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LIVESTOCK AIR TREATMENT USING PVA‐COATED 
POWDERED ACTIVATED CARBON BIOFILTER

K. S. Ro,  L. L. McConnell,  M. H. Johnson,  P. G. Hunt,  D. Parker

ABSTRACT. This study evaluated the efficacy of polyvinyl alcohol (PVA)‐coated powdered activated carbon particles as a
biofiltration medium. This material exhibited excellent properties as a biofiltration medium with a water holding capacity
of 1.39 g H2O/g‐dry PVA; wet porosity of 0.53; and significantly lower pressure drop than that of commonly reported biofilter
media such as compost. Bench‐scale biofilters treating off‐gas by aerating flushed swine manure samples were used to
evaluate ammonia and hydrogen sulfide removal capacities along with greenhouse gas production potentials. Although
ammonia adsorption capacity was much lower than granular activated carbon, the PVA biofilter medium retained its
ammonia removal capacity because of suspected biological nitrification. The PVA biofilters continued to remove 80% of
ammonia in the air for the entire 37 days of operation. While the biofilters produced 0.14 g N2O‐N/L‐wet PVA, another
greenhouse gas methane production was negligible. Hydrogen sulfide was effectively removed (97%) by the PVA biofilters.

Keywords. PVA biofilter, Ammonia, Hydrogen sulfide, Nitrous oxide, Livestock air, Greenhouse gas.

educing ammonia (NH3) and hydrogen sulfide
(H2S) emissions from livestock facilities is an
important issue for many communities and
livestock producers. These gases have been

regarded as two major odor gases with very low odor
thresholds levels: 1.1 ppb for H2S and 37 ppb for NH3
(Eikum and Storhaug, 1986; Henry and Gehr, 1980). While
the desired reduction of ammonia and hydrogen sulfide
emission is facilitated by properly designed animal houses,
it can be substantially enhanced by the use of biofiltration
technology. This technology employs both natural and
synthetic biofiltration media providing surface areas for the
attachment  of microorganisms that remove air‐borne
contaminants.

Natural filter media have been more commonly used.
They consist of materials such as compost, soil, peat, and
woodchips. They have been frequently employed in
biofiltration technology to reduce emissions of ammonia,
hydrogen sulfide, and other odorous compounds from
municipal,  industrial, and agricultural facilities (Chung et al.,
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2004; Classen et al., 2000; Elmrini et all., 2004; Green et al.,
2005; Janni and Nicolai, 2000; Morgan‐Sagastume and
Noyola, 2006; Nicolai and Janni, 1999; Nicolai et al., 2002;
Sheridan et al., 2002; Sun et al., 2000; Wani et al., 1999).
Although their costs are low, the natural filter media will
decompose, settle, and compact with time (Sun et al., 2000).
Alternatively, specially designed synthetic media can
overcome some of the structural limitations of the natural
filter media. Various synthetic biofilter media have been
employed to support microorganisms that remove NH3 and
H2S such as polyurethane foam cubes (PU), granular
activated carbon, synthetic polymer, natural fibers, and
proprietary filter media (Ostlie‐Dunn et al., 1998;
Shareefdeen et al., 2002; Chan and Lu, 2003; Gabriel and
Deshusses, 2003; Chan and Lin, 2004; Chung et al., 2004).
Recently, powdered activated carbon particles coated with
polyvinyl alcohol gel (hereafter PVA particles) were
developed as synthetic biofilter media for removing odors
from municipal wastewater treatment plants by the Denka
Consultant & Engineer Co., LTD in Japan. The PVA particles
have high 1) surface areas to support large microbial
communities,  2) moisture holding capacities from the
hydrophilic PVA polymer, and 3) porosities that reduce
pressure drops. These particles can also maintain structural
integrity at low pH (Chan and Lin, 2004). Filter material
resistance to low pH is an extremely important trait for
biofilters treating odorous ammonia‐ and sulfur‐containing
compounds which produce large amounts of acidity. The
colorless sulfur bacteria from the geneus Thiobacillus will
create acidity via the oxidation of sulfide to sulfate (Kuenen
and Robertson, 1992; Chung et al., 1996). The nitrifying
bacteria will produce acidity via oxidation of ammonia to
nitrate under aerobic conditions of the biofiltration and also
lower the pH of the wastewater (Metcalf & Eddy, Inc., 2003).

In addition to acidity, biofiltration may produce
greenhouse gases. For instance, N2O may be formed during
either nitrification or denitrification (Bremner and Blackmer,
1978; Tallec et al., 2006; Hunt et al., 2007). Previously, most
studies of livestock air biofiltration have focused on odors,
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NH3, H2S, or VOCs. To date, greenhouse gas production
potential from biofiltration of livestock air has not been
reported. In this study, we assessed the effectiveness of the
PVA biofilters with respect to greenhouse gases as well as
NH3 and H2S.

The objective of this study was to evaluate the efficacy of
PVA particles as a biofiltration support medium by 1)
characterizing  the size, pressure drop, and adsorption
capacity of the PVA particles; 2) evaluating the performance
of bench‐scale PVA biofilters in reducing ammonia and H2S
from swine manure aerated air; and 3) examining the
greenhouse gas production potential of PVA biofiltration.

MATERIALS AND METHODS
PRESSURE DROP

Resistance to air flow is the major contributing factor for
blower power requirement which increases with pressure
drop across biofiltration systems. Therefore, accurately
predicting pressure drop is an important step in designing of
biofilters. The Ergun equation has been frequently used in
estimating pressure drop across biofilters and other packed
bed systems (Ergun, 1952; Deront et al., 1998; Yang and
Allen, 2005; Morgan‐Sagastume and Noyola, 2006).
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where
� P = pressure drop (Pa),
L = bed height (m),
u = superficial velocity (m s‐1)

= Q/A,
Q = volumetric air flow rate (m3 s‐1),
A = cross‐sectional area of biofilter (m2),
d = characteristic particle diameter (m),
� = sphericity (surface of sphere/surface of particle of 

the same volume)
� = porosity,
� = viscosity of air (kg m‐1 s‐1), and
ρ = density of air (kg m‐3).

In order to evaluate the applicability of the Ergun equation
in predicting pressure drops across PVA biofilters, pressure
drops from passing air (3‐13 L min‐1) through a 5.1‐cm
diameter column packed with 1.2 m of clean PVA particles
were monitored with a micromanometer (AXD 560, TSI Inc.,
Shoreview, Minn., accuracy ±1% of reading). The
equilibrium pressure drops were achieved rapidly (within
5‐10 min). Because the column diameter was about one order
of magnitude larger than PVA particles, the wall effects on
the pressure drop were assumed to be negligible (Di Felice
and Gibilaro, 2004). All pressure drop measurements were
conducted in triplicate.

PVA PARTICLE SIZE AND SHAPE CHARACTERIZATION

Ellipsoidal PVA particles of nominal mesh size between
4.8 and 9.5 mm were obtained from the Denka Consultant &
Engineer Co., LTD (Chiba, Japan). In order to use the Ergun
equation (eq. 1) to predict pressure drops, PVA biofilters were
assumed to contain uniform size PVA particles with a
characteristic diameter and sphericity. The Sauter‐mean
diameter or the mean volume‐surface diameter has been used

frequently to characterize non‐uniform particles (Hinds,
1982; Shieh and Chen, 1984; Ro and Neethling, 1990 and
1994). The Sauter‐mean diameter was estimated based on the
measurements of 100 randomly selected PVA particles.
Major and minor axes of the 100 ellipsoidal PVA particles
were measured using a scaled monocular macroscope (18 –
36X Zoom, RF Interscience Co, Coram, N.Y.).

 
2

3

s

v
sm

d

d
d =  (2)

where

vd  = average volume diameter = 
3/1

,
⎟⎟
⎠

⎞
⎢⎢
⎝

⎛ ∑
N

dn ivi

sd  = average surface area diameter = 
2/1

,
⎟⎟
⎠

⎞
⎢⎢
⎝

⎛ ∑
N

dn isi

ds,i = equivalent surface area diameter of particle i (m),

= ( )

( ) ⎟
⎟
⎟

⎠

⎞

⎢
⎢
⎢

⎝

⎛

−

−
+

−

2

21

/1

/1sin
2

ii

ii

i

i
ii

ab

ab

a

b
ba ,

dv,i = equivalent volume diameter of particle i (m),
= 3/12 )(2 ii ba ⋅

ai, bi = major and minor axes of an ellipsoidal particle i 
(radii, m),

ni = number of i particles, and
N = total number of particles.

The equivalent diameters are the diameters of spheres
having the same volume or surface area of non‐spherical
particles (Narzaroff and Alvarez‐Cohen, 2001). The
characteristic  sphericity of the PVA biofilter particles was
then estimated as:
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AMMONIA ADSORPTION BY PVA PARTICLES
Ammonia adsorption capacity of the PVA filter was

determined with the bed depth service time (BDST) model
(Bohart and Adams, 1920; Hutchins, 1973; Aksu and Gonen,
2004; Lin and Wang, 2004). Bohart and Adams (1920)
proposed the original BDST model relating filter bed depth
to the service time taken for breakthrough to occur. Hutchins
(1973) later simplified the original BDST model equation
and proposed a linear relationship between service time and
filter bed depth (eq. 4).
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where
Co  = influent solute concentration (mg solute m‐3),
C = effluent solute concentration (mg solute m‐3),
k = kinetic coefficient (m3 mg‐1 solute‐min),
qvo  = maximum volumetric adsorption capacity 

(mg solute m‐3),
t = service time (min),
u = superficial velocity (m min‐1), and
z = filter depth (m).
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The PVA adsorption capacity (qvo) was then estimated

from the intersection ⎟⎟
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ammonia adsorption, a calibrated gas stream with 30.8±
2 ppm NH3 (National Specialty Gases, Research Triangle
Park, N.C.) was passed through 5.1‐cm diameter columns
packed with 0.25 m of PVA particles.

BULK PACKING VOLUME, POROSITY, AND WATER

ABSORPTION OF PVA PARICLES

Due to their hydrophilic properties, PVA particles
absorbed water and the particle volume was expanded.
Interstitial  void fraction, bulk packing volume expansion,
and water absorption characteristics were determined
gravimetrically  using 500‐mL graduated cylinders. The
water adsorption by PVA particles was estimated by
determining the difference of the mass of water using Ohaus
analytical  balance (readability of 0.1 mg) and a scale
(readability of 0.1 g) (Pine Brook, N.J.) that could be drained
from the water‐PVA mixture (at different adsorption
durations up to 125 h) and the initial mass of water added to
the graduated cylinder. The interstitial void fraction
(hereafter called porosity) was determined by the ratio of the
volume of the drained water to the bulk packing volume of
the water‐PVA mixture. These properties of PVA particles
were determined in duplicate.

BENCH‐SCALE PVA BIOFILTRATION SYSTEM

The bench‐scale biofiltration system consisted of a
manure tank, an intake manifold, biofilters, and a blower

(fig. 1). The two biofilters were made of 10.2‐ × 62.2‐cm
(4‐ × 24.5‐in.) clear PVC pipe. About 1.3‐L bulk volume of
wet PVA particles were used for each biofilter. To obtain an
inoculation for an active, immobilized microbial culture
within the PVA particles, they were initially immersed for a
week in an aerated 18.9‐L activated sludge mixed liquor. The
activated sludge was obtained from a local municipal
wastewater treatment plant.

The inflow ammonia and hydrogen sulfide were produced
from aerating flushed manure from a 4,400‐head finishing
swine farm in North Carolina. The aeration was done in a
(56.8‐L) sealed tank. The off‐gas from the aerated manure
tank was then introduced at the bottom of the biofilters. Each
biofilter receives the off‐gas at a rate of 8.4 × 10‐5±2.6 ×
10‐5 m3 s‐1, resulting in an empty bed residence time (EBRT)
of 18±8.7 s. Our EBRT was within the range of EBRTs
reported for commercial, agricultural, and industrial
applications of biofiltration, i.e., 2 s to more than a minute
(Leson and Winder, 1991; Deviny et al., 1999; Nicolai and
Janni, 1999; Sheridan et al., 2002). The biofilter microbial
moisture and nutritional requirements were maintained by
recirculating  approximately 1.7 L of swine lagoon water
(1 h d‐1). Replacement of off‐gas‐generating‐manure was
required because continuous aeration stabilized the manure
in the aerated tank. Fresh manure was used for each
experimental  run. The duration of each experimental run was
mainly determined by availability of fresh manure and
operator's work schedule.

ANALYTICAL METHODS

The NH3 concentration was measured with a
photoacoustic multi‐gas analyzer (Innova 1412, California
Analytical Instruments, Inc., Orange, Calif.). The
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Figure 1. Schematic diagram of bench‐scale biofiltration system.
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photoacoustic analyzer was factory calibrated and
intermittently  its accuracy was evaluated with calibrated
gases of NH3, CO2, CH4, and N2O with certified accuracy of
less than 5% (National Specialty Gases, Research Triangle
Park, N.C.). Hydrogen sulfide concentration was measured
daily with a hydrogen sulfide detector utilizing a gold‐film
sensor (Jerome 631 X, Arizona Instruments, Tempe, Ariz.).
The accuracy of the hydrogen sulfide analyzer was
±0.003 ppm at 0.05 ppm (effluent range) and ±0.03 ppm at
0.5 ppm (influent range). Recirculating lagoon water was
analyzed for ammonia, nitrate/nitrite, TKN, and pH
according to the Standard Method (APHA, 1998).

RESULTS AND DISCUSSION
BULK DENSITY, POROSITY, AND WATER ABSORPTION OF
PVA PARTICLES

The PVA particles expanded as they absorbed water
(fig. 2). Within 4 h after PVA particles were immersed in
water, these particles absorbed water to about 90% of the
maximum absorption level of 1.39±0.06 g H2O/g dry PVA.
Concomitantly, the bulk packing volume increased from 2.33
±0.09 to 4.68±0.13 cm3g‐1 dry PVA (fig. 2). This high water
absorption capacity of the PVA particles is important in
supporting attached microorganisms (Chan and Lu, 2003).
The porosity of the PVA particles changed little with the
addition of water. It ranged from a dry porosity of 0.56±0.03
to a fully‐expanded state porosity of 0.53±0.02 (fig. 2). The
relatively constant porosity indicates that the pressure drop
per unit length would not increase appreciably in a PVA filter
even after the PVA particles fully absorb water.

PRESSURE DROP

PVA particle size, shape, packing density/porosity, and air
flow rate impacted pressure drop. The Sauter‐mean
diameters for dry and wet PVA particles were 0.72 and
0.93 mm, respectively. The characteristic sphericity of both
wet and dry PVA particles was 0.98. Using these PVA particle
size and sphericity, the Ergun equation slightly under
predicted the observed pressure drops as shown in figure 3.
The error bars represent the standard deviation of triplicate
tests. The pressure drop of the wet PVA particles was slightly
higher than that of dry PVA particles. Nonetheless, the
pressure drops of the either wet or dry PVA particles were
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very small relative to that of compost biofilter medium as
predicted by the empirical equation (eq. 5) as suggested by
Classen et al. (2000).
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AMMONIA ADSORPTION BY PVA PARTICLES
Three sets of data with more than 60% ammonia removal

were used to estimate the adsorption capacity as shown in
figure 4. The ammonia adsorption capacity of the PVA filter
was 5.3±0.3 g m‐3, or 0.012±0.001 mg g‐1dry PVA. This
adsorption capacity is far less than 0.6 mg‐N g‐1dry granular
activated carbon (GAC) as reported by Chung et al. (2005).
With this low adsorption capacity, PVA particles would be
physically saturated with ammonia on the second day of
operation. In other words, this material would not be effective
in removing ammonia in the air via physical adsorption
alone. Nonetheless, as expected, the PVA biofilters
effectively removed ammonia in the air while nitrate
concentration was increased in the recirculating lagoon
water. The biological component of the PVA biofilters (i.e.,
nitrification) was able to compensate for the low adsorption
capacity of PVA particles and removed most of ammonia in
the air. Furthermore, this biological ammonia removal
mechanism was not being diminished in time.

AMMONIA REMOVAL EFFICIENCY
For the first 20 days of acclimation period, the influent

ammonia concentration ranged from 4 to 96 ppm. The inlet
ammonia concentration decreased as the manure was
stabilized with the aeration. During this period, the PVA
biofilters were not able to remove ammonia from the air and

0

10

20

30

40

0 1 2 3 4 5
ln (Co/C -1)

t 
(m

in
)

Run 1 Run 2 Run 3

Figure 4. Linear relationships between service time and ln (Co/C‐1) of
equation 4.
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the effluent ammonia concentrations were practically the
same as that of influent. However, after the 20 days of
acclimation  period, the PVA biofilters removed most of
ammonia in the influent. The ammonia concentration
profiles of the biofilter influent and the average of the two
PVA biofilter effluents after 20 days of acclimation period are
shown in figure 5. The average coefficient of variation of the
two biofilter effluent ammonia concentrations was 10.0%.
Influent air ammonia concentration reached as high as 125
ppm; effluent air ammonia concentrations were mostly under
7 ppm. During Run 3, ammonia concentrations in the fresh
manure sample were low due to a reduced number of animals
in the facility. Although it was not intentionally planned, Run
3 and Run 4 show how well the PVA biofilters sustained its
ammonia removal capacity during the period (more than
10 days) of very low ammonia loadings and how quickly the
PVA biofilters responded to shock loading in Run 4.

The ammonia removal efficiency was calculated as:

removal efficiency (%) = 100×
−

o

o

C

CC  (6)

Ammonia removal efficiency decreased with decrease in
the influent ammonia concentration. Less than 80% removal
efficiencies were observed when influent ammonia
concentrations were less than about 5 ppm. Figure 6 shows
the cumulative ammonia mass introduced in the influent and
emitted in the biofilter effluents. For the entire 37 days of
operations, the PVA biofilters removed 80% of the total
ammonia in the influent. The global efficiency of the PVA
biofilter was lower than that of compost biofilters which
maintained more than 95% efficiency in removing ammonia
for 6 days (Pagans et al., 2005). However, the ammonia
removal efficiency of the compost biofilter receiving very
high ammonia concentration (>2000 mg m‐3) dropped to
30%. Busca and Pistarino (2003) reported that the ammonia
removal efficiencies using natural media such as compost,
peat, wood chips, and oyster shells ranged from 70% to
99.7%. The ammonia removal efficiency of the PVA biofilter
was comparable to that of biofilters using these natural
media.

The ammonia removed from the PVA biofilters was
probably nitrified by nitrifying bacteria. The classical
biological nitrogen pathway involves a two‐step process.
Aerobic ammonia oxidizers such as the well‐known genera
Nitrosomonas and Nitrosospira oxidize ammonia (not
ammonium) to hydroxylamine, which is further oxidized to

0

50

100

150

200

0 10 20 30 40
Time (d)

N
H

3 (
p

p
m

)

0%

20%

40%

60%

80%

100%

R
em

o
va

l E
ff

ic
ie

n
cy

 (%
)

Influent PVA Effluent Removal Efficiency

Run 1
(15 d)

Run 2
(7 d)

Run 3
(11 d)

Run 4
(4 d)

Figure 5. Ammonia concentrations and removal efficiencies of PVA
biofilters.

0

1

2

3

0 10 20 30 40

Time (d)

C
u

m
u

la
tiv

e 
N

H
3
-N

 (
g

)

Influent PVA
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nitrite by the enzyme hydroxylamineoxidoreductase (HAO).
The nitrite is further oxidized to nitrate by different groups of
nitrifying bacteria, Nitrobacter and Nitrosopira (McCaig
et al., 1999; Cebron et. al., 2003; Metcalf & Eddy, Inc., 2003;
Pukhold et al., 2003). The stoichiometric equations for these
nitrification steps are:

NH3 + 1.5 O2 → NO2 - + H+ + H2O

NO2 - + 0.5 O2 → NO3 -

__________________________________

NH3 + 2 O2 → NO3 - + H2O + H+ (7)

Equation 7 suggests that if nitrification occurred in the
biofilters, we should have observed a decrease in pH due to
production of proton and increase in nitrate. Table 1 clearly
shows that these chemical characteristic changes took place
in the PVA biofilter recirculating water. After 6 days of
operation during Run 1, the ammonia concentration of the
PVA biofilter recirculating water was slightly reduced from
356 to 276 mg/L. Simultaneously, NOx concentrations
increased from 0 to 123 mg/L, and the pH decreased from
8.59 to 6.69. These changes indicated that nitrifying bacteria
in the PVA biofilter were partly responsible for ammonia
removal by oxidizing it to nitrate.

H2S REMOVAL EFFICIENCY

The PVA biofilters also effectively removed H2S from the
air as shown in Figure 7. The error bars of the effluent
concentrations represent the standard deviation of the two
biofilter effluent H2S concentrations. For the entire 37 days
of operation, the PVA filters removed 97% of H2S based on
the total mass flow of H2S in the influent and effluent. This
H2S removal efficiency of the PVA biofilters was slightly
lower than 99.8% removal efficiency of a peat biofilter
inoculated with Thiobacillus thioparus DW44 (Cho et al.,
1992). Following the trend of ammonia, the influent H2S
concentration increased abruptly whenever fresh manure was
recharged for each run. Although microbial sulfur removal

Table 1. Chemical characteristics of PVA biofilter recirculating water.

Chemicals
Initial

Concentration
After 6 Days of

Operation (Run 1)

pH 8.59 6.69±0.21

Temperature 23.0°C 22.9°C

TKN (mg‐N/L) 399 276±27

NH3‐N (mg‐N/L) 355.8 276±19

NOx‐N (mg‐N/L) Below detection 123±15
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mechanism involving Thiobacillus species were suggested in
the literature (Sun et al., 2000), it is not clear at this time
whether the H2S was removed abiotically such as adsorption,
biotically, or both. Further examination of H2S removal
mechanisms is required for effective design of biofilters.

GREENHOUSE GAS EMISSION FROM BIOFILTRATION

Greenhouse gases from influent and effluent from the PVA
biofilters were monitored during the 37 days of operation.
The greenhouse gas concentrations in figures 8‐10 were the
average effluent concentration of the two PVA biofilters. The
average coefficients of variation of the two biofilter effluent
greenhouse gas concentrations were 18,6%, 9.2%, and 6.2%
for N2O, CO2, and CH4, respectively. The PVA biofilter
emitted slightly more CO2 than introduced as shown in
figure 8. This was likely due to microbial respiration in the
PVA medium. The total CO2 produced from aerating swine
manure (i.e., influent to the PVA biofilters) was 0.21 kg; the
total CO2 in the PVA biofilter effluent was 0.23 kg. There was
virtually no difference in CH4 before and after PVA biofilter
as shown in figure 9. This indicates that there were little CH4
reducing microbial activities in the PVA biofilter. However,
the PVA biofilter produced significantly more N2O (0.14 g
N2O‐N/L‐wet PVA) than was introduced as shown in
figure 10. It is likely that N2O was produced by aerobic
nitrifiers in the biofilter. Bremner and Blackmer (1978) also
observed N2O emission from soil during nitrification of
ammonium and ammonium producing fertilizers under
aerobic conditions. Tallec et al. (2006) reported that
autotrophic denitrifcation, not heterotrophic denitrification,
was the major mechanism deriving N2O emission from
activated sludge samples.

CONCLUSIONS
The efficacy of PVA‐coated powdered activated carbon

biofilters in removing NH3, H2S, and greenhouse gases was
studied using bench‐scale units. The PVA particles expanded
as the hydrophilic polymer absorbed water. This provided the
necessary moisture for microbial community in the PVA
particles. The PVA particles showed excellent pressure drop
characteristics,  with significantly smaller pressure drops than
compost biofilter medium. The ammonia adsorption
capacity of the PVA particles was only 0.012 mg NH3/g‐dry
PVA, significantly lower than granular activated carbon. Yet,
despite the low NH3 adsorption capacity of the PVA particles,
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biofiltration.

80% of the total ammonia in the influent was effectively
removed by the PVA biofilters during the 37 days of
operation. Based on recirculation water chemical
characteristics,  nitrification of ammonia was suspected as the
governing factor in removal of ammonia in the air. The PVA
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had no effect on methane. The PVA biofilter produced
significantly more N2O than introduced. Because N2O is a
potent greenhouse gas, its production potential while
removing NH3 and H2S during biofiltration may pose a
serious environmental set back for this technology. It is not
clear if other biofilters using different media would also
produce greenhouse gases; further study is needed. The
removal mechanism for H2S was not clear; nonetheless, the
PVA biofilters removed H2S effectively. For the entire
37 days of operation, the PVA filters removed 97% of the
total H2S in the influent.

REFERENCES
Aksu, A., and F. Gonen. 2004. Biosorption of phenol by

immobilized activated sludge in a continuous packed bed:
prediction of breakthrough curves. Process Biochemistry 39(5):
599‐613.

APHA. 1998. Standard Methods for the Examination of Water and
Wastewater, 20th ed. Washington, D.C.: American Public Health
Association, American Water Works Association, and Water
Environment Federation.

Bohart, G., and E. Q. Adams. 1920. Some aspects of the behavior
of charcoal with respect to chlorine. J. Am. Chem. Soc. 42(3):
523‐544.

Bremner, J. M., and A. M. Blackmer. 1978. Nitrous oxide: emission
from soils during nitrification of fertilizer nitrogen. Science
199(20): 295‐296.

Busca, G., and C. Pistarino. 2003. Abatement of ammonia and
amines from waste gases: a summary. J. Loss Preventions in the
Process Indust. 16(2): 157‐163.

Cebron, A., T. Berthe, and J. Garnier. 2003. Nitrification and
nitrifying bacteria in the lower Seine river and estuary (France).
App. Environ. Microbiol. 69(12): 7091‐7100.

Chan, W.‐C., and Z.‐Y. Lin. 2004. The mechanism of nutrients
dissolved out of a synthetic composite bead filter material in a
biofilter. Bioprocess Biosyst. Eng. 26(4): 223‐230.

Chan, W.‐C., and M.‐C. Lu. 2003. A new type synthetic filter
material for biofilter: poly(vinyl alcohol)/peat composite bead. J.
Applied Polymer Sci. 88(14): 3248‐3255.

Cho, K.‐S., M. Hirai, and M. Shoda. 1992. Enhanced removal
efficiency of malodorous gases in a pilot‐scale peat biofilter
inoculated with Thiobacillus thioparus DW44. J. Ferment.
Bioeng. 73(1): 46‐50.

Chung, Y.‐C., C. Huang, and C.‐P. Tseng. 1996. Operation
optimization of Thiobacillus thioparus CH11 biofilter for
hydrogen sulfide removal. J. Biotechnology 52(1): 31‐38.

Chung, Y.‐C., Y.‐Y. Lin, and C.‐P. Tseng. 2004. Control of H2S
waste gas emissions with a biological activated carbon filter. J.
Chem. Technol. Biotechnol. 79(6): 570‐577.

 Chung, Y.‐C., Y.‐Y. Lin, and C.‐P. Tseng. 2005. Removal of high
concentration NH3 and coexistent H2S by biological activated
carbon (BAC) biotrickling filter. Bioresource Technol. 96(16):
1812‐1820.

Classen, J. J., J. S. Young, R. W. Bottcher, and P. W. Westerman.
2000. Design and analysis of a pilot scale biofiltration system for
odorous air. Transactions of the ASAE 43(1): 111‐118.

Deront, M., F. M. Samb, N. Adler, and P. Peringer. 1998. Biomass
growth monitoring using pressure drop in a cocurrent biofilter.
Biotechnol. Bioeng. 60(1): 97‐104.

Devinny, J. S., M. A. Deshusses, and T. S. Webster. 1999.
Biofiltration for Air Pollution Control. New York: Lewis
Publishers.

Di Felice, R., and L. G. Gibilaro. 2004. Wall effects for the pressure
drop in fixed beds. Chem. Eng. Sci. 59(14): 3037‐3040.

Eikum, A. S., and R. Storhaug. 1986. Odour problems related to
wastewater and sludge treatment. In Odour Prevention and
Control of Organic Sludge and Livestock Farming, eds. J. H.
Voorhug and P. L. Hermite, 12‐18. London: Elsevier Science
Publishers.

Elmrini, H., N. Bredin, Z. Shareefdeen, and M. Heitz. 2004.
Biofiltration of xylene emissions: bioreactor response to
variations in the pollutant inlet concentration and gas flow rate.
Chem. Eng. J. 100(1‐3): 149‐158.

Ergun, S. 1952. Fluid flow through packed columns. Chemical
Eng. Prog. 48(2): 89‐94.

Gabriel, D., and M. A. Deshusses. 2003. Performance of a full‐scale
biotrickling filter treating H2S at gas contact time of 1.6 to 2.2
seconds. Environ. Progress 22(2): 111‐118.

Green, A. R., G. A. Watkins, G. B. Day, J. R. Barnett, and R. S.
Gates. 2005. Design of a biofilter for swine waste facility. In
Seventh International Livestock Environment Symposium, eds. T.
Brown‐Brandl and R. Maghirang, 350‐357. St. Joseph, Mich.:
ASABE.

Henry, J. G., and R. Gehr. 1980. Odor control: An operator's guide.
J. Water Pollut. Control 52(10): 2523‐2537.

Hinds, W. C. 1982. Aerosol Technology Properties, Behavior, and
Measurement of Airborne Particles. New York: John Wiley &
Sons.

Hunt, P. G., T. A. Matheny, and K. S. Ro. 2007. Nitrous oxide
accumulation in soils from riparian buffers of a coastal plain
watershed‐carbon/nitrogen ratio control. J. Environ. Qual. 36(5):
1368‐1376.

Hutchins, R. A. 1973. New method simplifies design of
activated‐carbon systems. Chem. Eng. 80(3): 133‐135.

Janni, K. A., and R. E. Nicolai. 2000. Designing biofilters for
livestock facilities. In Proc. of the USC‐TRC Conference on
Biofiltration, 11‐20. Los Angeles, Calif.: University of Southern
California.

Kuenen, J. G., and L. A. Robertson. 1992. The use of natural
bacterial populations for the treatment of sulphur‐containing
wastewater. Biodegradation 3(2‐3): 239‐254.

Leson, G., and Winer, A.M. 1991. Biofiltration: an innovative air
pollution control technology for VOC emissions. J. Air Waste
Manage. Assoc. 41(8): 1045‐1053.

Lin, S. H., and C. S. Wang. 2004. Recovery of isopropyl alcohol
from waste solvent of a semiconductor plant. J. Hazardous
Materials 106(2‐3): 161‐168.

McCaig, A. E., C. J. Phillips, J. R. Stephen, G. A. Kowalchuk, S.
M. Harvey, R. A. Herbert, T. M. Embley, and J. I. Prosser. 1999.
Nitrogen cycling and community structure of proteobactrial
�‐subgroup ammonia‐oxidizing bacteria within polluted marine
fish farm sediments. Appl. Environ. Mcirobiol. 65(1): 213‐220.

Metcalf & Eddy, Inc. 2003. Wastewater Engineering Treatment,
Disposal, and Reuse. New York: McGraw‐Hill, Inc.

Morgan‐Sagastume, J. M., and A. Noyola. 2006. Hydrogen sulfide
removal by compost biofiltration: effect of mixing the filter
media on operational factors. Bioresource Technol. 97(13):
1546‐1553.

Nazaroff, W. W., and L. Alvarez‐Cohen. 2001. Environmental
Engineering Science. New York: John Wiley & Sons, Inc.

Nicolai, R. E., and K. A. Janni. 1999. Effect of biofilter retention
time on emission from dairy, swine, and poultry buildings.
ASAE Paper No. 994149. St. Joseph, Mich.: ASAE.

Nicolai, R. E., C. J. Clanton, and K. A. Janni. 2002. Ammonia
removal and nitrogen accumulation in biofilter media. In Proc.
of the USC‐TRC Conference on Biofiltration, 119‐129. Los
Angeles, Calif.: University of Southern California.

Ostlie‐Dunn, T. L., S. R. Mattson, R. Domack, J. A. Newell, A. M.
Scott, and E. I. Kozliak. 1998. Fiber‐based trickle‐bed
bioreactors for air purification. In Proc. of the USC‐TRG
Conference on Biofiltration, 195‐202. Los Angeles, Calif.:
University of Southern California.



798 APPLIED ENGINEERING IN AGRICULTURE

Pagans, E., X. Font, and A. Sanchez. 2005. Biofiltration for
ammonia removal from composting exhaust gases. Chem. Eng.
J. 113(2‐3): 105‐110.

Purkhold, U., M. Wagner, G. Timmermann, A.
Pommerening‐Roser, and H. P. Koops. 2003. 16S rRNA and
amoA‐based phylogeny of 12 novel betaproteobacterial
ammonia‐oxidizing isolates: Extension of the dataset and
proposal of a new lineage within the nitrosomoands. Int. J. Syst.
Evol. Microbiol. 53(5): 1485‐1494.

Ro, K. S., and J. B. Neethling. 1990. Terminal settling
characteristics of bioparticles. Water Environ. Res. 62(7):
901‐906.

Ro, K. S., and J. B. Neethling. 1994. Biological fluidized beds
containing widely different bioparticles. J. Environ. Eng. 120(6):
1416‐1426.

Shareefdeen, Z., B. Herner, and S. Wilson. 2002. Biofiltration of
nuisance sulfur gaseous odors from a meat rendering plant. J.
Chem. Technol. Biotechnol. 77(12): 1296‐1299.

Sheridan, B. A., T. P. Curran, and V. A. Dodd. 2002. Assessment of
the influence of media particle size on the biofiltration of
odorous exhaust ventilation air from a piggery facility.
Bioresource Technol. 84(2): 129‐143.

Shieh, W. K., and C. Y. Chen. 1984. Biomass hold‐up correlations
for a fluidized bed biofilm reactor. Chem. Eng. Res. Dev. 62(2):
133‐136.

 Sun, Y., C. J. Clanton, K. A. Janni, and G. L. Malzer. 2000. Sulfur
and nitrogen balances in biofilters for odorous gas emission
control. Transactions of the ASAE 43(6): 1861‐1875.

Tallec, G., J. Garnier, G. Billen, and M. Gousailles. 2006. Nitrous
oxide emissions from secondary activated sludge in nitrifying
conditions of urban wastewater treatment plants: effect of
oxygenation level. Water Res. 40(15): 2972‐2980.

Wani, A. H., A. K. Lau, and R. M. R. Branion. 1999. Biofiltration
control of pulping odors – hydrogen sulfide: performance,
macrokinetics, and coexistence effects of organo‐sulfur species.
J. Chemical Tech. Biotechnol. 74(1): 9‐16.

Yang, H., and D. G. Allen. 2005. Potential improvement in biofilter
design through the use of heterogeneous packing and a conical
biofilter geometry. J. Environ. Eng. 131(4): 504‐511.


