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Odor emissions from swine ﬁnishing operations are an air quality issue that aﬀects residents at the local level. A
study was conducted at a commercial swine deep-pit ﬁnishing operation in central Iowa to monitor odorous
compounds emitted and transported oﬀsite. Gaseous compounds were sampled using either sorbent tubes or
canisters with GC/MS analysis, and particulates matter (PM10) were sampled with high volume samplers and
thermally extracted onto sorbent tubes for GC/MS analysis. Major odorous chemical classes detected at the swine
facility included volatile sulfur compounds (VSC), volatile fatty acids (VFA), phenol and indole compounds.
Manure storage was the main source of odorous compounds of which hydrogen sulﬁde (H2S), methanethiol, 4methylphenol, and 3-methylindole were key oﬀenders. Only H2S and 4-methylphenol were detected above odor
threshold values (OTV) at all locations around the facility and both 4-methylphenol and 3-methylindole were
detected above their OTV 1.5 km downwind from the swine facility. Odorous compounds generated during
agitation and pumping of the deep pits was mainly H2S. Odorants were mainly transported in the gas phase with
less than 0.1% being associated with PM10. Odor mitigation eﬀorts should focus on gaseous compounds emitted
from deep-pits and especially during manure agitation and deep-pit pumping.

1. Introduction
According to the Agricultural Census of 2012, the U.S. swine industry accounted for 6 percent of total U.S. agriculture sales with gross
sales of $22.5 billion; Iowa alone, experienced sales of $6.8 billion
(USDA NASS, 2012). However, not reported in those numbers are
technological and economic advancements this industry has undergone
to achieve those numbers. In particular the shift in average facility size
and increased geographic concentration of production and processing.
In the state of Iowa, the nation's leading swine producer, the average
size per production site has increased 13-fold since 1978 while the
overall swine population remained largely unchanged (Honeyman and
Duﬀy, 2006; USDA NASS, 2012). Such changes have exacerbated the
environmental challenges associated with swine production and particularly odor management.
Odors from animal production are the leading environmental annoyance in rural communities (Cantuaria et al., 2017) and the management of these odors has been and continues to be one of the primary

physical, social and economic challenges facing the industry (Ni, 2015).
Odor emissions from swine production have been linked to a lower
quality of life (Wing et al., 2008; Blanes-Vidal et al., 2012) and reduced
economic opportunity (Herriges et al., 2005) for residences around
these facilities. While signiﬁcant advancements have been made in the
context of odor mitigation management techniques and technologies
(Maurer et al., 2016), the complex physio-chemical nature of swine
odor continues to underscore the physical challenges of mitigation.
While only a small fraction of compounds emitted from swine operations are responsible for most of the odor, there is still debate as the
most important (Wright et al., 2005; Hansen et al. 2012a, 2016). These
studies have oﬀered direction in targeting the most oﬀensive compounds in need of mitigation. However, the “right” compounds may not
be the compounds most odorous or abundant at the source but rather
the odorants that are transported downwind from the facility (Wright
et al., 2005; Trabue et al., 2011a). Consequently, determining which
compounds are most odorous downwind and their source areas may
provide engineers and scientists targets for developing eﬀective odor
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Table 1
Odorant compound list and sampling information.
Compound
Volatile Fatty Acids
Acetic Acid
Propanoic Acid
2-Methylpropanoic acid
Butanoic acid
3-Methylbutanoic acid
Pentanoic acid
Phenol Compounds
Phenol
4-Methylphenol
4-Ethylphenol
Indole Compounds
Indole
3-Methylindole
Volatile Sulfur Compounds
Hydrogen Sulﬁde
Methanethiol
Dimethyl sulﬁde
Dimethyl Disulﬁde
Field Sampling Events
Season
Month/Year
Sampling Locations
Pit Fan-GS1
Inside Building-PS
Facility (Ground Level)-GS1
Tower-GS1
46 m downwind-GS1
62 m downwind-GS1
1.5 km downwind-PS
20 m Upwind-GS1
Control-GS1
Volatile Sulfur Samples-Canister
Particulate Matter Samples
a
b
c
d
e
f
g

MWa g mol−1

Boiling Point oC

Anal.Metb

QIc m/ze

Odor Thresholdd nL L−1

60
74
88
88
102
102

118
141
155
164
176
185

TDe
TD
TD
TD
TD
TD

60
74
73
60
60
60

6.00
5.70
1.50
0.19
0.09
0.2

94
108
122

182
202
218

TD
TD
TD

94
107
107

5.60
0.02
0.4

117
130

253
265

TD
TD

117
130

0.06
0.003

17
59
62
94

−33.3
2.9
37.3
110

Canister/APIf
Canister
Canister
Canister

34
47
62
94

0.41
0.03
2.3
2.20

Spring
04/07
Total Samples
10
NSg
10
NS
10
10
NS
10
5
NS
NS

05/07

Summer
08/08

Fall
09/06

10/06

10/07

09/08

Winter
12/08

10
NS
10
NS
10
10
NS
10
10
NS
4

5
NS
20
20
20
20
8
20
NS
NS
2

10
NS
20
NS
20
NS
NS
10
NS
4
5

10
NS
20
NS
20
NS
NS
10
NS
NS
NS

10
NS
10
NS
10
10
NS
10
10
20
8

10
5
20
20
20
20
5
20
NS
NS
4

5
NS
10
NS
10
NS
NS
10
NS
20
3

MW, molecular weight.
Anal. Met., Analytical Method.
QI, quantifying ion.
Nagata (2003) and Hansen et al., (2018) sources for odor threshold values.
TD, thermal desorption.
API, API-101E instrument as described in material method section; and.
NS, no samples.

Previously, our group published results from this facility on odor
mitigation using vegetative buﬀers (VEB) with the focus on the eﬀectiveness of vegetative buﬀers (Hernandez et al., 2012). The study
showed that air movement at the facility was largely controlled by the
animal barns and not the VEB and revealed that the VEB had little
impact on cumulative odor from the swine facility (Hernandez et al.,
2012). However, the study itself was limited to two sampling events.
This study reports new information on odorant concentrations over four
seasons including downwind transport that includes transport near a
residential home along with odorant emissions during pumping of the
deep pits. This study reports the following: 1) key odorants and source
areas at a swine facility; 2) odorants transported downwind; 3) odorant
transport mechanism (gas phase vs. particulate); and 4) odorants generated during agitation and pumping of deep-pits. Odor strength was
determined by the odor activity value (OAV, deﬁned as the concentration of odorant in air/odor threshold of the odorant) of compounds or class of compounds.

mitigation strategies.
How odor is transport oﬀsite is a critical factor to consider in
evaluating odor mitigation strategies and there is still debate as to the
importance of odor being transported on dust/particulate matter (PM)
or in the gas phase. Those who argue for the signiﬁcance of PM
transport point to the fact that swine odorants are concentrated onto
PM and removal dust eliminates odor (Hammond et al., 1981; Cai et al.,
2006), while others claim that only a fraction of the odors are transported on PM (Andersen et al., 2013; Yang et al., 2014; Walgraeve
et al., 2015). Direct comparisons between the loading of odorants on
PM compared to odor transported in the gas phases is needed to address
this issue.
Manure management systems are another factor to consider when
developing mitigation strategies. In the Midwest, the most common
manure management system for swine ﬁnishing operations are deep-pit
manure storage. These facilities store the animal waste underneath the
swine barns in deep-pits housing the animals. These deep-pits help
maintain the a manure's fertilizer values by reducing the amount of
nutrients lost through volatilization or diluted of nutrients during storage (Key et al., 2011). These facilities have signiﬁcant odor issues as
the deep-pits ﬁlls during storage (Miller et al., 2004). The purpose of
this study was to report on odorant monitoring at a commercial deeppit swine ﬁnishing operation in central Iowa. This monitoring study was
conducted to determine key odorants, their source areas, and transport
oﬀsite.

2. Materials and methods
2.1. Site description
This study was conducted over all four seasons at a commercial
swine facility located in central Iowa. This site consists of three swineﬁnishing buildings curtain ventilated side walls with total capacity of
13
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Fig. 1. Google image of swine facility superimposed with sampling locations. Imagery®2017 Google Map data® 2017 Google.

calm winds (≤1.5 m s−1) for minimal dilution.
Table 1 lists the compounds and odor threshold values (OTV) of
compounds monitored in this study along with sample locations and
total number of samples taken during each event. Air sampling progressively changed throughout the study from being focused on site
characterization to later sampling focusing on transport downwind.
Samplers were typically placed at the pit fans, between buildings at the
facility (ground level), 46 m downwind (north of building), 62 m
downwind, and 20 m upwind of the buildings depending on wind direction (Fig. 1). Samplers were also deployed on a tower, 8 m high, as
previously reported in Hernandez et al. (2012). Due to biosecurity
concerns samplers were only allowed once inside the animal facility. All
samplers were placed at approximately 1.5 m height except samples
collected at the pit fans (approx. 0.5 m).

approx. 2500 head. Building dimensions are 12 m-wide, 60 m-long,
3.06 m-tall side-walls, and peak height (H) of 4.8 m with deep pit
manure storage. Each building had 4 deep pit fans and 2 house fans.
Prevailing wind directions from the facility are South-West in summer
and North-West during winter. Manure is applied to ﬁelds adjacent to
the site. A control or non-impacted site was located 24 km northwest of
the facility and 16 km away from any existing animal production facility.
2.2. Field sampling technique
2.2.1. Volatile organic compounds
Details of the air sampling methodology for odorous volatile organic
compounds (VOC) were previously reported in Trabue et al. (2010). In
brief, air samples were collected sorbent tubes using automated ﬁeld
gas samplers (GS1, Gerstel, Inc., Linthicum Heights, MD) and personal
pumps (222-4 Series, SKC, Inc., Eighty Four, PA). Each GS1 pump held
10 sorbent tubes and were placed at diﬀerent locations around the facility during each sampling (see Table 1 and Fig. 1). Personal samplers
were placed at the facility in either the exit portions of the pit fan,
inside swine buildings, or 1.5 km downwind of the facility. The 1.5 km
downwind samples were taken only in the evening hours between
18:00 and 22:00 when prevailing winds were out of the South at low to

2.2.2. Volatile sulfur compounds (VSC)
Table 1 lists the compounds and odor threshold values (OTV) of the
VSC monitored in this study. Sampling of VSCs including challenges
were previously reported in Trabue et al. (2008). Glass canisters and
drying tubes were used in all sampling events. Corrections for hydrogen
sulﬁde (H2S) and methanethiol (CH3SH) concentrations were made by
determining the half-life of these compounds in each canister and
correcting for loss during storage (time sampled in the ﬁeld to
14
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Fig. 2. Total average concentration of odorous VOCs along transects from a swine facility during the all four seasons. Spring (A); Summer (B); Fall (C) and Winter (D).
Error bars represent standard error of the mean.

air sampled. Collected ﬁlters were placed in plastic bags and stored in a
freezer (< -20 °C) until processed.
The PM10 ﬁlter samples used for VOC analysis were weighed and
placed into an ATIS™ (Supelco, Inc., Bellefonte, PA) extraction glassware (13 mm id X 76 mm length) apparatus. The apparatus heated the
extraction glassware to approximately 110 °C, while purging the contents of the extraction cell with humidiﬁed nitrogen gas at 75 mL min−1
for a 1–2 h (total volume 4–9 L). Volatile organic compounds extracted
were captured onto sorbent tubes connected to the apparatus. Samples
were heated for several cycles, but it was determined that a single extraction was suﬃcient at removing more than 90% of the VOCs sorbed
to PM.

laboratory analysis). Half-lives were determined with ﬁeld samples that
were repeatedly measured over a one-day period. Field samples halflives averaged 25 h for both H2S and CH3SH per canister. Due to loss of
H2S during storage, H2S concentrations was also monitored with an
API-101E (Teledyne Instruments, San Diego, CA) instrument during
pumping of swine pits and selective monitoring periods for validation
and checking of canister H2S concentrations.

2.2.3. Particulate matter (PM)
Graseby-Andersen Hi Vol particulate samplers (Graseby Andersen,
Smyrna, GA) equipped with a 10-μm inlet and 10 × 8 inch ﬁlters were
used for PM sampling. Particles in the air stream were drawn through
the inlet with aerodynamic diameters less than 10 μm and were deposited on a glass-ﬁber ﬁlter media. The mass of particulates was determined by the diﬀerence in ﬁlter weight before and after sampling.
Samplers were designed to maintain a 10 ± 0.5 μm cut point over a
ﬂow rate range of 1.02–1.24 m3 min−1. The concentration of the PM10
was calculated by dividing the weight gain of the ﬁlter by the volume of

2.3. Laboratory analysis
2.3.1. Thermal desorption GC-MS
Sorbent tubes were analyzed using a thermal desorption inlet
(Model TDSA, Gerstel, Inc.) mounted on an Agilent 6890 gas
15
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of manure storage pits in winter. The VSC data followed similar trends
to the VOC data in that animal housing areas had diﬀerent patterns of
abundance compared to manure storage areas (Table 2). Concentrations
of H2S and CH3SH were approximately one order of magnitude higher
in manure storage areas compared to housing areas with all other VSCs
at similar concentrations between housing and manure storage areas
(Table 2). These results are similar to others who showed manure was
the main source of H2S and CH3SH (Hansen et al., 2016; van Huﬀel
et al., 2016). Odorous VSCs outside the facility buildings were mainly
H2S and CH3SH reﬂecting animal housing areas similarly to VOC patterns. Swine manures are enriched in organic sulfur substrates in which
the microbial community mediate the formations of VSCs including
conversion of sulfate to H2S through sulfur respiration or the methylation/demethylation of organosulfur compounds leading to formation
of H2S and CH3SH (Dalby et al., 2018).

chromatograph-mass
spectrometer
(GC-MS)
system
(Agilent
Technologies, Inc., Wilmington, DE) equipped with programed temperature inlet (CIS4, Gerstel, Inc.), and FFAP column (30 m × 0.25 mm
x 0.25 μm) (Agilent Technologies, Inc.). Instrument set-up and procedures are detailed in Trabue et al. (2010). External standard curves
were used for quantitation of samples as previously reported in Trabue
et al. (2010). The limit of quantitation (LOQ) was set at 1 ng for VFAs
and 0.5 ng for phenol and indole compounds equivalent to a ﬁeld LOQ
of 0.08 and 0.04 μg m−3, respectively. Concentrations of compounds
detected but below LOQ were set at one half of LOQ.
2.3.2. Canister GC/MS
Canisters were analyzed using Entech Instrument, Inc. (Simi Valley,
CA) canister system (Model 7500, Entech Instruments, Inc.) equipped
with a three stage preconcentrator (Model 7100, Entech Instruments,
Inc.) coupled to an Agilent 6890N GC/MS (Agilent Technologies, Inc.).
The 7100 concentrator used the cold trap dehydration technique for the
concentration of VSCs and removal of water (Trabue et al., 2008). The
6890N GC/MS system was equipped with GS-Gaspro column
(30 m × 0.32 mm × 0.25 μm) (Agilent Technologies, Inc.). Details of
the method were previously reported in Trabue et al. (2008).
Gas standards were purchased from Scott Specialty Gases
(Plumsteadville, PA) and contained H2S, CH3SH, carbonyl sulﬁde,
carbon disulﬁde, dimethyl sulﬁde all at 10 ppm. Dimethyl disulﬁde was
purchased separately from Scott's at 10 ppm. All standard mixtures had
an accuracy of at least 5% and a tolerance blend of 5%. Reference gases
for calibration standards were mixed and diluted using a dynamic dilution system (4600A, Entech Instruments, Inc.). The LOQ for all VSCs
was set at 100 pg H2S (least sensitive compound) or 0.5 μg m−3 for a
200-mL ﬁeld sample. Concentrations of compounds detected but below
LOQ were set at one half of LOQ.

3.2. Odor from swine facility
Converting concentrations of odorants to odor was performed by
calculating a compound's OAV with higher OAV indicating stronger
odor when odor interactions eﬀects are ignored. The VOC OAV data for
manure storage and other areas outside the swine facility were averaged for the spring, summer, and fall samplings since these are when
most odor events are recorded. Manure storage had the highest odor by
close to an order of magnitude over other areas. Each area was a little
diﬀerent with VFAs and VSCs most signiﬁcant odorants in animal
housing areas, VSCs alone outside the facility, and phenol compounds
and VSCs signiﬁcant in manure storage areas (Fig. 4). Compounds
having the greatest impact on odors at the facility included: H2S;
CH3SH; 3-methylbutanoic acid; butanoic acid; 4-methyl phenol; and 3methylindole (Fig. 4). All major odorants are derived mainly from the
fermentation of protein in the swine diet. Yuan et al. (2017) also
showed that phenol compounds was the dominate odorant across most
livestock operations.

3. Results and discussion
3.1. Odorant concentrations at swine facility

3.3. Odorant concentrations downwind
Monitoring of the swine facility occurred on eight separate occasions encompassing all four seasons of the year (Fig. 2 and Trabue et al.
for concentrations of individual VOC odorants). Odorous VOCs monitored included: volatile fatty acids (VFA), phenol and indole compounds based on scouting of the site before initiating the study. Compound and compound classes either not measured or poorly quantiﬁed
with our ﬁeld methods included: ammonia; amines; and small carbonyl
(less than four carbons [C4] units) compounds that included aldehydes
and ketones. Ammonia and some of the carbonyls are not expected to
add signiﬁcantly to odor given their high OTV, but they could add
between 1 and 5% of total odor activity near manure storage areas
(Trabue et al., 2016). Amines and the C4 carbonyls may contribute
more to odor onsite (Jo et al., 2015) based on their low OTV, but these
compounds are reactive so their contribution to odor transported oﬀsite
will be limited.
Samples taken from the pit fan were signiﬁcantly higher in VOC
concentrations than animal housing areas: ﬁvefold higher for VFAs; an
order of magnitude higher for phenolic compounds; and two orders of
magnitude higher for indole compounds (Figs. 2 and 3). The VFAs were
the most abundant odorous VOC emitted from either area with the
diﬀerence between VFAs and other odorant classes highest in animal
housing areas (Fig. 3). These results were observed by others (Hansen
et al. 2012a, 2016; van Huﬀel et al., 2016) and is common across many
diﬀerent types of livestock operations (Trabue et al. 2010, 2011b; Yuan
et al., 2017). Odorous VOCs outside the facility buildings were mainly
associated with the animal housing areas given the dominance of VFA
compounds (Fig. 3).
Unlike VOCs VSCs are more challenging to quantify given their
reactivity and limited storage stability (Trabue et al., 2008). We limited
sampling to only three events, two in the fall and one during pumping

Tracking odorants as they move across a landscape enable greater
understanding of odor transport processes. Over the spring, summer
and fall seasons, dilution of odorants downwind followed a general
trend with VFA abundance growing in proportion to other major
odorants at 46 and 62 m downwind (Figs. 1 and 5). The enrichment of
VFA downwind is similar to an earlier report by Zahn et al. (1997)
where VFA compounds had the appearance of a higher “transfer eﬃciency” downwind compared to the other odorants. However, based on
our data for both odorants and micrometeorological site characterization, the “transfer eﬃciency” of the VFAs appears to be more related to
“recharging” of the VFAs from the source area (i.e., animal housing
areas) with additional dilution from ambient air. Source “recharging”
occurs as unstable air ﬂow patterns at the swine facility lift VFA-enriched air from the swine housing area and reintroduces this air
downwind as the warmer air above the facility encounters cooler surface temperatures in the surrounding ﬁelds (Hernandez-Ramirez et al.,
2011; Hernandez et al., 2012). As previously reported, micrometeorological observations showed increased unstable air ﬂow patterns (i.e., convective forces) around the swine facility compared to the
surrounding landscape (3.7 times more frequent) (Hernandez et al.,
2012) leading to vertical transport of air from the swine housing areas.
Observational data supporting this upward transport of air being reintroduced downwind from the facility is the lower concentrations of
odorants measured at the swine facility compared to the 46 m downwind location (Figs. 2 and 5) and the elevated levels of VFAs detected
above the swine building compared to other odorants (Fig. 3 and previously reported in Hernandez et al., 2012).
Ratios of some odorants to odorant class of compounds may also be
used for source tracking. The ratio of acetic acid to total VFA is
16
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Fig. 3. Total average concentration of odorous VOCs at various locations at the swine facility from inside building, overtop the facility (tower sample) and nonimpacted site (control). Error bars represent standard error of the mean.

Table 2
Concentration and speciation of volatile sulfur compounds from swine facility.
Field Monitoring

Deep Pit Pumping (Winter)
Before Pumping

Building
Mean

Deep Pit

Ground Level

Building

During Pumping
Pit Fan

Building

Pit Fan

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range

1.4–41.7
0.8–1.6
6.8–15.4
1.9–9.0
0.6–8.1
< LOQ-5.0

278.3
8.4
1.6
3.1
3.4
3.0

41.7–414.4
2.3–13.7
0.4–4.0
1.5–5.2
< LOQ-13.0
< LOQ-6.1

20.7
0.03
11.6
6.4
1.0
9.8

1.9–96.7
< LOQe-0.36
< LOQ -41.1
< LOQ -34.1
< LOQ -6.0
< LOQ -45.8

46.4
2.4
6.9
9.1
8.1
2.7

13.8–99.2
2.3–2.5
4.0–8.3
< LOQ -20.0
3.3–11.6
1.4–5.0

415.5
3.0
4.6
7.6
0.7
0.58

10.4–873.0
1.35–6.9
0.4–19.6
6.6–10.2
< LOQ -1.9
< LOQ -1.6

4946
25.2
4.5
21.2
3.2
< LOQ

2201–7691
22.8–27.7
1.1–4.9
19.1–23.4
2.9–3.5
< LOQ

2899
7.0
4.3
13.5
5.1
3.9

1736–3622
0.3–10.5
3.1–5.6
7.3–25.4
2.5–9.6
1.7–8.0

μg m−3
H2Sa
CH3SH
CS2b
COSc
DMSd
DMDSe
a
b
c
d
e

20.9
0.6
9.0
5.5
4.3
2.4

H2S, hydrogen sulﬁde.
CS2, carbon disulﬁde.
COS, carbonyl sulﬁde.
DMS, dimethyl sulﬁde.
< LOQ, below limit of quantiﬁcation.

downwind changed dramatically with indole and phenol compounds
becoming key odorants, while VFAs became negligible in terms of odor
(Fig. 6). Airﬂow patterns for these samples were characterized as predominantly stable (Hernandez et al., 2012) favoring laminar transport
minimizing dilution from the swine facility to the surrounding landscape. In addition, wind speed during the early evening were described
as low to calm, which again reduces dilution of air and increasing
surface interactions. We speculate that as the odorous air moved
downwind and encountered plant and soil surfaces the VFAs were lost
at higher rates than either the indole or phenol compounds due to the
higher dry deposition rate a result of the pKa of VFA compounds (approximately 4.7). Observational data supporting this higher loss rate to
surface is found with higher loading of plant material with VFAs than
other odorants (Hernandez et al., 2012) and the higher loading of PM
with VFA compared to other odorants (Table 4). These ﬁnding are
supported by others who report showing VFA losses to organic surfaces
is much greater than other swine odorants (Bulliner et al., 2006;
Andersen et al., 2013) and this includes soil surfaces (Parker et al.,
2013). In general, polar water-soluble compounds experience higher

generally higher in the ambient environment and lower at facility
sources (Table 3) since many of the branched and longer straight chain
fatty acids are associated with protein in the diet (Otto et al., 2003).
Our ambient locations (upwind site, control site, and 1.5 km downwind) had acetic acid to total VFA ratios of 0.663–0.813 with animal
barn areas (inside barn, outside swine facility, tower, and pit fans)
ranging from 0.351 to 0.638 (Table 3). The 46–62 m downwind locations had similar ratios to the animal housing areas (Table 3). The ratio
of 4-methylphenol to total phenols is similar only higher values are
associated with protein fermentation from swine diet and lower values
associated with ambient air (Otto et al., 2003). Our ambient locations
(upwind site, control site, and 1.5 km downwind) had 4-methylphenol
to total phenol ratios of 0.121–0.254 with animal barn areas (inside
barn, outside swine facility, tower, and pit fans) ranging from 0.404 to
0.612 (Table 3). The 46–62 m downwind locations had ratios of
0.496–0.584 similar to both manure storage and animal housing areas.
Several odorants were detected above their OTV as far as 1.5 km
downwind and those compounds were not necessarily the ones expected based on the abundance of VOC at the source. The odor proﬁle
17
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Fig. 4. Composite of the total odor activity values for various odorant classes measured at diﬀerent source locations and relative contribution of odor that individual
compounds contributed to each location. Total odor activity (A); and relative contribution of each odorous compound.

(2012). The winter concentration of PM10 dropped by 90% for both
PM10 and gas phase odorants. The drop in emissions is likely due to
reduced volatility at cooler temperatures, prevailing calm wind speed
conditions (as quantiﬁed by Hernandez-Ramirez et al., 2011) and reduced building ventilation rates during winter months.
The concentration of odorants sorbed to PM10 is shown in Table 4.
The compounds detected were similar others who have shown that
VFAs are the dominate odorant sorbed to PM (Hammond et al., 1981;
Andersen et al., 2013; Yang et al., 2014). If we take the concentration of
PM10 measured (Table 3) and multiply that by the amount of odorants
sorbed per unit g of PM10 and compare this value to gas phase concentration of a particular odorant, it would be clear that swine odorants
were overwhelmingly transported in the gas phase. However, in this
study we desorbed odorants at 110 °C in humidiﬁed air, while Andersen
et al. (2013) heated PM to 290 °C releasing signiﬁcantly more odorants
at the higher temperatures. Andersen et al. (2013) showed that diﬀerences were most pronounced with larger acids, while phenolic compounds were approximately 25–50% lower at the lower extraction
temperature. If we assume conservatively that the lower desorption
temperature reduced recoveries of odorants by two orders of magnitude
(i.e., 100-fold) and multiplied concentrations accordingly, PM sorbed
VFAs would still be on average less than 7.0% of gas phase VFAs and
phenol and indole compounds would still be less than 0.001% of gas
phase compounds. These results agree with others who have shown

dry deposition rates compared to less polar compounds (Park et al.,
2013; Nguyen et al., 2015; Miller et al., 2015). Changes in odor proﬁle
with distance from a livestock operation have been reported by others
especially for the growing importance of phenol and indole compounds
downwind (Wright et al., 2005; Trabue et al., 2011b).
3.4. Odor transport: PM vs vapor phase
Table 4 shows the distribution of PM10 both onsite, downwind, and
at neutral control site. Based on loading rates from control site and at
the 46 m downwind location the swine facility was doubling the PM10
load at close to the fence line or approximately 20 μg m−3, which is
double the amount Martin et al. (2008) reported for a similar swine
facility in Central Iowa. In general, PM10 concentrations were highest
closes to the building (Table 4), whereas, gas phase odorants were
highest 46 m downwind. This discrepancy is likely due to the energy
required to lift the PM10 particles compared to gas phase compounds.
Distribution patterns of PM10 from livestock operations are typically
Gaussian except during periods of high turbulence (Willis et al., 2017).
Incidentally, summer was the one exception in this study in which both
PM10 and gas phase odorants were both increased 46 m downwind
compared to the facility (Fig. 1 and Table 4) and this period corresponded to increased temperatures and greater unstable air patterns
(i.e., high turbulence) as previously described in Hernandez et al.
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Fig. 5. Total odor activity values of VOCs along transect from a swine facility during diﬀerent seasons. Spring (A); Summer (B); and Fall (C). Error bars represent
standard error of the mean.
Table 3
Ratios of compounds in various classes of compounds at various locations along the sampling transect.
Ratios

Acetic Acid to Total VFAa
4-Methylphenol to Phenol
a

Sample Locations
Pit Fan

Outside building

Inside Barn

Tower

46 m downwind

62 m downwind

1.5 km downwind

Upwind location

Control Field

0.521
0.612

0.638
0.450

0.351
0.517

0.462
0.404

0.537
0.584

0.437
0.496

0.813
0.203

0.669
0.254

0.663
0.121

VFA, volatile fatty acid.

odorants carried on PM are only a small fraction of odorants transported in the gas phase (Andersen et al., 2013; Yang et al., 2014;
Walgraeve et al., 2015).

3.5. Pumping manure storage
Pumping of the manure deep pits in swine barns has been associated
with high odor events (Hoﬀ et al., 2006). In this study, we monitored
emissions of odorants before and after during the pumping of a deep-pit
and manure removal from the barn. Table 2 is a speciation of VSCs
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Fig. 6. Total odor activity values of VOCs along transect from a swine facility monitoring odor movement in the early evening from a swine facility. Summer (A) and
Fall (B). Error bars represent standard error of the mean.

spikes were related to sampling occurring before building curtains and
fan were fully deployed to lower the inside H2S concentrations. The
downwind sampling shows that while H2S was odorous during pumping
concentrations never rose above 1 ppm (or 1550 μg m−3), so oﬀsite
movement of H2S remained well below hazardous levels. Blanes-Vidal
et al. (2012) reported that in the context of swine production odorous
complaints occur mainly during spreading of manure to agriculture
ﬁelds, and we suspect that substantial part of these malodorous events
are derived from H2S contribution. Consequently, development of odor
control strategies should also target H2S especially during manure
agitation and pumping events.

before and after pumping. Hydrogen sulﬁde was the most abundant
VSC during pumping and concentrations were the most responsive to
the pumping rising by almost two orders of magnitude for building air
and an order of magnitude for pit fans. What is not captured in those
patterns is the increase in ventilation rates that occurred during the
pumping of the deep-pits as all the pit fans were turned on full and
housing curtains raised when room concentrations started approaching
1000 mg m−3 H2S. Typically this time of year only one pit fan is
working and room ventilation is minimal due to the high cost of heating
building air. Our measurements prior to the pumping events were all
captured with minimal ventilation rates that are typical this time of
year. Consequently, the contrasts before versus during pumping are
much larger than they appear. This assertion of disproportionally wider
diﬀerences in compound ﬂuxes has been reported previously Hoﬀ et al.
(2006). The levels of H2S rise are typical of agitation events (Ni et al.,
2000; Hoﬀ et al., 2006; Blanes-Vidal et al., 2009; Dai and Blanes-Vidal,
2013). The rapid rise during agitation reﬂects both the insolubility of
H2S in manure slurry, and sulﬁde reservoirs storage of H2S in the
manure generated prior to pumping.
Agitating and pumping of manure deep pits occurred over a threeday period and during the agitation events H2S levels spiked (Fig. 7).
Odor activity values reached close to 2000 on several occasions during
monitoring of H2S concentrations 46 m downwind (Fig. 7). The early

4. Implications
The major takeaways from this study are that a majority of the odor
is emitted from the deep-pits manure storage and odor is predominately-transported oﬀsite in gaseous form. Key odorants transported oﬀsite are not necessarily the most abundant nor the most
odorous onsite, but rather they are stable and least reactive chemically
during periods of odorous transport (i.e., periods odorants move across
the landscape above their odor threshold concentrations). Mitigation
strategies should not only target the compounds, but also time windows
during active odor transport. Targeting early evening hours will have a
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Table 4
Concentration of PM10 at swine facility and speciation of volatile organic compounds sorbed to PM.
Season

Swine Facility Ground Level

46 m Downwind

20 m Upwind

Control Area

Mean

Range

Mean

Mean

Mean

Range

NAb
NA
36.5–72.4
NA
Range

45.9
64.3
38.9
2.8
Mean

NA
NA
30.4–47.3
NA
Range

39.6
ND
ND
ND
Mean

NA
NA
ND
ND
Range

NDc
ND
18.1
ND
Mean

ND
ND
18.1–18.5
ND
Range

156.0–212.942.7–151.2
9.4–46.7
22.0–79.4
3.1–23.5
7.0–29.8
16.2–32.1
2.8–18.7

153.1
73.2
31.2
56.7
25.2
33.6
47.4
24.6
450.0
0.95
2.65
1.91
5.54
0.28
0.27
0.55

33.7–259.37
42.7–151.2
9.4–119.8
14.4–381.2
3.2–137.5
5.5–166.3
16.2–441.1
2.8–19.8

119.9
37.8
14.6
19.8
9.0
10.1
16.2
7.2
238.1
2.90
2.21
0.59
5.70
0.18
0.13
0.31

33.9–205.9
19.0–56.510.1–19.0
19.2–20.5
6.0–11.9
8.2–12.0
9.9–22.6
2.6–11.8

6.02
1.12
1.18
1.59
2.21
1.78
1.77
1.48
18.7
0.13
0.05
< LODe
0.19
< LOQ
< LOQ
< LOQ

2.94–9.10
0.71–1.52
0.29–2.06
0.57–2.61
0.52–3.89
0.43–3.13
0.54–3.00
0.48–2.47

μg m
Spring
Summer
Fall
Winter
Compounds
Acetic acid
Propanoic acid
2-Methylpropanoic acid
Butanoic acid
3-Methylbutanoic acid
Pentanoic acid
Hexanoic acid
Heptanoic acid
Total VFA
Phenol
4-Methylphenol
4-Ethylphenol
Total Phenols
Indole
3-Methylindole
Total Indoles
b
c
d
e

Range

Range

−3

74.3
52.7
54.4
9.0
Mean
μg g−1 PM10
194.0
73.9
19.6
36.5
12.6
16.5
23.1
6.9
395.7
2.67
1.74
1.22
5.64
0.22
0.23
0.46

0.68–6.84
0.34–6.32
< LOQd-1.01
< LOQ-0.91
< LOQ-1.04

0.10–1.41
0.34–5.64
< LOQ-4.73
0.09–0.38
< LOQ-0.59

0.02–5.80
0.31–4.10
0.04–1.13
0.04–0.32
< LOQ-0.25

0.12–0.13
0.04–0.06
< LOD
< LOQ
< LOQ

NA, not applicable for only a single time point was used.
ND, not determined for no PM was collected at the control site.
< LOQ, below the limits of quantitation.
< LOD, below the limits of detection.

successful at reducing emissions of NH3 and amines (Le et al., 2008;
Hansen et al., 2014; Liu et al., 2017a), but inconsistent at reducing VSC
or odor (Hayes et al., 2004; Le et al., 2009; Liu et al., 2017b). Swine
diets supplemented with ﬁber alter microbial fermentation incorporating excess N into the microbial biomass and reducing manure
pH, plus increase ﬁber increases dry matter output (Kerr et al., 2006)
and crusting (Trabue and Kerr, 2014) reducing emissions (Willig et al.,
2005; Trabue and Kerr, 2014; Trabue et al., 2016). Other diet formulations that lower manure pH, use digestive enzymes, probiotics, or
zeolites have not been shown to be eﬀective in reducing protein
odorants.
Manure additives reduce odor emissions by 30–70% through

greater impact on odor transport than other times since odor and odor
annoyance are typically highest in the early evening hours when odor
dilution is lowest due to the stability of the air at the swine operation
(Guo et al., 2007; Wing et al., 2008; Hernandez et al., 2012). Areas of
research for achieving these goals include: i) diet formulation; ii)
manure additives; and (iii) pit ventilation.
Diet formulations reduce odorant emissions through reducing nutrient excretion, altering microbial fermentation, or changing manures'
physical chemical properties. Diet formulations that can reduced protein derived odorants will have greatest impact at reducing odor from
swine operations. Low crude protein (CP) diets target emission reductions by reducing excretion of nutrients in manure and have been

Fig. 7. Hydrogen sulﬁde chemical concentration and odor activity 46 m downwind from a swine facility during agitation and pumping of manure deep-pits.
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targeting odorant degradation using enhanced microbial activity/enzymes, or altering physical chemical properties of the manure to reduce
emissions (Yokoyama et al., 2016; Maurer et al., 2017). Chemical
treatments such as acids reduce NH3 emissions, and reduce H2S emissions by inhibiting sulfate reduction (Eriksen et al., 2008; Ottosen et al.,
2009). Other chemicals treatments shown to inhibit sulfate reducing
bacteria include nitrite, molybdate, and tannins (Moren et al., 2010;
Whitehead et al., 2013). Strong oxidizers are also eﬀective at reducing
H2S and other odorant emissions (Hjorth et al., 2012) and enzyme
systems utilizing oxidizing agents have been shown to be eﬀective
against H2S and other VOCs (Maurer et al., 2017). Plant derived peroxidases are commonly used in treating swine waste and these enzymes
have a high aﬃnity for phenolic compounds with less speciﬁcity toward
VFAs and sulfur compounds (Govere et al. 2005; Yan et al., 2016).
Manure additives tend to be more eﬀective than dietary approaches,
but these additives also add labor and increase cost to production more
than dietary approaches.
Pit ventilation lowers emissions through either mechanical removal
of odorants from the air stream or reduced emission from deep-pit areas
through lower ventilation rates of the deep-pits. Mechanical removal of
odorants from the air stream are the most eﬀective lowering emission
by 70–90%, but these systems also add substantial cost through retroﬁtting of existing buildings and back pressure issues for ventilation
system (Chen et al., 2009; Aarnink et al., 2011; Hansen et al., 2012b). A
more economical alternative is to lower or eliminate pit fan ventilation
(Jacobson et al., 2008), but their eﬀectiveness has not been thoroughly
tested with barn indoor air quality being of concern especially during
low ventilation periods.
While most of the above measures will lower odor emissions under
normal operating conditions, odors generated during manure agitation
and pumping will still be a challenge. The most eﬀective and rapid
techniques at controlling H2S emissions are oxidizing agents through
either electrochemical (Lin et al., 2016) or chemical means (Hjorth
et al., 2012; Bildsoe et al., 2012; Yokoyama et al., 2016). Air scrubbing
with adsorbents has been shown to be eﬀective (Awume et al., 2017),
but use during pumping has not been tired. Periodic sparing (Clark
et al., 2005) and reduced agitation (Andriamanohirisoamanana et al.,
2015) lower H2S emissions. However, more research is needed to better
understand duration and eﬀectiveness of these treatments for controlling H2S emissions. Growers need to consider options and costs as they
work to improve the air quality and neighborhood relations.
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