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ABSTRACT
There is a need for treatment technologies that can eliminate envi-

ronmental problems associated with anaerobic lagoons. These tech-
nologies must be able to capture nutrients, kill pathogens, and reduce
emissions of ammonia and nuisance odors. To meet these needs, a
full-scale wastewater treatment plant was installed as a demonstration
project on one of three 4360-pig (Sus scrofa) production units in a
finishing farm in Duplin County, North Carolina. Once the treatment
plant was operational, flow of raw manure into the unit’s correspond-
ing lagoon was discontinued and the lagoon was used to store treated
wastewater. Water quality was monitored in the converted lagoon
and in the two conventional lagoons. A gas chromatographic method
was developed to measure concentration of five selected malodorous
compounds (phenol, p-cresol, 4-ethylphenol, indole, and skatole) in
liquid lagoon samples. Dramatic improvements in the water quality
parameters TKN, NH3–N, solids, COD, and BOD in the converted
waste lagoon paralleled reductions in malodorous compounds. Nine
months after conversion, identified malodorous compounds in liquid
extractions averaged 6.6 and 38.8 ng mL21 in water from the converted
lagoon and the conventional lagoons, respectively. The reduction was
particularly marked for p-cresol, 4-ethylphenol, and skatole, all of
which make important contributions to swine waste odors due to their
characteristic odors and low detection thresholds.

ANAEROBIC LAGOONS are widely used to store and treat
liquid effluents from confined swine production

facilities in the southeastern USA. During lagoon treat-
ment, anaerobic processes contribute to emission of vol-
atile compounds, some of which produce offensive odors
(Schiffman et al., 2001). Odorous emissions concerns
about human health in rural communities are due mainly
to the large concentration in small geographic areas of
confined animal feeding operations. Because of this,
there is major interest in developing swine manure treat-
ment systems that can substantially reduce odor emis-
sions (Williams, 2001).

Several studies described efforts to reduce odor emis-
sions from swine lagoons that included: management of
waste loading (Lim et al., 2003), use of additives
(McCrory and Hobbs, 2001), mechanical aeration (He-
ber et al., 2002; Westerman and Zhang, 1997), or the
use of lagoon covers (Clanton et al., 1999; Funk et al.,
2004; Miner et al., 2003; Zahn et al., 2001b). However,
widespread objection to the use of anaerobic lagoons for
swine manure treatment in North Carolina prompted a
state government–industry framework that gave prefer-

ence to alternative technologies that would eliminate
anaerobic lagoons. This framework established an agree-
ment between government and swine industry to de-
velop and demonstrate environmentally superior waste
management technologies (EST) that could meet the
following five environmental performance standards: (i)
eliminate the discharge of animal waste to surface wa-
ters and ground water through direct discharge, seepage,
or runoff; (ii) substantially eliminate atmospheric emis-
sions of ammonia; (iii) substantially eliminate the emis-
sion of odor that is detectable beyond the boundaries of
farm; (iv) substantially eliminate the release of disease-
transmitting vectors and airborne pathogens; and (v)
substantially eliminate nutrient and heavy metal con-
tamination of soil and ground water (Williams, 2001).

In July 2004, 2 out of 16 technologies were determined
to meet the environmental performance criteria neces-
sary for EST. One of these technologies treated sepa-
rated solids using a high solids anaerobic digestion sys-
tem, while the other one was designed to treat the entire
waste stream from a swine farm using a solids separa-
tion, nitrification–denitrification, and soluble P removal
system (Williams, 2004). This second technology effec-
tively replaced anaerobic lagoon treatment by discontin-
uing loading of liquid manure into the lagoon. In turn,
recycled clean water promoted the conversion of the
anaerobic lagoon into an aerobic pond in less than a
year (Vanotti, 2004). The objective of this study was to
evaluate the converted lagoon for odor reduction by
comparing it with adjacent conventional lagoons with
similar production management. The evaluation con-
sisted of quantifying the levels of selected malodorous
volatile compounds from both converted and conven-
tional anaerobic swine lagoons under the hypothesis
that water quality improvement in lagoons would sub-
stantially reduce the concentration of malodorous com-
pounds.

MATERIALS AND METHODS

Site Description

The test site had three finishing hog production units with
4400 animals each. Each unit consisted of six houses with a
1.0-ha anaerobic lagoon. Hog houses had pit recharge systems
to handle the liquid manure. The typical management was to
drain the pit content by gravity to a lagoon weekly, and then
recharge the pit with new lagoon-treated liquid. As part of the
project to demonstrate a new technology to replace treatment
lagoons, one of the three production units was retrofitted
with a full-scale waste management system that combined
solid–liquid separation with removal of N and P from the
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liquid phase. The system made use of three modules (Fig. 1).
The first module quickly separated solids and liquids. This
module produced 596 Mg of separated solids per year that
were converted to organic plant fertilizer, soil amendments,
or energy (Vanotti, 2004). The second module treated the
liquids after solid separation using a biological N removal
system. The excess liquid then went to the final step, where
P was recovered as calcium phosphate with the addition of
small quantities of liquid lime (Vanotti et al., 2005). The system
treated an average of 39 m3 d21 of raw manure flushed from
the barns. The treated water (after N removal) was recycled
to refill the barns (13 m3 d21) or stored (26 m3 d21) in the
lagoon and later used for crop irrigation. As the treatment
system recovered the manure solids and replaced the anaero-
bic lagoon liquid with clean water, it transformed the anaero-
bic lagoon into an aerobic pond during the treatment technol-
ogy evaluation (March 2003–January 2004). For a detailed
description of the full-scale treatment system see Vanotti
(2004).

Water Analysis

Samples for water analysis were taken from lagoon superna-
tant within a 0.30-m depth. Two 1.0-L composite samples were
obtained by mixing in two separate buckets four subsamples
that were collected using a 500-mL polyethylene dipper with
a 3.6-m long handle. All analyses were performed according
to Standard Methods (APHA, 1998). Total solids (TS), total
suspended solids (TSS), and volatile suspended solids (VSS)
were determined according to Standard Methods 2540 B, D
and E, respectively. The TSS were that portion of TS retained
on a glass microfiber filter (Whatman grade 934-AH, What-
man, Clifton, NJ) after filtration and drying to constant weight
at 1058C whereas VSS was that portion of TSS that was lost
on ignition in a muffle furnace at 5008C for 15 min. Chemical
analyses consisted of chemical oxygen demand (COD) and
5-d biochemical oxygen demand (BOD), ammonia-N (NH3–
N), total Kjeldahl N (TKN), and pH. For COD determination,
we used the closed reflux, colorimetric method (Standard
Method 5520 D), while BOD was determined using the 5-d
BOD test (Standard Method 5210 B). Ammonia-N was de-
termined using the automated phenate method (Standard
Method 4500-NH3 G). Total Kjeldahl N was determined by the
same phenate method adapted to digested extracts (Technicon
Instruments Corp., 1977) and pH electrometrically (Standard
Method 4500-H1 B).

Extraction of Volatile Compounds from Water

Five aliquots of supernatant liquid were collected at various
sites on the converted and two conventional lagoons except
the side adjacent to the swine housing and each separated by
at least 20 m. Water was collected from the top 30 cm of the
lagoon surface in a 500-mL polyethylene bottle attached to a
3.6-m pole and a subsample of the liquid stored in a 40-mL

glass vial so that no headspace remained. Care was taken to
avoid roiling of the lagoon surface during sample collection
while at the same time avoiding collection of scum on the
water surface. The vials were refrigerated until the samples
were extracted. Extraction columns containing 100 mg of
Tenax TA (Supelco, Bellefonte, PA) enclosed within glass
wool plugs were prepared in Pasteur-type pipettes. Each col-
umn was prerinsed with high-purity methanol and deionized
water before use. The lagoon water samples were centrifuged
and the supernatant was gravity-fed through the Tenax TA
column. The sediment was resuspended in 5 mL of water,
vortexed, and centrifuged again. The resulting supernatant
was also passed through the column. The columns were rinsed
with 2-mL deionized water, and excess water on the columns
was expressed using a stream of high-purity N2. Retained com-
pounds were eluted into 2-mL vials with 400 mL of a 50:50
mixture of CH2Cl2 and hexane. An internal standard of pentyl
acetate (750 ng) was added to each vial. Chromatographic
separation of the samples was performed on a Varian Model
3800 GC (Varian Associates, Walnut Creek, CA) by injection
of 1.0 mL in splitless mode for 1 min and with a 75:1 split
thereafter onto a 60 m by 0.32 mm DB-5 column (Supelco,
Bellefonte, PA) with a film thickness of 1.0 mm. Injector tem-
perature was 2208C, FID 2408C, column oven initial tempera-
ture was 408C for 2 min, then programmed at 38C min21 to
1508C and held for 2 min. The column oven was then pro-
grammed at 58C min21 to 2208C and held for 20 min. Injector
and detector temperatures and gas flow rates were as de-
scribed previously. Compounds were quantified by injection
of external standards of high purity compounds obtained from
Aldrich (Milwaukee, WI), and the resulting values were ad-
justed on the basis of the peak size of the pentyl acetate
internal standard. Results were expressed as nanograms of
compound per milliliter of water.

Compound Identification

Gas chromatography–mass spectroscopy (GC-MS) was per-
formed using a Hewlett-Packard model 6890 gas chromato-
graph equipped with a 30 m by 0.25 mm HP-5 column (Hew-
lett-Packard, Palo Alto, CA) interfaced to a Model 1800 mass
selective detector. One-mL aliquots were injected onto the
GC in splitless mode for 1 min, and the mass ion detector
used a scanning range of 40 to 450 amu. Operating conditions
for the GC-MS were: injector 2208C, column oven 408C for
1 min, then programmed at 38C min21 to 1808C. Compound
identifications were performed by computer database searches
and retention time matches of authentic samples of com-
pounds on the SPB-5 column.

All data for concentration of malodorous compounds were
analyzed by means and standard errors of the mean (PROC
MEAN), analysis of variance (PROC ANOVA) after log-
transformation of individual values, and linear regression
(PROC REG) using the SAS system for Windows version
6.12 (SAS Institute, 1996).

Fig. 1. Schematic diagram of wastewater treatment system.
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RESULTS AND DISCUSSION
Water Quality

Before conversion of conventional Lagoon 1 to a stor-
age pond, all three anaerobic lagoons in this study re-
ceived flushed manure. Table 1 shows that average annual
(January–December 2002) water quality parameters of
the lagoons before the conversion of Lagoon 1 were
very similar because the three lagoons had the same size
and management. Beginning in February 2003, manure
flush to Lagoon 1 was halted and 100% of the manure
generated was processed through the treatment plant.
Water constituent levels (such as TKN, NH3–H, TSS,
VSS, COD, and BOD) in Lagoon 2 and 3 were lower
than annual average during the September–October
2003 sampling period due to annual variation in liq-
uid concentration, typical of conventional anaerobic la-
goons (Bicudo et al., 1999). Except for pH, all measured
water quality constituents declined in the converted la-
goon 9 mo after conversion (Table 1). Due to lagoon
conversion, the levels of TKN and NH3–N declined to
about one-third of those of the conventional waste la-
goons. In addition, levels of TSS and VSS in the con-
verted lagoon were reduced by 60 and 37% with respect
to those of the conventional lagoons. For instance, VSS
averaged 80 mg L21 for the converted lagoon and 127 mg
L21 for the conventional swine-waste lagoons. In the
converted lagoon, the decline in organic load caused a
large decline of 62% for COD and 75% for BOD with
respect to conventional lagoons levels. This decline in
COD and BOD levels may have a major effect on the
microbial production of volatile compounds by both
reducing the amount of organic substrate and increased
aeration levels in the converted lagoon liquid. A study
by Williams (1984) on pig slurry odors related NH3–N,
BOD, sulfides, volatile fatty acids (C2–C5), as well as
total indoles and phenols of raw and aerobically treated
slurries to offensiveness as determined by an odor panel.
Ammonium N and sulfide concentration had poor cor-
relation with odor offensiveness, but log BOD was cor-
related with offensiveness ratings (r 5 0.86), as were
fatty acids and total indoles and phenols concentrations
(r 5 0.84 and 0.85, respectively). Therefore, results from
Williams (1984) indicate that reductions in the offen-
siveness of swine wastes may parallel declines in BOD
levels, as were noted in Lagoon 1 after conversion.

Selection of Odorous Compounds
Odorous emissions from manure consist of a complex

array of compounds such as volatile fatty acids, indoles

and phenols, ammonia, volatile amines, and volatile
S-containing compounds (Zhu, 2000). Evaluation of
odor-abating waste handling methods consist of sensory
analysis by olfactometry with human subjects or analyti-
cal methods. The olfactometry approach is cumbersome
for routine analysis because rather large odor panels
are needed to obtain reliable and reproducible results
(Gostelow et al., 2001). As an alternative, Spoelstra
(1980) proposed the use p-cresol and volatile fatty acids
concentrations as indicators of objectionable odors to
evaluate odor-abating waste handling methods. Zahn
et al. (2001a) made the case for using volatile fatty acids
concentrations, specifically C2 through C9 chains, as
indicators for decreased air quality. Their study also
included phenol, p-cresol, 4-ethyl phenol, indole, and
skatole. Air samples from lagoons showed a consistently
lower concentration of volatile fatty acids, as well as
phenol, p-cresol, 4-ethyl phenol, indole, and skatole lev-
els in treatment lagoons with respect to manure storage
basins. One potential problem for using volatile fatty
acids as malodor indicators is that their volatility and
concentration may be reduced under alkaline conditions
(Spoelstra, 1980; Zhu, 2000). Because alkaline condi-
tions (pH . 7.6) are typical of anaerobic lagoons in
North Carolina (Bicudo et al., 1999), we assumed that
other compounds less affected than volatile fatty acid
by alkaline conditions (phenol, p-cresol, 4-ethyl phenol,
indole, and skatole) might serve as more reliable mal-
odor indicators in the traditional and converted lagoons.

Although there is not a single compound that serves
as a reliable indicator of malodors from swine manure,
the five key malodorous compounds (phenol, p-cresol,
4-ethylphenol, indole, and skatole) selected for our
study are frequently cited as related to fecal matter
(Spoelstra, 1977; Gralapp et al., 2001; Hobbs et al., 1995;
Schiffman et al., 2001; Yasuhara et al., 1984; Zahn et al.,
2001a). Table 2 shows some characteristics of these
five selected malodor indicators including physical con-
stants (octanol–water coefficient and water solubility)
calculated using the EPI suite for Windows (USEPA,
2000). These five compounds are microbial degradation
products produced in the digestive tract (Nagata and
Takeuchi, 1990; Zhu, 2000). Phenol and p-cresol are
degradation products of tyrosine and phenylalanine
(Elsden et al., 1976; Ishaque et al., 1985), whereas 4-ethyl-
phenol is a likely decarboxylation product of p-coumaric
acid (van Beek and Priest, 2000). Indole and skatole
are degradation products of tryptophan (Elsden et al.,
1976). Indole, skatole, and p-cresol have very low odor

Table 1. Lagoon liquid analyses of three swine lagoons performed before and after conversion of Lagoon 1 to storage pond.

Lagoon TKN NH3–N TS TSS VSS COD BOD pH

mg L21

January–December 2002 (before conversion of Lagoon 1)
1 505† 464 4217 273 192 1700 207 8.03
2 521 467 3526 315 225 1700 170 7.96
3 517 469 3578 328 225 1700 196 7.98

September–October 2003 (after conversion of Lagoon 1)
1 114 98 2319 103 80 435 14 8.14
2 372 332 2794 263 83 1150 47 7.85
3 364 315 2537 245 170 1110 62 7.77

†Data are average of monthly samples.
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thresholds, so reduction in their levels by treatment may
have an effect on odor quality. In addition, these five
compounds follow the five following selection criteria
for manure odor indicators (Spoelstra, 1980): (i) the
components must be products of protein degradation;
(ii) the components should be stable end products under
normal conditions of waste storage; (iii) the formation
of the components must reflect the kinetics of waste
degradation; (iv) the components must respond in a
representative way to environmental changes; and (v)
the concentrations of the components must be easy to
measure.

Extraction of Volatile Compounds from Water
We first tried a dynamic headspace sampling proce-

dure for quantification of odor but results were not
reliable. This procedure consisted of a collection cham-
ber containing lagoon liquid and an air headspace that
received purified air and passing the exhaust air through
a column containing Super Q absorbent (Supelco, Belle-
fonte, PA). We were not able to quantify treatment
differences in most compounds analyzed. Conditions
such as relative humidity, temperature, air velocity, indi-
vidual thresholds, and column trapping efficiency are
all known factors that could have caused the poor results
obtained with the headspace procedure. For this reason,
we wished to develop a simplified approach to odor
quantification that was independent of factors affecting
odor dispersion by measuring concentration of selected
odor compounds in water samples. In addition, water
extraction allows direct comparison of the odors with
water quality indicators commonly used in wastewater
treatment monitoring.

We chose solid-phase extraction of the lagoon sam-
ples for the analysis of malodors. Although solid-phase
extraction of organic compounds is a common tech-
nique, this method has not been used routinely for odor
compound analysis of lagoon wastewater. We chose
Tenax TA as the extraction polymer because of its low
affinity for water and relatively high affinity for com-
pounds such as phenol and p-cresol (Chen et al., 2001;
Sato et al., 2001). Although we did not measure the
efficiency of Tenax TA for the recovery of volatile com-
pounds from water, preliminary extractions of lagoon
samples showed that the selected compounds were re-
tained on the Tenax column in that we were not able
to detect any of the targeted analytes in re-extracted
samples. Furthermore, we were able to note consistently
clear differences in the concentration of the selected
volatile compounds in the converted lagoon compared

with the two conventional lagoons. Figure 2 shows chro-
matograms of solid-phase extracts of the converted
waste lagoon and one of the conventional waste lagoons.
The five odorous compounds selected for this study
are all highly soluble in water, and we found them in
concentrations well below the limit of their predicted
solubility (Table 2). In addition to the five selected odor
compounds, 12 additional compounds were identified
(n-alkanes, unsaturated hydrocarbons, and brominated
alkanes). Yields of these 12 compounds from Tenax-
extracted water were below 10 ng mL21 and did not
significantly differ between the converted lagoon and
conventional lagoons. However, the extraction method
effectively showed relative differences in the concentra-
tions of the selected malodorous compounds present in
the converted lagoon and conventional lagoons. There
was a marked (83%) reduction in identified malodorous
compounds in water from the converted lagoon com-
pared with liquid from the two conventional lagoons
(Table 3). The reduction was especially marked in the
case of p-cresol (83%), 4-ethylphenol (93%), and ska-
tole (97%), all of which make important contributions
to swine waste odors due to their distinctive odors and
low detection thresholds. An independent analysis by
a trained odor panel confirmed that odor dispersion
from this production unit with the converted lagoon was
greatly reduced when odor from the animal housing
was subtracted from the total odor contribution of the
production unit (Schiffman and Graham, 2004).
The remarkable reduction of selected malodor com-

pound levels in the converted lagoon was due probably
to the combined effect of discontinuing loading of liquid
manure and storing excess clean water generated by the
full-scale wastewater treatment system into the con-
verted lagoon. This management reduced lagoon liquid
strength by both reducing organic loads and improv-
ing aeration of lagoon liquid (Vanotti, 2004). There-
fore, considerable reduction of anaerobic microbial
breakdown of the amino acid precursors for malodor
compounds were expected as indicated by declining
TKN and NH3–N values in the converted lagoon from
May to October 2003 (Table 1). According to Williams
(1984), the most reliable water quality applicable indica-
tor for odor reduction in liquid swine manure is superna-
tant BOD, both during aerobic treatment and post-
treatment storage. Similarly, we found that BOD was
the best predictor for total odor concentration in lagoon
liquid samples (Fig. 3). This relationship (r2 5 0.79, n 5
8, P , 0.01) shows that total odor concentration linearly
decreased with the decrease in organic substrate (Fig. 3).

Table 2. Characteristic of malodorous compounds.

Compound Odor characteristic Odor threshold† log10 (Kow)‡ Solubility in water

mg m23 ng mL21

Phenol aromatic, irritant 0.43 1.51 45.9 3 106
p-Cresol fecal 8.32 3 1023 2.06 15,7 3 106
4-Ethylphenol pungent – 2.55 5.16 3 106
Indole fecal/stench 1.55 3 1025 2.05 5.61 3 105
Skatole fecal/nauseating 3.09 3 1023 2.6 1.88 3 105

†Data from Schiffman et al. (2001).
‡Octanol–water solubility coefficient and solubility in water estimated using EPI Suite for Windows (USEPA, 2000).
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Therefore, a decline in organic substrate for microbial
growth probably paralleled a decline in the pool of pre-
cursors to malodor compounds to the point where differ-
ences in odor compound concentrations of the converted
and conventional waste lagoon were highly significant.

CONCLUSIONS

Differences in water quality characteristics among la-
goons were observed starting in 2003 after manure flush

to Lagoon 1 was halted and 100% of the manure gener-
ated was processed through the treatment plant. Later,
analysis of water showed a marked (83%) reduction in
total concentration of malodorous compounds in water
from the converted lagoon compared with liquid from
the two conventional lagoons. The reduction was partic-
ularly marked in the case of p-cresol, 4-ethylphenol, and
skatole, all of which make important contributions to
swine waste odors due to their low detection thresholds
and distinctive odors.

ACKNOWLEDGMENTS

This research was part of USDA-ARS National Program
206: Manure and By-Product Utilization; CRIS Project 6657-
13630-001-00D ‘‘Improved Animal Manure Treatment Meth-
ods for Enhanced Water Quality.’’ The authors acknowledge
Ms. Aprel Q. Ellison’s and Mr. Terry Bradshaw’s assistance
in sampling and analyzing lagoon liquid samples. Mention of
a trade name, proprietary product, or vendor is for information
only and does not guarantee or warranty the product by the
USDA and does not imply its approval to the exclusion of
other products or vendors that may also be suitable.

REFERENCES
APHA. 1998. Standard methods for the examination of water and

wastewater. Am. Public Health Assoc., Washington, DC.
Bicudo, J.R., L.M. Safley, Jr., and P.W. Westerman. 1999. Nutrient

Fig. 2. Portions of chromatograms of liquid from converted lagoon and conventional anaerobic lagoon. Peak identities: IS, pentyl acetate internal
standard. 1, Phenol. 2, para-Cresol. 3, 4-Ethylphenol. 4, Indole. 5, Skatole.

Table 3. Reduction of odor compounds in the liquid of converted lagoon as compared to conventional lagoons.

Compound
Converted
Lagoon 1†

Conventional
Lagoon 2

Conventional
Lagoon 3

Odor compound
reduction‡

ng mL21 %
Phenol 3.89 6 1.42 a§ 3.03 6 1.50 a 9.02 6 3.67 a 35.4
p-Cresol 0.69 6 0.60 b 4.38 6 3.86 a 3.73 6 2.20 ab 83.0
4-Ethylphenol 0.24 6 0.15 b 2.76 6 1.78 a 3.76 6 2.22 a 92.6
Indole 1.06 6 0.40 a 0.86 6 0.37 a 1.69 6 1.17 a 16.9
Skatole 0.67 6 0.35 b 15.2 6 4.18 a 32.9 6 10.3 a 97.2
Total identified 6.64 b 26.44 a 51.24 a 82.9

†Data are means 6SE for the period September–October 2003 (n 5 5).
‡Odor compound reduction compares concentration in Lagoon 1 with the average concentration of Lagoons 2 and 3.
§Means followed by the same letter are not significantly different by a least significant difference test of log-transformed values (a 5 0.05).

Fig. 3. Linear regressions of biological oxygen demand of the lagoons
vs. concentrations of malodorous compounds in water samples.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

198 J. ENVIRON. QUAL., VOL. 35, JANUARY–FEBRUARY 2006



content and sludge volume in single-cell recycle anaerobic swine
lagoons in North Carolina. Trans. ASAE 42:1087–1093.

Chen, Y., J. You, B. Liang, G. Wang, and W. Liu. 2001. A multisorbent
thermal desorbtion GC-MS method for the determination of VOCs
in industrial sewage. Am. Lab. (Boston) 33:24–25.

Clanton, C.J., D.R. Schmidt, L.D. Jacobson, R.E. Nicolai, P.R. Good-
rich, and K.A. Janni. 1999. Swine manure storage covers for odor
control. Trans. ASAE 15:567–572.

Elsden, S.R., M.G. Hilton, and J.M. Waller. 1976. The end products of
the metabolism of aromatic amino acids by Clostridia. Arch.
Microbiol. 107:283–288.

Funk, T.J., R. Hussey, Y. Zhang, and M. Ellis. 2004. Synthetic covers
for emissions control from earthen embanked swine lagoons: I.
Positive pressure lagoon cover. Trans. ASAE 20:233–238.

Gostelow, P., S.A. Parsons, and R.M. Stuetz. 2001. Odour measure-
ments for sewage treatment works. Water Res. 35:579–597.

Gralapp, A.K., W.J. Powesand, and D.S. Bundy. 2001. Comparison
of olfactometry, gas chromatography, and electronic nose technol-
ogy for measurement of indoor air from swine facilities. Trans.
ASAE 44:1283–1290.

Heber, A.J., J.-Q. Ni, and T.T. Lim. 2002. Odor flux measurements
at a facultative swine lagoon stratified by surface aeration. Appl.
Eng. Agric. 18:593–602.

Hobbs, P.J., T.H. Nisselbrook, and B.F. Pain. 1995. Assessment of
odours from livestock wastes by a photionization detector, an elec-
tronic nose, olfactometry and gas chromatography–mass spectrom-
etry. J. Agric. Eng. Res. 60:137–144.

Ishaque, M., J.G. Bisaillon, R. Beaudet, and M. Sylvestre. 1985. Degra-
dation of phenolic compounds by microorganisms indigenous to
swine waste. Agric. Wastes 13:229–235.

Lim, T.T., A.J. Heber, J. Ni, A.L. Sutton, and P. Shao. 2003. Odor and
gas release from anaerobic treatment lagoons for swine manure. J.
Environ. Qual. 32:406–416.

McCrory, D.F., and P.J. Hobbs. 2001. Additives to reduce ammonia
and odor emissions from livestock wastes: A review. J. Environ.
Qual. 30:345–355.

Miner, J.R., F.J. Humenik, J.M. Rice, D.M. Rashash, C.M. Williams,
W. Robarge, D.B. Harris, and R. Shefield. 2003. Evaluation of a
permeable, 5 cm thick, polyethylene foam lagoon cover. Trans.
ASAE 46:1421–1426.

Nagata, Y., and N. Takeuchi. 1990. Measurement of odor threshold by
triangle odor bag method. Bull. Jpn. Environ. Sanit. Cent. 17:77–89.

SAS Institute. 1996. SAS System for Windows. Version 6.12. SAS
Inst., Cary, NC.

Sato, H., T. Hirose, T. Kimura, Y. Moriyama, and Y. Nakashima.
2001. Analysis of malodorous volatile substances of human waste:
Feces and urine. J. Health Sci. 47:483–490.

Schiffman, S.S., J.L. Bennett, and J.H. Raymer. 2001. Quantification
of odors and odorants from swine operations in North Carolina.
Agric. For. Meterol. 108:213–240.

Schiffman, S.S., and B.G. Graham. 2004. Comparison of odor disper-

sion at swine facilities and a waste processing center using a Eu-
lerian-Lagrangian model. Available at www.cals.ncsu.edu/waste_mgt/
smithfield_projects/phase1report04/A.10odor.pdf (accessed Jan. 2005;
verified 1 Sept. 2005). North Carolina State Univ., Raleigh, NC.

Spoelstra, S.K. 1977. Simple phenols and indoles in anaerobically
stored piggery wastes. J. Sci. Food Agric. 28:415–423.

Spoelstra, S.K. 1980. Origin of objectionable odorous components in
piggery wastes and the possibility of applying indicator components
for studying odour development. Agric. Environ. 5:241–260.

Technicon Instruments Corp. 1977. Individual/simultaneous determi-
nation of nitrogen and/or phosphorus in BD acid digests (dializer).
Industrial Method 337-74W/B. Technicon Instruments Corp., Tarry-
town, NY.

USEPA. 2000. EPI Suite for Windows. Version 3.11. USEPA, Wash-
ington, DC.

van Beek, S., and F.G. Priest. 2000. Decarboxylation of substituted
cinnamic acids by lactic acid bacteria isolated during malt whiskey
fermentation. Appl. Environ. Microbiol. 66:5322–5328.

Vanotti, M.B. 2004. Evaluation of environmentally superior technology:
Swine waste treatment system for elimination of lagoons, reduced
environmental impact, and improved water quality. Available at http://
www.cals.ncsu.edu:8050/waste_mgt/smithfield_projects/phase1report04/
A.9Super%20Soil%20final.pdf (verified 4 Oct. 2005). North Carolina
State Univ., Raleigh, NC.

Vanotti, M.B., A.A. Szogi, and P.G. Hunt. 2005. Wastewater treatment
system. U.S. Patent 6,893,567 B1. Date issued: 17 May.

Westerman, P.W., and R.H. Zhang. 1997. Aeration of livestock ma-
nure slurry and lagoon liquid for odor control: A review. Trans.
ASAE 13:245–249.

Williams, A.G. 1984. Indicators of piggery slurry odour offensiveness.
Agric. Wastes 10:15–36.

Williams, C.M. 2001. Smithfield and Premium Standard Farms pro-
gram implementation. p. 18–21. InG.B. Havenstein (ed.) Int. Symp.
Addressing Animal Production and Environmental Issues, Re-
search Triangle Park, NC. North Carolina State Univ., Raleigh, NC.

Williams, C.M. 2004. Development of environmentally superior technol-
ogies. Available at www.cals.ncsu.edu/waste_mgt/smithfield_projects/
phase1report04/front.pdf (accessed Jan. 2005; verified 1 Sept. 2005).
North Carolina State Univ., Raleigh, NC.

Yasuhara, A., K. Fuwa, and M. Jimbu. 1984. Identification of odorous
compounds in fresh and rotten swine manure. Agric. Biol. Chem.
48:3001–3010.

Zahn, J.A., A.A. DiSpirito, Y.S. Do, B.E. Brooks, E.E. Cooper, and
J.L. Hatfield. 2001a. Correlation of human olfactory responses to
airborne concentrations of malodorous volatile organic compounds
emitted from swine effluent. J. Environ. Qual. 30:624–634.

Zahn, J.A., A.E. Tung, B.A. Roberts, and J.L. Hatfield. 2001b. Abate-
ment of ammonia and hydrogen sulfide emissions from a swine
lagoon using a polymer biocover. J. Air Waste Manage. Assoc.
51:562–573.

Zhu, J. 2000. A review of microbiology in swine manure odor control.
Agric. Ecosyst. Environ. 78:93–106.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

199LOUGHRIN ET AL.: REDUCING MALODORS IN ANAEROBIC LAGOONS


