure surfaces, thus

providing a method for quantifying emissions infeliént production, management and

environmental conditions.

RSCs (excluding &) and NMVOC emissions were measured using passivat
canisters. Nine to eleven canister samples weentakch from both the anaerobic
lagoon and barn in each sampling period. Thesestonis were evaluated with respect to
seasonal and environmental factors. The two mai@sR8entified in lagoon and barn
samples were dimethyl sulfide (DMS) and dimethgutiide (DMDS). Overall average
seasonal DMS and DMDS lagoon fluxes were over darasf magnitude lower than the
H,S flux, 0.12 and 0.0fg mZ min™, respectively. DMS and DMDS fluxes were found
to be influenced by different environmental parametDMS flux was significantly
influenced by pH, whereas DMDS was significantliianced by lagoon temperature.
For DMS and DMDS, the seasonal barn concentratiamged from 0.17-0.89 and 0.46-
0.96 ppb, respectively. The overall average barissgons for DMS and DMDS were
0.018 g day AU™ and 0.037 g dayAU™, respectively. These were approximately two
orders of magnitude less than the correspondiu®dtnissions. DMS and DMDS
emissions had little or no correlation with barmperature.

12 significant NMVOCs were identified in lagoomsales. Of the significant
lagoon NMVOCs, three were alcohols (ethanol, 24ethlgexanol, and methanol), six
were aldehydes (acetaldehyde, decanal, heptananak nonanal and octanal), two

were ketones (acetone and methyl ethyl ketone (MEQd one was a phenol (4-
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methylphenol). Overall average fluxes of these counmgls ranged from 0.Q& m? min

! for 4-methylphenol to 2.1fig m? min™ for acetone. For seven of these 12 compounds
(4-methylphenol, acetaldehyde, decanal, heptaeahral, octanal and 2-ethyl-1-
hexanol), pH was found to have the strongest aelatiip with flux. For all seven
compounds, the relationship between pH and flux meggtive. Three of the NMVOCs
(methyl ethyl ketone, acetone and nonanal) weradda have their strongest
relationship with lagoon temperature, with fluxesreasing as lagoon temperature
increased. One NMVOC (methanol) was found to h#gesirongest relationship with air
temperature. Similarly to lagoon temperature, glationship was positive. Ethanol was
the only compound not to have any significant retathips with environmental
parameters.

In barn samples, six significant compounds wdeaiified, two alcohols
(methanol and ethanol), two ketones (acetone adth@anedione), an aldehyde
(acetaldehyde) and a phenol (4-methylphenol). Qivavarage seasonal concentrations
for these six compounds ranged from 2.87 ppb foredhylphenol to 16.12 ppb for
ethanol. Ethanol also had the highest overall aygereormalized emission rate, with an
emission rate of 0.45 g dayAU™. The lowest normalized overall average emissita ra
was acetaldehyde with an emission of 0.16 g'day™. None of the NMVOCs, except
for ethanol had a significant relationship withmé&mperature.

The potential environmental impacts of RSC and NDG/emissions were

assessed by comparing barn exhaust concentratiadhsit odor threshold, identifying
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the number of hazardous air pollutants (HAPs) neating total North Carolina swine
CAFO emissions, and for NMVOCs, assessing theemial to form ozone.

H,S barn concentrations were found to exceed foderéift published odor
thresholds by one to two orders of magnitude. Noxddncentrations exceeded their
odor threshold. DMDS concentrations were founcegutarly exceed an odor threshold.

Eight odorous NMVOCs were identified in barn saasplOf these eight, four had
concentrations that exceeded an odor thresholcet#yiphenol was the compound that
exceeded it's odor thresholds the most frequemtty/lay the largest magnitude.

The identification of compounds at concentratiabeve their odor threshold at
the barn fans indicates that there may be potemialth effects for swine CAFO
workers. However, to assess the potential healdctsffor people who live in the
surrounding area, the dispersion of the odoroulsifaoits needs to be modeled. This
would allow an estimation of the distance from sihaene CAFO that compounds remain
odorous. From this, the extent to which odorousmaumnds cross over the swine CAFO
property boundary into the surrounding environnentid be evaluated.

There were 12 HAPs identified in lagoon and bammgles. Four were significant
NMVOCs (acetaldehyde, methanol, 4-methylphenol Mi&d); the other eight were
benzene, ethyl benzene, hexane, methyl chloriglesrst, xylene, toluene and 2,2,4
trimethylpentane. However, further evaluation isahed to assess potential health
problems associated with the emission of HAPs fsanme CAFOs.

Using overall average lagoon and barn emissibiseinissions from swine

CAFOs in North Carolina were estimated. RSC emissfoom swine CAFOs in North
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Carolina were estimated to be 1.46 million kg for H,S, 9,509 kg yf for DMS, and
17,406 kg yr* for DMDS. H:S swine CAFO emissions were estimated to contribute
~21% of total North Carolina$ emissions. To assess the potential regionalteffec
these RSC emissions, the formation of fine pamiteumatter (Phe) from RSCs and in
particular HS needs to be modeled.

The NMVOC with the largest North Carolina swine X3 emissions was ethanol
with an emission of 206,367 kg ¥rThe second highest was acetone with an emis$ion o
134,765 kg y, which was closely followed by methanol with anigsion of 134,732 kg
yr! NMVOCs were evaluated for their potential to fopaone by taking into account
their emissions and their reaction rate with therbyyl radical (OH). From this,

acetaldehyde was identified as the NMVOC with tlghést potential to form ozone.

274



