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CHAPTER 1.GENERAL INTRODUCTION

INTRODUCTION

With the intensification of animal production in many countries througtheuivorld,
the odor produced and emitted from such intensive animal producticcagae nuisance to
individuals living in the vicinity of livestock farms. Additionally, uriaation of rural areas
is steadily increasing. These situations together make tba&cinof odor on the public more
urgent. Finding solutions for dealing with odors emitted from anina@ture continues to
present challenges for researchers and producers.

Most odor and gas emissions from building and manure storage souecey-ar
products of anaerobic decomposition and transformation of organic nratteanure by
microorganisms (Nicolai et al., 2006). These by-products resultamglex mixture of over
168 volatile compounds of which 30 have a detection threshold of 0.002* mgless, and
hence are most likely to be associated with odor nuisance (OeNdiPhillips, 1992). These
compounds cover a broad spectrum and generally exist in low concentrations
technology used to reduce emissions must be able to treat a besdruspof airborne
compounds. Various air pollution control technologies have been invented aredl appth
as activated carbon adsorption, wet scrubbing, and masking agentsmitkesds, however,
often transfer odor-causing materials from the gas phase wbbsog liquids or solid
adsorbents, and their derivatives have resulted in wastewatepkghdvaste concerns (Day,
1996; Lin et al., 2001; Chung et al., 20ipfiltration, which can be cost-effective and has

the ability to treat a broad spectrum of gaseous compounds (O&ieall, 1992; Devinny et



al., 1999; Janni et al.,, 2001) has been regarded as a promising odor ameatyasnt
technology that is gaining acceptance in agriculture.

Biofilters are living systems that rely on microbial populatitmdegrade compounds
absorbed into biofilm to allow biofilters to continuously treat compouAdscontaminated
air is passed through filter media, two basic removal mechanems simultaneously:
absorption/adsorption and biological oxidation or biodegradation (Nat/lal,e1988). The
success of biofiters used for controlling odors is based on both sogptibnegeneration.
Odorous gases, aerosols and particulates passing through a bioéltadsmrbed on the
surfaces of the biofilter medium particles and/or absorbed into thist raurface layer
(biofilm) of these particles, which is the sorption process,ravitbacteria degrade them to
CO,, H,O, inorganic salts and biomass, which is the regeneration proceass@wand
Loehr, 1997).

Several research studies using compost-based biofilters have beemrctednaith
significant reductions in odor and specific gases reported. Nicolai and Janni rg@&T¢d a
compost/bean straw biofilter that achieved average odor and hydrofida @diS) removal
efficiencies of 75% to 90%, respectively. Sun et al. (2000) observadeaaage b5 removal
efficiency between 92.8% and 94.2%, and an average ammoni (BiHoval efficiency
between 90.3% and 75.8% with 50% media moisture content and a 20 segéerdime.
Martinec et al. (2001) also found from several biofilter reseasgierenents an odor
reduction efficiency up to 95%. The mixture of wood chips and compost (70:30:50
percent by weight) has been recommended as a biofilter midialai and Janni, 2001a).
However, special care is needed to screen fines from wood chip/comigtstes to reduce

operating static pressure (Nicolai and Janni, 2001b).



The by-products of decomposing animal manure include many volati@aunds
(Nicolai, et al. 2006). Kreis (1978) listed 50 compounds in swine manuféeilCand
Phillips (1992) expanded the list by identifying 168 compounds in swine and poultry manure.
Curtis (1983) also reported on principal odorous compounds including ammonia, ,amines
hydrogen sulfide, volatile fatty acid, indoles, skatole, phenols, mamsptlcohols, and
carbonyls. Recently, Lo et al. (2008) identified 294 compounds emittedsinone manure
by using solid-phase microextraction (SPME) and multidimentigaal chromatography-
mass spectrometry-olfactometry (MDGC-MS-0O). SPME coupleth MDGC-MS-O is a
novel approach to be used for air sampling and simultaneous chemicafaantdry analysis
of odor- causing compounds associated with livestock operations. This dppaacsed to
determine the key compounds responsible for the characteristic edaneat the source
(Bulliner et al., 2006) and downwind (Koziel et al., 2006). Thus, odor muigatfforts
could be directed towards the most significant characteristic odor-gax@mmpounds. SPME
and MDGC-MS-O were used in this research to evaluate the éifileffects on
characteristic odorants.

Currently, olfactometry is considered to be a standard method touraeador
concentration. A dynamic forced-choice olfactometer (AC'SCENimternational
Olfactometer; St. Croix Sensory, Inc. Stillwater, MN) wasedusto evaluate odor
concentration. The odor concentration from both control and treatments edates/aluate
and compare biofilter performance. Among the hundreds of odorantsamdH3}S are toxic,
colorless, and irritating malodorous gases having strong repatidmffensive odors. These
two gases were often used to evaluate odor inside and nearbgl #diities due to their

strong smell and potential health effects on humans. ThereforealNHHS analyzers were



used to monitor the concentration of N&hd BS and to evaluate biofilters’ effects on those
two compounds.

Biofilter media moisture content has been identified as the impstrtant parameter
in biofilter operation, along with residence time (Bohn 1992, 1993; Swansbri@ehr,
1997; Goldstein, 1999; Sun et al., 2000; Spencer and Alix, 2003; Schmidt et al., 004)
lack of media moisture control has been cited as the cause of upotofall biofiltration
problems (Goldstein, 1999; Reyes et al., 2000). Theoretically, pollutants iadiphase first
need to be transferred to the liquid phase, where they can belekkdna microorganisms
living in the biofilter. Therefore, a sufficient empty bed resigetime (EBRT), which is
defined as the volume of the biofilter media divided by the air flme& passing through the
media, is necessary to allow the transfer and degradation ofgoddlutb occur. This makes
EBRT a critical design and operating parameter (Williams airiv1992; Swanson and
Loehr, 1997; Classen et al., 2000; Sun et al., 2000; Hartung et al., 2001; Binbleefers,
2006).

Pressure drop is one of the main considerations for running fu# $&oafilters.
Agricultural ventilation fans generally are designed to opextfgessure drops less than 60
Pa (0.25 in. water column) (Nicolai and Janni, 1998). If the pressog trough the
biofilter can be kept down to a few tens of pascals it mayp@aotecessary to replace existing
fans in a livestock building when installing and operating a biofilter (Phaizd., 1995).

In response to the above concerns on biofilters, a mobile pilot-scdiléebisystem
consisting of a biofilter testing laboratory and a biofilter munmig laboratory was

constructed for this research project. Laboratory tests for cigpdsofilter media were



carried out in the laboratory. This was followed by field testas 4,000-head curtain-sided

deep-pit swine finishing facility located in central lowa.

OBJECTIVES

The objectives of this research are to investigate the biofilezformance on
mitigating odors emitted from animal buildings and the relationshipvdeet biofilter
performance and its operating parameters such as media moisture conteBiRand E

The specific objectives of this research were to:

1. Conduct a literature review to give an up-to-date review of studie the
mitigation of odors and volatile organic compounds using biofilters for
agricultural facilities.

2. Investigate the fate of selected odorous compounds when subjecteddistinct
wood chip-based biofilters operating at various moisture contentsnapiy eed
residence times.

3. Investigate the odor reduction performance of two distinct wood clsipdba
biofilters operating at various moisture contents and empty bed residense time

4. Evaluate the pressure drop from wood chip-based biofilters.

DISSERTATION ORGANIZATION

This dissertation is organized in paper format and comprises plajgers. The first
manuscript is a literature review paper entitled “Mitiggti®dors from Agricultural
Facilities: A Review of Literature Concerning Biofilterg’hich will be submitted to the
Transactions of the ASABE. The second paper entitled “Perfaren&valuation of a Wood

Chip-Based Biofilter Using Solid-phase Microextraction and Gasomatography-Mass



Spectrometry-Olfactometry” has been published in the Journal of Bioresbectinology 99
(16): 7767-7780. The third paper entitled “Evaluation of Wood Chip-Basefilt&is to
Reduce Odor, Hydrogen Sulfide, and Ammonia from Swine Barn Veahl#ir” has been
approved for publication in the Journal of Air & Waste Management Assmt. The three
papers are followed by an overall summary of the major conclusibtiss research and
recommendations for future research. An appendix showing experimét dad statistics
analysis follows the overall summary chapter. The acknowledgsraenincluded at the end

of this dissertation.
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CHAPTER 2.MITIGATING ODORSFROM AGRICULTURAL
FACILITIES: AREVIEW OFLITERATURE CONCENING BIOFILTERS

A manuscript to be submitted to the Transactions of the ASABE

L. Chen, S. J. Hoff

ABSTRACT

This paper reviews literature on the studies of biofilters botlaborhtories and at
confined livestock facilities. The purpose is to give an up-to-datiew of studies on the
mitigation of odors and volatile organic compounds (VOCS) relatirpricultural facilities
using biofilters. More specifically the paper addresses: 1ofacbncerned in design and
operation of biofilters such as media property, empty bed residanee media moisture
measurement and control, microbial ecology, construction and operation acaost 2.
Biofilter performance such as odor/VOC reduction efficienci)(Rand air pressure drop.
Lab-scale, pilot-scale, and full-scale biofilter studies wengewed. Biofilter design and
odor/VOC REs were summarized in tables for easy referandeor a perspective on the
current state of the art. The relationship between biofilter canaigpn/operation factors and
biofiter performance was discussed. This literature study itedicd. Biofilters can be used
as an effective technology for reducing odor/VOC emissions fromad facilities (RE up to
99% for odor and up to 86% for 16 odorous VOCs reported); 2. The three mostamhpor
factors effecting biofilter performance are packing media, media meisbntent, and empty
bed residence time; 3. Removal efficiency, air pressure drop,castrection/operation cost

are three parameters of most concern when a biofilter isli@ustand operated, and; 4.
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Further studies such as developing precise media moisture measurante control
technologies, bacterial structure, and long time full scale taofiests are needed to better
understand the biofiltration process and improve applications of biofilters.

Keywords: Odor control, Biofilter, Agriculture

INTRODUCTION

With the intensification of animal production in many countries througtheuvorld,
the odor produced and emitted from such intensive animal producticcagae nuisance to
individuals living in the vicinity of livestock farms. Additionally, uriaation of rural areas
is steadily increasing. These situations together make {ba&cinof odor on the public more
urgent. Finding solutions for dealing with odors emitted from aninraEgire continues to
present challenges for researchers and producers.

Biofiltration has been regarded as a promising odor and egsnent technology that
IS gaining acceptance in agriculture. Biofilters are livingtems that rely on microbial
populations to degrade compounds absorbed into biofilm to keep the systerordinuous
high absorptive capacity. As contaminated air is passed throlaigh rhedia, two basic
removal mechanisms occur simultaneously: absorption/adsorption and biolgaaion
or biodegradation (Naylor et al., 1988). The success of biofiters usedrfsolling odors is
based on both sorption and regeneration processes. Odorous gases, aetqsniscalates
passing through a biofilter are adsorbed on the surfaces of thikebiofedium particles
and/or absorbed into the moist surface layer (biofilm) of thedelea, which is the sorption
process, where bacteria degrade them tg, €D, inorganic salts and biomass, which is the

regeneration process (Swanson and Loehr, 1997).
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The origin of biofiltration can be traced to a 1923 publication wiBzeh (1923,
cited by Leson and Winer, 1991) discussed the basic concept of dogti$ls emissions
from sewage treatment plants using soil beds. The first ssfc¢@pplication and patent of
biofilters were reported in the 1950s in both the United States and@¥ewany (Leson and
Winer, 1991; Ergas and Gonzalez, 2004). Biofilters initially compagttd soil have been
used for controlling air pollution in wastewater plants and chémeaufacturing facilities
before being adapted to agriculture. Biofilters were first agpt@ livestock facilities
reported in West Germany in approximately 1966/67 to reduce odwmsiens from a
piggery (Zeisig and Munchen, 1987). Only in the past three decddetersair pollution
regulations along with the intensification of animal production inyr@untries throughout
the world has made the reduction of odors produced and emitted fronmserecsive animal
production an urgent need. Thus, extensive biofilter research has bestigatee since the
1980’s during which most of the research and application of biofiltragonnblogy took
place in a few European countries including Germany and the Neitier(Ergas and
Gonzalez. 2004). In the U.S.A., it was not until the 1990’s that the inggshgof biofilters
for livestock facilities began. Nicolai and Janni (1997) invetdjahe feasibility of treating
pit gases from a swine farrowing barn with biofilters. In saene year, three pilot-scale
biofilters were built to clean gases from a swine building atiNGarolina State University
(Young et al., 1997). Since this time, biofilters have gained ntteaten for agriculture in
the U.S.A.

Several bench-scale and pilot-scale biofilter studies haea beported in scientific
journals. However, only a few full scale biofilters operated oncalgural facilities were

reported or were reported in a way that was not readilyablailfor interested readers. In
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this paper an overview of biofilter research, published in scierjpficnals, conference
proceedings, progress reports, workshops, and internet resourceslfoain 1997 up to
2008, regarding agricultural facilities both in laboratories and irfiéhe, is presented. The
survey results are grouped in tables as follows:

e Table 1: Examples of laboratory studies with biofilters trepsimulated odors
and odorous compounds that are often found in exhaust air from agricultural
facilities.

e Table 2: Examples of on-site studies with biofilters treatyag which was
directly exhausted from agricultural facilities.

The main focus is on biofiltration of odors and specific volatile migaompounds
(VOCs). Biofilter media, biofilter bed dimension, biofilter typépen/close with
vertical/horizontal flow), empty bed residence time (EBRT) alvhivas defined as the
volume of the biofilter media divided by the air flow rate passing through ¢aarnpressure
drop, media moisture, and reduction efficiency (RE) are summariztteitables for easy
reference and to allow a direct comparison between studies. Raaglenscouraged to refer
to the original papers for additional details. Abbreviations usedis gaper and unit

conversions are defined in the nomenclature.

RESULTS

Selected examples are listed in tables 1 and 2 for laboramaryor-site studies,
respectively. These studies illustrate that odors and some pollptastnted in exhaust air
from agricultural facilities can be removed/mitigated with etéht REs depending on the

inlet concentration, EBRT, and other operating conditions. Most of thealalpprstudies



15

addressed the removal of BEnd/or HS under constant operating conditions with a few of
the studies investigating odor and other VOCs as well. Such conditierisghly unusual at
agricultural facilities. For example, the exhaust air fromwéna building is a complex
mixture containing over 300 compounds (Schiffman et al., 2001), which geneaallpe
divided into four odorous groups (Hobbs et al., 1997; Le et al., 2005; Lo et al., 2668eC
al., 2008a) including sulfur containing compounds, volatile fatty acids, phandlghdoles,
and ammonia and volatile amines. The actual composition and individuaht@atice often
varies substantially at different facilities based on diffediets and manure management
methods. Even at a single site, the concentration varies suldstamtex time. Apart from
fluctuations in the exhaust air composition, the performance ofdale biofilters may be
affected by unsteady conditions (such as temperature, relatividityyrohanneling of gas,
and media moisture content) and discontinuous pollutant supply, system naag&g or
breakdowns (Webster et al., 1999).

Under laboratory conditions, high reduction efficiencies (up to 100%, Ki@al.get
2002; Choi et al., 2003; Kastner et al., 2004; Morgan-Sagastume and Nzg@ba Chung
et al., 2007) — as single pollutants in synthetic air — have been deateddtor HS, NH;,
and some VOCs. A 100% removal in a laboratory is usually observgdabrd well
controlled condition such as pre-humidified inlet gas, stable temperahedia moisture
content, and inlet gas concentration, and longer EBRT (23-133 s). iltheagion capacity
of the VOCs undergoing treatment depends on many factors re@@tbobfilter media,
moisture content, EBRT, as well as the properties of the polll#anexample, Khammar et
al. (2005) reported a RE at the same operating conditions was 100%ar9$b%0)-20% for

oxygenated, aromatic, and chlorinated compounds, respectively.
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Under on-site situations, concentrations of individual pollutants arenargl much
lower than those of substances used in laboratory studies (tadnheks2). For instance, NH
concentration often tested in laboratories was 20-200 ppm with a high walto 400 ppm
(Kalingan et al., 2004) while the average ]\tdncentration at swine sites was from five to
22 ppm for farrowing rooms and finishing barns, respectively (Jacaisadn 2006). On-site
studies showed fluctuating RE for both odor and odorants (such as 23.7%988r, -
4.6%-100% for NH, 3-100% for HS). Overall, the RE achieved at on-site locations was
lower than that in laboratory studies.

A great variety of packing materials have been tested forlabtratory and on-site
studies, such as compost (from various sources), wood chips, wood bark, ¢teynpeat,
granular activated carbon (GAC), perlite, and polystyrene beadse Tingterials are selected
to provide high surface area, high porosity, high water holding ttgpach mineral nutrient
available for bacteria needs, and compressive strength. Somealsatich as compost,
provide satisfactory conditions for microorganism growth, as wellpas/ide a rich
community of bacteria and have been widely used as agricultural biofiltea.medi

A media depth of 20-101 cm and an EBRT range of 1.6-4800 s were iavedtan-
site. In order to keep the pressure drop through the biofilter niesBathan a few tens of
pascals, the media depth was typically less than 50cm for tarmiaf compost and wood
chips that was commonly used for agricultural biofilters. Because of thigtiest full scale
biofilters used at confined livestock facilities in generauiee a larger footprint area. A
vertical biofilter offers an alternative if enough footprint areanot available (Nicolai and
Lefers, 2006). A study conducted by Nicolai and Thaler (2007) showedldnly8 Pa

pressure drop through their vertical biofilter packed with hardwood ahifhsa four sec
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EBRT. Sadaka et al. (2002) also concluded the resistance to airflaivei horizontal
direction was approximately 0.65 times the resistance to airflow in thealetiiection.

In laboratory tests, humidifying inlet gas and supply water (§ame with nutrients)
via nozzles were used individually or together to keep stableam@aisture content whereas
spray nozzles were often either manually or automaticallyra@ted to supply water at on-
site studies. During most biofilter studies, a 40-65% media moistrent was mentioned

as a suitable moisture content range.

DISCUSSION

Odor, NH; and HBS removal in bench-scale and pilot-scale biofilters has been well
documented while only a few full-scale applications in agricultaelities (Hartung et al.,
2001; Mann et al., 2002; Lau and Cheng, 2007) have been reported in scientifadsjour
Going through the results reported (tablel and 2), the potentlabfiters for removing
odors and odorous compounds is evident even though varying REs were obsenreethdue t
various media, construction configuration, operation conditions, measurematrids, and
application situations used. Biofilter performance (pressure dropf R&ors and individual
compound) has been verified relying on the inlet concentration, brofiinfiguration such
as media type, biofilter type, and operation conditions such as mmal&ure content,
temperature, EBRT, and nutrient supply. The relationship between theltebiofi
configuration/operation factors and biofiter performance is disdusdas discussion will
lead to a better understanding on improving biofilter performance dnjipmating these

factors, from which research strategies can be inspired.
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Biofilter Media

Selecting the proper biofilter media is an important step wwdeveloping a
successful biofilter. Williams and Miller (1992) and Swanson and LGE397) pointed out
that desirable media properties include: 1. Suitable environmenidayorganisms to thrive
including enough nutrients, moisture, neutral pH, and unlimited carbon supplardge
specific surface area to maximize attachment area, sogamacity, and number of reaction
sites per unit media volume, 3. Stable compaction propertiesigh needia compaction and
channeling, 4. High moisture holding capacity to keep higher absorgiitity and active
microorganisms, 5. High pore space to maximize EBRT and minimizeupge®ps, and, 6.
Low bulk density to reduce media compaction potential.

A wide range of biofilter media has been considered. The moskywiged media are
organic materials (such as compost, peat, wood chips, bark mulch, and snofttihese).
These materials have many of the qualities mentioned abowethei main drawback being
degradation of the organics comprising the bed (Swanson and Loehr, 199 dedradation
phenomenon leads to compaction and a limitation on bed life. Although pelipticaing
media, which results in extra operation expense, increases poapgltycan modestly
improve performance, an organic material eventually will requepgacement (Goldstein,
1996). Combining organic materials with inert bulking agents (such asiglsaddles
(Kastner et al., 2004), shredded high-density plastics (Taghipour, &088), perlite and
vermiculite (Kalinga et al., 2004)) can increase biofilter porositynimize pressure drop,
compaction and channeling, and cause a long useful life.

An ideal solution in most applications is to use only the necessaoynt of easy-

degradable organic matter in the mixture media to maintain neetledyaof the biofilter
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microbes (Williams and Miller, 1992). Studies are needed to deterthe optimal ratio of
easy and hard or non degradable media materials for various appkcaficolai and Janni
(2001a) recommended a mixture of compost and wood chips at a ratio of 30:70 a
agricultural biofilter media. Similarly, a mixture of 20 to 30% @mst and 70 to 80%
woodchips by weight has also been recommended as optimal for mgacuiofilters
(Schmidt et al., 2004). Chen et al. (2008a) showed that wood chips only casssulty be
used to treat odors and VOCs exhausted from a deep pit swine builtierg are other
media choices for agricultural uses depending on local availability.

Inorganic materials such as granular activated carbon (GACj)iatainaceous earth
also have been used as the sole media in biofilters (Kim et al.; 200Rg et al., 2007).
However, use of a solely inorganic media requires proper seedihg nwtrients and

organisms (Swanson and Loehr, 1997).

Summary: Biofilter Media

A great variety of media materials have been verified Isigitir biofilters. However,
in the point of practical application in agricultural facilitiéactors such as cost and local
availability must also be considered. The mixture of compost and wopsl atio of 30 to
70 by weight) has been recommended as one of the better choiced.dBathe belief that
diversity of bacteria and enough nutrients exist in the exhausbairagricultural facilities,

it is hypothesized that wood chips alone is another good option. This requires further studie

Biofilter Design Types
Biofilters can be classified as open or closed by configuratioasowertical or

horizontal by airflow direction. The vertical airflow biofiltearw be further divided into up-
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flow or down-flow. Nicolai and Lefers (2006) pointed out closed bigSltare more
expensive than open biofilters which are more commonly used foraamigriculture and
horizontal airflow biofilters offer an option if enough surface asea space are not
available. Comparing the down-flow and up-flow biofilters, the up-ftgpe is generally
cheaper than down-flow in terms of construction costs (Nicolai aferd, 2006). Therefore,
up-flow open bed biofilters are preferred for agricultural usesvdver, from the water
supply and water distribution concerns, the down-flow design is pedfeAn overhead
sprinkling system directly supplies water to the quick-drying nogdia to prevent the
formation of a dried media layer that often forms at the bottom of an up-flowtdofil
Based on earlier observations from granular products (Kumar airg M86; Jayas
et al., 1987; Kay et al., 1989), a smaller horizontal airflow presinae per unit flow rate
per unit thickness through a biofilter compared to vertical airfeam be hypothesized.
Research comparing pressure drops through the two types of abitditers has been
conducted (Sadaka et al., 2002; Garlinski and Mann, 2005). Sadaka et al. (@0p2yed
vertical and horizontal airflow characteristics of wood chip/oost mixtures and concluded
the resistance to airflow in the horizontal direction was apprabely 0.65 times the
resistance to airflow in the vertical direction. A study condlidig Nicolai and Thaler
(2007) showed an 11-13 Pa pressure drop through their vertical bipalt&ed with hard
wood chips. One of the major disadvantages of horizontal gas flow biofilters ikelraedia
tends to settle over time (Garlinski and Mann, 2004, 2005; Nicolai.,e2@05). Media
settling causes compaction at the base of the filter, negliarflow through the bottom
portion of the filter and increasing airflow through the top portibihe filter, resulting in

gas channeling.
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Garlinski and Mann (2005) verified using laboratory tests that databte bladder
would prevent channeling of air over the top surface of a horizoinflava biofilter, even
after substantial settling of the biofilter media. Further testsfull-scale biofilters are
warranted to verify its appropriateness. Nicolai et al. (2005) reghtinat a tapered inner wall
IS necessary to compensate for settling to achieve unifortovaiidr a vertical biofilter with

media thicknesses larger than 30 cm.

Summary: Biofilter Design Types

Up-flow open bed biofilters are the most suitable for agricultapplications. The
horizontal airflow with a vertical bed biofilter offers an attative choice if enough footprint
area is not available. The horizontal airflow biofilter has a fquvessure drop than a vertical
airflow biofilter but further studies are needed to address nwargaction and to keep an

even distribution of media moisture before they are applied to full scale atppis
Biofilter Media Moisture

Moisture content

Biofilter media moisture content has been identified as the mpsirtant parameter
in biofilter operation, along with residence time (Bohn 1992, 1993; Gahdsteb9; Sun et
al., 2000; Spencer and Alix, 2003; Schmidt et al., 2004; Chen et al., 2008d)eBiailures
have been attributed to media drying in over 90% of the cases (80]d4i999).
Unfortunately, there are many reasons why maintaining a suitabtia moisture range
during operation is difficult. Swanson and Loehr (1997) summarized thrextsefiof

overwetting, dry media, factors complicating maintenance of aptimedium moisture
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levels, and methods for maintaining optimal media moisture contesueslsmodified from
Swanson and Loehr (1997), relating to media moisture content are listed in table 3.

The optimal moisture content range depends on biofilter media. Gald41@99)
recommended 50% to 55% moisture was a good target range fooswobzed media.
Chang et al. (2004) reported a media moisture content of 60-80% was foo@epilot
biofilter packed with chaff of pine and perlite. Nicolai and kef€2006) recommended a
moisture range of 35% to 65% for efficient pollutant reduction usingxaurei media of
compost and wood chips. Chen et al. (2008a) recommended a 40% to 60% nheistiure
was suitable for mitigating odors and VOCs from a deep pitesfnishing building when
wood chips were used as the biofilter media while Sheridan &0812l)) suggested a wood

chip filter bed moisture content of greater than 63% be used to maintain overedheffic

Biofilter media moisture measurement

Proper maintenance of media moisture content is based on itsepneeasurement.
Great efforts have been tried to monitor media moisture. The gerienmethod was used
by several researchers to monitor media moisture (Kastradr, @004; Nicolai et al., 2006;
Chen et al., 2008a). This method is among the oldest of anakgotadiques. This method is
tedious and not suitable for continuous monitoring but it is a precideothébr periodic
measurements.

Young et al. (1997), Classen et al. (2000), and Sheridan et al. (2002a, 20@R2h) use
load cell method which calculated media moisture content by contiyuaesghing the
biofilter. If the weight of the biofilter was known then the moistaontent of the biofilters
could be controlled to + 4%. This method assumes that losses in bed areigle solely to

losses of moisture from the bed which ignores dust loading, mediaddgign, and washout.
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However, almost all agricultural applications need to deal with ddsth contributes to the
problem for a weight-based method (Nicolai and Lefers, 2006). Anothjer disadvantage
of this method is the inability to cope with non-uniform moistureriistion through the
bed, thus the measured average moisture content in the bed is in ah i@rtgaavhile some
sections may be extremely dry resulting in air channelingyéR et al, 2000). From a
practical perspective, it is difficult to weigh a full scale biofilteingghe load cell method.

Reyes et al. (2000) demonstrated that a time domain reflectometry (T@l) gould
be used to monitor their biofilter media (60% compost and 40% péganidisture content on
a real time basis while Zhang and Geel (2007) reported thera wassistent discrepancy
between the TDR measured moisture content and those determanadegrically when the
TDR probe was used to measure the vertical moisture content profile in peat columns

Robert et al. (2005) tested five different types of moisture mhatea typical biofilter
media and concluded that the soil and hay moisture meters theg tesre unsuitable for
measuring the media moisture content due to the variabilityirantdd range of the meters’
response. The relative humidity sensor they tested was shown to be a morengnomaibod
for monitoring media moisture content. The large format embeddecditapsensor they
tested performed well over a wide range of input frequenciediafiter media moisture
contents. But they mentioned further studies are needed.

A watermark moisture sensor and a moisture control system tgsted in a
laboratory-scale biofilter with promising results (Lefers andotdi, 2005). However, the

authors suggested further testing in a full scale agricultural biofilteneased.
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Water supply to biofilter media

In terms of water supply, laboratory tests often circulakeHate continuously or
intermittently with nutrients whereas spray nozzles were reithanually controlled or
controlled by a timer to intermittently irrigate the mediafate during on-site studies.
Manually supplying water is time consuming and tedious which probablyilcuted to the
failure of optimal media moisture control. For both manual anckrticontrolled water
irrigation systems, an optimal period of water supply needs to be tested and gieeret@l.
(2008b) tested a water supply method that supplied water using solidmesh@ozzles
controlled automatically via solenoids at adjustable time perioggbatnine sec on/30 min
off and nine sec on/50 min off in an attempt to keep wood chip medi&@{70% moisture
content. The results showed this method was successful whenuse@ddo keep the media
moisture at a stable level with a standard deviation within = 3%e Tfesults also
demonstrated the water consumed was half compared to a manualglledninethod

previously tested in the same situation.

Summary: Biofilter Media Moisture

The media moisture content has been verified as a criticak flmfluencing biofilter
performance. A range of 40-65% is believed suitable for medmanmonly used in
agriculture, such as compost based and wood chip-only media. The awoiitieuously
monitored media moisture content measurement is still facedchattenges. Automatically
controlled water supply systems, either by timers or by nmn@stensor response, have the
potential to accurately maintain the media moisture within getarange. More tests are

warranted to improve maintaining media moisture within an optimal range.
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Biofilter Empty Bed Residence Time

Theoretically, pollutants in the gas phase first need to be tregbfier liquid phase,
where they can be degraded by microorganisms living in thetbiofliherefore, a sufficient
EBRT is necessary to allow the transfer and degradation of pofiutanbccur, making
EBRT a critical design and operating parameter (WilliamsMitleér, 1992; Classen et al.,
2000; Sun et al., 2000; Hartung et al., 2001; Nicolai and Lefers, 2006; Chen2§08a).
EBRT is a relative measure of gas residence time withimitbfédter media. The actual gas
residence time in the biofilter reactor is the result of BBRT divided by the air-filled
porosity available for gas flow, but such porosity data is ydmebwn (Swanson and Loehr,
1997).

Different pollutants have different characteristics whicleetffthe absorbing and
adsorbing times and degradation processes, and thus need differéirg B¢ completely
degraded. A reasonable EBRT is closely related to media mombatent and pollutant
loading. Higher moisture content and lower pollutant loadings resulhaontes EBRT.
Zeising and Munchen (1987) showed sufficient odor reduction at fivéoseswine barns,
three sec for chicken farms, and 10 sec for covered manure storage units. FoURFecasB
estimated adequate for swine nursery barns (Janni et al.,, 1998aiNiad Janni, 1998a,
1999). A recommended design EBRT for a biofilter on a dairy and saaiéyf was given
at five sec for adequate odor angSHeduction (Schmidt et al., 2004). A four sec EBRT was
reasonable for characteristic odorant removal at a deep-piifigiswine building when

wood chip media moisture content was maintained at 60% (Chen et al., 2008a).
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Summary: Biofilter EBRT

Each pollutant needs a minimum EBRT depending on its loading rate atid me
moisture content. Higher loading rates and lower media moisturentayererally need a
longer EBRT for an effective removal. EBRTs between four ancedé&lsould be sufficient
for a biofilter designed to control odors and VOCs from agricultaitas provided the

moisture content is controlled adequately.

Temperature

Optimal temperature can enhance microorganism activity resuftingpre efficient
biofilters. Higher temperatures kill the microbes while loveenperatures slow the microbial
activity (Bohn, 1993). Biofilters operating in the range of 20-40 °Cbleas recommended,
with 35 °C often noted as the optimal temperature for the aerolmimarganisms in
biofilters (Leson and Winer, 1991; Marsh, 1992; Bohn 1993). Similarly, Yang &ded A

(1994) suggested an optimum operating temperature between 30 and 40 °C

Clark et al. (2004) investigated effects of operating temperatuesupplemental
nutrients in a pilot-scale biofilter. Their data suggested lirgtter operating temperature
accelerated the establishment of microbial population and the ors#edtfve biofiltration,
but no significant difference in overall odor removal could be assdciatd the different
treatment temperatures ranging from 15 to 30 °C at a P-vald®®af Nicolai et al. (2006)
investigated the effects of two different inlet temperatffes and 22 °C) on a biofilter
packed with a mixture of compost and wood chips. They concluded raisnpgrtature

increased average RE.
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An open biofilter used to treat odor from a swine barn during sub-aerbient
temperature was investigated by Mann et al. (2002). The odor catmentreduction
ranged from 56 to 94% suggesting that the use of uninsulated open rsiofiithout
supplemental heat can be effective even if the ambient tempsavere below -20 °C.
Krishnayya et al. (1999) conducted a study dealing with temperattects on biofiltration
of off-gases. Their results showed biofilter performance wasrbat a temperature warmer
than 10 °C. Similarly, Yang and Allen (1994) suggested biofiltstesns should be operated
at temperature above 10 °C.

Although non-optimal temperatures can slow microbial activity, ooiganisms
often recover rapidly from temperature variation (Schmidt et al., 2004gxaonple, a RE of
80-90% was immediately achieved after receiving 30 °C wasteéegtesl in Finland for a
biofilter which experienced a 10-day shutdown period that resultedhiedéa temperature at
4 °C (Lehtomaki et al., 1992). Their results suggested biofitration daaltyweather is
entirely feasible provided the temperature of the inlet gas lsédngugh. On the other end of
the spectrum, temperatures above 40 °C show a rapid decline in Réh (¥202; Goldstein,
1996). Leson and Winer (1991) also mentioned the water solubility of VOCs and the sorption
capacity of filter solids will decrease at higher tempees, thus impeding partitioning of

the gaseous phase at higher temperature.

Summary: Biofilter Temperature
Temperatures ranging between 20 and 40 °C has been recommente85 WC
believed optimal for biofilter operation. However, a wider tempeeatanging from 4-40 °C

has also shown high REs. Considering the cost to maintain a désmgerature, no
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supplementary attempts need to be taken to keep biofilters workintpeaoptimal

temperature range for agricultural uses.

Biofilter Media Depth

Depths ranging from 0.3 to one meter with most between 0.3 to 0.75 nbbene
commonly used for field-scale biofilters. Biofilter media deptlong with airflow rate, is a
main factor to affect pressure drop and RE. Nicolai and Janni’s ($888) on the effect of
biofilter retention time on emissions showed the pressure drop dedr@ath decreasing
media depth while maintaining constant surface area, and the RErairatle$S reduced to
less than 65% when a media depth reduced to smaller than 0.15 mfofeteey
recommended a minimum depth of a compost/wood chip media is betweenaghd®n8 m,
with an ideal minimum depth of 0.25 m suggested.

Based on research conducted on the spatial structure of microbial communitis in pe
media indicated that 75% of the 95% RE and 55% of the 80% REdoratic compounds
took place between 0.3 and one meter in depth for two pilot-scale bgfitespectively
(Khammar et al., 2005). Kalingan et al. (2004) investigated the relafmobstween NBERE
and the height of the biofilter packing with a mixture of peatlitpeand vermiculite. They
reported NH (inlet concentration 200 ppm) was completely eliminated when gepas
through a bed height of 0.50 m at an air flow rate of 0.B0EBRT = 118 sec). Their
results also showed removal efficiency increased with incredmdgheight ranging from
0.20 to 0.50 m. Similarly, Schmidt et al. (2004) recommended media depth &b @2ZH m

for biofilters used in agriculture to keep a balance between acceptablledRitessure drop.
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Summary: Biofilter Depth
Higher media depth has higher potential RE. However, higher rdegia results in
higher pressure drop which is linearly related to media depth atacbrasr flow rates. The

media depth of 0.25 to 0.50 m has been recommended as optimal for agricultural biofilters.

Biofilter Longevity

Both odorous compounds and biofilter media are degraded by the same
microorganisms as a result of their activity (Wani et al., 19@8h time, the degradation
leads to media compaction, smaller surface area, higher predsop, and chemical
accumulation which finally resulted in biofilter failure (Wilties and Miller, 1992; Sun et al.,
2000). The longevity of biofilters mainly relies on media type,rafi@l activity and dust
loading within gases needed to be treated.

A media with a higher percentage of compost typically prosnathigher population
of microorganisms resulting in higher odor RE making it useful clamtrolling higher
concentrations of odorous pollutants. Consequently, it degrades and cofagigcteesulting
in a shorter lifespan (Goldstein, 1996). On the other hand, for a lowerntaimsn of
odorous compounds presented in the air stream, a media with a spealientage of
compost will be degraded slower, and it will last longer andggiiloptimum odor removal
results. For lasting longevity, a mixture with a minimum portioneaty-biodegradable
materials that can support necessary activity of microbesetd RE expected is preferred
(Williams and Miller, 1992).

A biofilter will fail if high dust loadings fill the bed porepaces faster than the

microorganisms can break it down. It is important to pre-filter tusteep from plugging
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pore spaces within biofilters used for agriculture. As pore spaugged, the pressure drop
builds up sharply which could damage the air handler resulting biofilter failure

Remixing of media can extend the longevity with a drawback pémse. No long
term studies on biofilters used in agriculture have been reporteteomine the length of
media life, but it is estimated that most biofilter medid v@main effective with acceptable
pressure drop for three to five years (Schmidt et al., 2004) whbilgs@in (1996) suggested

no more than a three year life should be expected.

Summary: Biofilter Longevity

Degradation of biofilter media, along with degradation of pollutastsnavoidable.
Biofilter life can be increased by using a higher ratio ofilyadegraded or non-degraded
medium materials. Decreasing odorous compound/dust loading and remix mediaeaseincr
biofilter life. Some researchers suggest a reasonable bidfitspan of three years while
others estimated a five year media life can be expected withasing a large pressure drop.

Long term studies are needed to determine the length of media life.

Microbial Activity in Biofilters

Biofilters are living systems that rely on microbes to deg@@apounds in waste
gases. As ecosystems, the community structure varies dep@mdihg selective conditions
established by a specific application. Sakano and Kerkhof (199@&edtthe changes in a
microbial community structure during a 120-day operation of a laofifor treating
ammonia. The overall diversity of the heterotrophic microbial populatjgreared to
decrease by 38% at the end of their study. The community strugftulee heterotrophic

population shifted from predominantly members of two subdivisions of thtedtracteria to
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members of one subdivision. An overall decrease in the diversity of oaiam
monooxygenase genes was not observed.

Chung and Huang (1998) studied REs of ammonia by immobilized Nitrosomonas
Their results suggested that the immobilized Nitrosomonas eurdpaiger, which was
packed with cell-laden Caalginate beads, provided a significargntedt for treating
ammonia in the gaseous phase. Swanson and Loehr (1997) pointed out seeding- compost
based biofilters has not been demonstrated to improve performanesnaving easily
degradable chemicals. Microorganisms indigenous to compost likely quetenie seeded
cultures (Bohn, 1992). A number of authors have suggested the use of adivdtgdas a
seed for improving REs and reducing acclimation time (Ergat,e1995; Kim et al., 2000;
Sheridan et al., 2002b; Choi et al., 2003; Khammar et al., 2005).

Khammar et al. (2005) investigated links between spatial structuee microbial
community and degradation of a complex mixture of volatile orgaorapounds in peat
biofilters. They concluded the microbial community adapted to a newviroemental
condition and the structuring of microbial community in terms of tbeddgradation activity
and microbial diversity was maintained. The results also indictteddistribution of
biodegradation activities correlated with the spatialization of microbialtglersl diversity.

Ding et al. (2006) studied changes in the bacterial communitycofrgpost biofilter
treating HS. Their research indicated that the microbial populations existitige biofilter
after 20 days were less diverse whess hvas the only substrate. Introduction of methanol
(CH3OH) resulted in the enrichment of a variety of O and HS degraders, thus

enhancing the microbial community which resulted in enhanced degradst primary
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target compounds. The approach of biostimulation using a co-substratntaaurther
investigation.

More recently, Chung (2007) evaluated the bacterial community amgast based
biofilter. Based on the presence of their denaturing gradient geregghoresis (DGGE)
bands, B. subtilis, A. aminovorans, P. denitrificans, and C. fustformie wa@mnsistently
present from day 4 to 28. B. subtilis is usually responsiblehirdegradation of proteins
(Chung, 2007), A. aminovorans is known to be able to subsist on methylamine ssle
carbon source and thus able to effectively degrade organic amine cusg&®aymond and
Plopper, 2002), and P. denitrificans has been shown to be capable of rersoNumg
containing compounds (Jordan et al.,, 1997) and trimethylamine compoundsetkaim
2003). Based on Chung’s (2007) results, A. aminovorans and P. denitrificans, tasponsi
the degradation of sulfur- and nitrogen-containing compounds, accounted.6&t 68 the

total amount of bacteria in his compost based biofilter.

Summary: Biofilter Microbial Activity

Diversity of microorganisms, together with various applicatignasions including
complicated compounds exhausting from animal facilities, indigenousrizaexisting in
biofilter media made each application different which resultedlifferent observations.
These observations sometimes even led to controversial resultsvétpwas commonly
believed microorganisms degrade pollutants and allow biofiters tonconsly treat odors.
Results showed links between biodegradation activity and the spatt@di of microbial
density and diversity. More details of the populations that compriseloral communities
of various biofilter applications are still unclear. Further wisrkeeded to better understand

the relationship among microbial community dynamics, biofilter oerdtictors and their
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changes, and biofilter performance. Studies are warranted to gatestvhether inoculating

special bacteria is helpful for removing special compounds.

pH and Nutrients
Since biofilters function on the basis of both the absorption procesm@nabial
activity, which are closely related to pH, optimal pH for biofilgeration is in the 7-8 range
to encourage and accelerate the absorption process and maximiabiahiactivity and
hence maximize odor treatment (Williams and Miller, 1992; Swanson and Loehr, 1997).
Sulfur- and nitrogen-containing compounds commonly exist in animal exfjasess.
As the filter entraps these compounds from the inlet air, it aantleads to sulfuric acid
(H2SOy) and nitric acid (HNG) buildup which can cause a drop in the pH (Leson and Winer,
1991; Goldstein, 1996; Swanson and Loehr, 1997). For biofilters used to tregh a hi
concentration of those odorants, buffering capacity must be adequateventpiacid
accumulation. The addition of limestone or other water-insoluble sliathe filter packing
has proved a working remedy against a drop in pH (Ottengraf and VanDenOever, 1983)
Research on wood chip only biofilters treating exhaust gas frdeep-pit finishing
swine building showed that the leachate pH was between 7.2 and h§ dumo month
monitored period without any supplementary attempts to alter the pH (Chen et al., 2008b).
In laboratory studies, nutrients were sometimes supplied (Cleirat, 2001; Chou
and Wang, 2007; Chung et al., 2007) along with water irrigation. Dusfdydcale research,
nutrient supplies were seldom reported since organic media such pgst@nd wood chips
were often used. Organic media, such as compost, usually supply guoaiéties of
nutrients in the available form (Leson and Winer, 1991; Sun et al., 2000ablinédance of

nutrients existing in exhaust air along with particulate médtmm agricultural facilities
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probably make supplemental nutrients less of concern for biofilisesl in livestock
facilities. However, it is necessary to provide nutrients to lbeoé packed with inert media
like GAC. Common forms, which can be supplied in solution, are ammonitnateni
(NH4NO3), ammonium chloride (NKCI), magnesium chloride (Mg@)l calcium chloride
(CaCb), and dipotassium hydrogen phosphateHRO,) (Hodge et al., 1991; Clark et al.,
2004). No guidelines identifying the amount of available nutrienésle in biofilters are

found so far.

Summary: Biofilter pH and Nutrients

The pH needs to be maintained at near neutral. Nutrients should be kept in mind when
biofilters are designed and operated. There are no guidelines ydentthe amount of
available nutrients needed in biofilters. Various nutrients suppliezbimpost based media,
which have been commonly used in agriculture, plus the nutrients fxbaugt air make
supplemental nutrients unnecessary. More studies are needed to identdyspgdemental

nutrients to target selected compounds, however.

Removal Efficiency

Most odor and gas emissions from building and manure storage soueces-ar
products of anaerobic decomposition and transformation of organic nratteanure by
microorganisms (Nicolai et al., 2006). These by-products resulcamglex mixture of over
168 volatile compounds of which 30 have a detection threshold of 0.002* mgless, and
hence are most likely to be associated with odor nuisance (OaxeilPhillips, 1992). More
recently, Lo et al. (2008) identified 294 compounds emitted from swinaumaThese

compounds cover a broad spectrum and generally exist in low concentrBiaditiers have
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the ability to treat a broad spectrum of gaseous compounds (Oaalll, 1992; Janni et al.,
2001). Khammar et al. (2005) investigated a link between spatial stuot microbial
communities and degradation of a complex mixture of VOCs in pe#iltdris. Their results
showed 11 compounds have been removed with a RE of 20%-100%. Recently, Chen et al
(2008a) conducted research on wood chip-only biofilters treating exhausbgaa deep-pit

swine facility. Their study showed a 76%-93% removal efficiefmy 16 characteristic
compounds identified in the exhaust air.

Much research has been conducted on the removal efficiencycamdH3S both in
laboratories and on-site. A high RE with a value up to 100% was regortbdth NH; and
H,S in laboratory studies (Kim et al., 2002; Morgan-Sagastume agdl&, 2006; Choi et
al., 2003; Chung et al., 2007, and Kastner et al., 2004) where optimal cosditere well
controlled. On-site studies showed fluctuating RE for both odors and cgl¢gsach as Nk
and HS). Overall, the RE achieved at field-scale research ovasrithan that achieved in
laboratory studies. The most probable reasons for the fluctuatingidR& due to varied
concentrations of inlet odors and individual compounds over time and unst@adiyions
(such as media moisture content, temperature).

It is worth mentioning that the removal efficiency of odorssN&hd HS was greatly
affected by media moisture content (Sun et al., 2000; Nicolai,e2@6, and Chen et al.,
2008a). It is also worth mentioning that a few field-scale ssudhelivestock facilities
reported a low RE for N& Hartung et al. (2001) reported an average RE of 15% (ranging
from -26%-83%) and 36% (ranging from -9% to 81%) for two biofiltexsted at a swine
husbandry. Nicolai and Janni (2001a) reported an average reductiomeifioie6%, 49%

and 81% for their mixture of compost and wood chips at 28%, 47%, and 55%un@oist
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content, respectively. Chen et al. (2008a) studied the effects efediff media moisture
levels with a fixed 1.6 sec EBRT for wood chip-only biofilters. amerage RE of -5%, 47%,
and 67% was reported for western cedar at moisture content%f 20%, and 60%,
respectively. An average RE of 33%, 34%, and 54% was reportécfdwood at moisture
content of 20%, 40%, and 60%, respectively. These results showed a lawwUREoccur if
the media moisture content is below 40%. Martinec et al. (2001) rdpamtaverage RE of
11% to 26% for two biofilters tested at a pig facility. Furtheartihec et al. (2001) indicated
biofilters were unsuitable for NHreduction while Sheridan et al. (2002b) concluded that
biofilters packed with wood chips are effective in reducing odors ahgdffém the exhaust
ventilation air of pig rearing facilities. We hypothesize tbaibining wet scrubbers with
biofilters would result in a higher NFRE because NHRE relies on a high media moisture

content as reported above.

Summary: Biofilter RE

Results showed biofiltration is a promising technology for tngatidor and VOCs.
At ideal conditions, the RE can be 100%. At a typical five sec EBRd 55% media
moisture content, a mixture of compost and wood chips can achieved an &®E€rafyé8%,
78%, and 81% for odor, 43, and NH, respectively. Maintaining proper conditions,
especially a proper range of media moisture content, isatrfbic a successful biofilter. A
wet scrubber coupled with a biofilter may benefit system padoce, especially for
removing NH. More studies are needed to verify the effects of a wet savbididter

system. More research on removal of VOCs is also warranted.
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Pressure Drop

Pressure drop is one of the main considerations for running fué baafilters. In
order to keep reasonable fan ventilation efficiency, agriculugmtilation fans should be run
at pressure drops less than 60 Pa (0.25 in. water column) (Nacolalanni, 1998b). If the
pressure drop through the biofilter can be kept down to a fewofgascals, existing fans in
a livestock building may not need to be replaced when installing andtiogea biofilter
(Phillips et al., 1995).

Phillips et al. (1995) tested seven potential minimum-cost biofiitedia, they
concluded that wood chips appeared to be the most promising since dhaydva pressure
drop of around 45 Pa/m at a superficial air velocity of 0.13 m/s. The b@:d@ight mixture
of compost/kidney bean straw at a depth of 30 cm with an estir@a@iesec EBRT used by
Nicolai and Janni (1997) presented a pressure drop of 47 Pa. Basedltnfres testing
different mixtures of compost and wood chips, Nicolai and Janni (2001canbluded the
pressure drop increased as the percent of compost in the mixte&sext, the pressure drop
was related to percent void space in the biofilter media and Wesea linear relationship
between media unit pressure drop and unit airflow rate foixéure of compost and wood
chips. Similarly, a study on a wood chip only biofilter showed a linglationship between
the media unit pressure drop and unit airflow rate (Chen et al., 2008bjnddia moisture
content has also been shown an effect on pressure drop through bi@fiibeiai and Janni,

2001a).

Summary: Biofilter Operating Pressure
The pressure drop is closely related to media type, media deypthgiraflow rate

through the media. There was a linear relationship between meti@essure drop and unit
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airflow rate for a mixture of compost and wood chips with 0% com@mgeared to be the
best in terms of pressure drop. The pressure drop caused btsafiftuences the existing
ventilation systems in agricultural facilities and results ghir energy costs. The pressure

drop through biofilters should be kept below 40-50Pa depending on fans used.

Costs

The costs generally can be split into two parts: constructions,casnd
operation/maintenance costs. Nicolai and Janni (1998b) showed construct®ofcaisbut
$0.22 per piglet or $0.062 per cfm when a biofilter compacted with a F3.50eight
mixture of yard waste compost and brush wood chips was installed on a swine gestation barn.
Operation costs were estimated at $275 per year for effectilent control program and
$125 a year for water sprinkling of biofilter media and using higlerer ventilation fans.
Schmidt et al. (2004) estimated the installation costs for newraectieh on mechanically
ventilated buildings will be between $150 and $250 per 1000 cfm. Annual
operation/maintenance costs of a biofilter are estimated to be $e$1800 cfm. These
costs include the increased electrical costs to push the air thttoeidpiofilter and the cost of
replacing the media after five years. However, Schmidt. ¢2@04) pointed out both capital
costs and operation and maintenance costs are quite variable. ifftegezstosts were more
than the value producers were currently spending to control odor even tlir@agtd be
affordable by most swine producers in the U. S. A. (Nicolai andrkgef006). Scotford et al.
(1996) developed a model based on Pearson et al.’s (1992) information to posticof
biofilters in Europe. The costs predicted by using their modglested that biofilter are still

an expensive option.



39

For more cost effective biofilter operation we hypothesize afsiofilter” should
be used. The smart biofilters will combine biofiltration and natataiospheric dilution.
During calm stable weather conditions, the exhaust air from digledbuildings could be
forced to go through the biofilter in which microorganisms degoabeous compounds and
thus reduce odors. Under unstable weather conditions, natural atmospixerg could be
used, thus bypassing biofilter operation. In this way, the operetisis will be reduced and
mitigated odor is accepted. More studies are warranted to idéatifiythe costs and odor

reduction efficiencies.

Summary: Biofilter Costs

Any technology used to mitigate odors will be an added expemsthdofarmer.
Biofiltration technology has been proven to be the most cost effetitkod for treating
ventilation exhaust air from agricultural facilities. Diffateypes of biofilters vary in their
construction and operation costs which may be further reducedrbglucing new strategies

such as the “smart biofilter”.

CONCLUSIONS, GAPSIN KNOWLEDGE AND FURTHER STUDIES REQUIRED

The objective of this paper was to provide an overview of biofilteradoicultural
applications. This survey revealed that considerable advancemerdsbban made to
understand what factors affect the RE and how biofilter perforenaan be improved. A
summary is given below:

1. This survey confirms the feasibility of biofilters as an etifee odor and air

pollution control technology for agricultural facilities.
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. Biofiltration uses an active microbial population attached to béofimedia to
degrade pollutants. The biodegradation relies on the mechanisms othboth
diffusion (phase change) and biological degradation of target pollutants.

. The three most important factors effecting biofilter performaae packing
media, media moisture content, and EBRT. The RE, air pressure drop, and
construction/operation cost are three parameters of most concerraviinafiiter

is installed and operated.

. Compost based biofilters have been verified as suitable for agradulacilities.
Media moisture between 40-65% is an optimal range for compost dadedood
chip-only biofilters. An EBRT between 4 -10 sec, depending on sitemd
barns, poultry barns, dairy barns, covered manure storage unitsgl’arinets,
and biofilters (type, media), should be suitable for reducing odutsV&Cs. A
pressure drop up to around 40-50 Pa depending on fans used is accepfalile f
scale biofilter applications operating at mechanically verdatlivestock
facilities.

. Neither inoculated bacteria nor supplemental nutrients are necefksaa
compost based biofilter. A special nutrient may benefit theopadnce of
biofilters but further studies are needed to verify effects of supplemenrtigist

. pH needs to be checked periodically and kept near neutral.

. The optimal operating temperature of a biofilter is 20-40 °C. Nemgits are
needed to keep biofilters working at the optimal temperature range faulagat

uses.
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8. A combined system of accurate moisture measurement andoeasg-twater
supply is needed to maintain a proper media moisture content level.

9. Wet scrubbers are suggested to combine with biofilters forteféec removing
NHs.

10. Further studies are needed to better understand the mechanBltodtoon such
as: (1) what effects the diffusion of odorous compounds in a biofienyviiat
type of individual microorganism is mainly responsible to targptallitants, (3)
the relationship between the RE and the structure of microbial aaityn(4)
how fast microbial community changes in response to the chang#luent
concentration of odors and VOCs, (5) what affects the activityaoferia living
in biofilters, and (6) long term full scale biofilter studies aeeded to verify the
performance and to determine the longevity of biofilters at variousiten
conditions.

11.Models need to be developed to predict odor/VOC REs and to predict
construction and operation costs for agricultural biofilters at typical conditions.

12.Standards are needed to guide biofilter construction and to evaluatiéebiofi

effects on reducing odors and VOCs.

NOMENCLATURE

The following abbreviations were used:
1, 2 DE =1, 2 dichloroethane
1, 2 DM =1, 2 dichloromethane

BAC = biological activated carbon
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DGGE = denaturing gradient gel electrophoresis

EBRT = empty bed residence time

GAC = granular activated carbon

H,S = hydrogen sulfide

MIK = methyl isobutyl ketone

MEK = methyl ethyl ketone

NH3 = ammonia

OU = odor unit

RE = reduction efficiency

TDR = time domain reflectometry

VFA = volatile fatty acid

VOC(s) = volatile organic compound(s)

Pressure drops are reported as inch water in some refereangsrsion of inch
water to Pascal (Pa) is done using the equation: 1 inch water = 248 Pa.

Pollutant concentrations are reported as mass concentration in stenences,
conversion of mass concentration to volumetric is done using thegaedhw, which leads
to the following equation:

27315+ T)xM,
T 12.187x MW

Where \/ is volumetric concentration in parts per million (ppm), T is dmegerature
in °C, M is mass concentration in mgimand MW is molecular weight in g/mol. T was

assumed as 28 °C for all conversions which reduce¥ te:24711xM /MW where M

unit corresponding to g/in
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Table 3. Issues relating to media moisture conterfnodified from Swanson and Loehr, 1997

An overwet biofilter media causes

A dry biofilter media causes

Factors complicating maintenance of optimal
media moisture content

Methods used to keep optimal media
moisture content

High pressure drops and low EBRT due to
filling of the pore space with water.

Creation of anaerobic zones that promote
odor formation, expecially for sulfur

containing compounds (Devinny et al., 1999;

Sheridan et al., 2002a; and Chen et al.,
2008a), and slow degradation rates.

Oxygen limitation due to reduced air/water
interface per unit biofilm volume.

Nutrient washing from the biofilter media.

High volume, low-pH leachate requiring
disposal (Hodge et al., 1991, Marsh, 1992).

Deactivation of microbes.

Contraction and consequent medium
cracking reducing EBRTSs.

Frustrated attempts to rewet dry media.

Channeling

Low absorption capacity

High-velocity, non-saturated gas flows that strip
moisture from the biofilter media.

Exothermic reactions that increase temperatures,
which (1) speed up these reactions and further
increase temperatures; and (2) lead to increases in
water vapor pressure, further augmenting the
moisture-carrying capacity of the gas stream.

Lack of sensors for precisely measuring
agricultural biofilter media moisture made water
supply digressing optimal demand.

Direct water supplyn to biofilter media
with spray nozzels or soaker hoses.

Humidification of inlet gases to minimize
drying potential.

A combination of both humidification and
periodic direct water addition.

Covers used to keep moisture from
evaporating
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CHAPTER 3.PERFORMANCE EVALUATION OFAWOOQOD CHIP-
BASEDBIOFILTER USING SOLD-PHASE MICROEXTRACTION

AND GAS CHROMATOGRAPHY-MASS SPECTROMETRY-
OLFACTOMETRY

A paper published in Bioresource Technofogy

L. Chen, S. J. Hoff, J. A. Koziel, L. Cai, B. Zelle, G. $un

ABSTRACT

A pilot-scale mobile biofilter was developed where two typewadd chips (western
cedar and 2 inch hardwood) were examined to treat odor emissions flespait swine
finishing facility in central lowa. The biofilters were opedhmntinuously for 13 weeks at
different air flow rates resulting in a variable empty bedexe time (EBRT) from 1.6 to
7.3 seconds. During this test period, solid-phase microextractionEpPBPIMS/DVB 65um
fibers were used to extract volatile organic compounds (VOGs) froth the control plenum

and biofilter treatments. Analyses of VOCs were carried out using a méetidional gas

'Reprinted with permission of the Bioresource Technology, 2008, 99(16), 7767-7780
The authors are Lide Chen, Graduate Student, Steven J. Hoff, Profiessskr,A. Koziel,
Associate Professor, Lingshuang Cai, Post-doc Research atesd8rian Zelle, Research
Associate, and Gang Sun, Graduate Student, Department of AgricalhaaBiosystems
Engineering, lowa State University, Ames, lowa. Corresponding ausieven J. Hoff, 212
Davidson Hall, lowa State University, Ames, IA 50011; phone: +1 515-294-6180+1a

515-294-2255; email address: hoffer@iastate.edu.
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chromatography-mass spectrometry-olfactometry (MDGC-MS3¥8jem. Results indicated
that both types of chips achieved significant reductions in p-creselnol, indole and
skatole which represent some of the most odorous and odor-defining compounds &nown f
swine facilities. The results also showed that maintaining pnopésture content is critical

to the success of wood chip-based biofilters and that this factwres important than media
depth and residence time.

Keywords: Biofilter; Odor; Wood chips; SPME; MDGC-MS-0O; VOCs; Reduction; Swine

INTRODUCTION

The reduction of odors emitted from livestock and poultry productioremsgst
represents a significant challenge for researchers. Baoidtr is a versatile odor and gas
treatment technology that has gained much acceptance in agecuBieveral research
studies using compost-based biofilters have been conducted withcaighifeductions in
odor and specific gases reported. Nicolai and Janni (1997) reportedpastdrean straw
biofilter that achieved average odor angSHremoval efficiencies of 75% to 90%,
respectively. Sun et al. (2000) observed an avera§erémoval efficiency between 92.8%
and 94.2%, and an average Nimoval efficiency between 90.3% and 75.8% with 50%
media moisture content and 20 s gas retention time. Martinec (€08l) also found from
several biofilter research experiments an odor reduction efficigm¢o 95%. The mixture of
wood chips and compost (75:25 to 50:50 percent by weight) has been recomrasnded
biofilter media (Nicolai and Janni 2001a). However, the mixture meaiiacause a high air
flow resistance that must be overcome, often with the use of large expensivedeansy et

al., 1999; Garlinski and Danny, 2003) which in turn results in excessive eleetrargly use.
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A wood chip-based biofilter can reduce the pressure drop blat isttknown about the
performance of wood chip-based biofilters on reduction of malodov&@s emitted from
swine facilities.

Most odor and gas emission from building and manure storage sourcey-are
products of anaerobic decomposition and transformation of organic mmatteanure by
microorganisms. The by-products of decomposing animal manure incladg wolatile
compounds (Nicolai, et al. 2006). Kreis (1978) listed 50 compounds in swine ma- Jed
and Phillips (1992) expanded the list by identifying 168 compounds imesand poultry
manure. Curtis (1983) also reported on principal odorous compounds including ammonia
amines, hydrogen sulfide, volatile fatty acid, indoles, skatole, phenetsaptans, alcohols,
and carbonyls. Recently, Lo et al. (2008) identified 294 compounds erfriti@dswine
manure by using solid-phase microextraction (SPME) and multidiomaht gas
chromatography-mass spectrometry-olfactometry (MDGC-MS-8PME coupled with
MDGC-MS-0 is a novel approach to be used for air sampling and ameolis chemical
and olfactory analysis of odor- causing compounds associated wittotikesperations. This
approach was used to determine the key compounds responsible for tlotedlsticaswine
odor at the source (Bulliner et al., 2006), downwind (Koziel et al., 2006)dardparticulate
matter interactions (Cai et al., 2006). Thus, odor mitigationtseftmuld be directed towards
the most significant characteristic odor-causing compounds. G €007) used SPME
and GC-MS-O to evaluate the effectiveness of topical zeglpécations to mitigate VOCs
and odor from simulated poultry manure storage.

To date, studies have mainly focused onsMHd HS reductions when evaluating

biofilters. More studies are needed to better understand the bisfidtects on VOCSs,
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especially the principal odorous compounds identified above. Thereforahjdative of this
research was to investigate the fate of selected chemites subjected to two distinct
wood chip-based biofilters operating at various moisture content apty dred residence
time (EBRT), defined as the volume of the biofilter media dividgdthe air flow rate

passing through the media.

MATERIALS AND METHODS

Experiment Site

This research project was conducted at a 1,000-head curtain-side@itdeaime
finishing facility located in central lowa. This researchswconducted from July 14 to
October 13, 2006. The building monitored was approximately 14 x 55 m witmzmnd 61

cm diameter fans pulling pit-gases from the pump-out locations.

Mobile Pilot-Scale Biofilter System

A novel pilot-scale mobile biofilter system, which consisted of @iller testing
laboratory and a biofilter monitoring laboratory, was constructedhisrresearch project.
The mobile testing laboratory was covered at the top and sidesnioagé wind and rain
effects on the biofilters being tested. Meanwhile, the mobile toxamg laboratory was used
to house all instrumentation hardware and calibration gases requiede®up is shown in
Figure la. The layout of the biofilter testing laboratorghewn in figure 1b. The mobile
monitoring laboratory was used to collect all data associatéd tiMs project such as
temperature, biofilter moisture content, wind speed, wind directiong HRd HS

concentration.
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On the biofilter testing laboratory (Figures 2a,b), there vesgat parallel plastic
reactor barrels, four of which were randomly selected to lesl fiith western cedar (WC)
chips and the remaining four filled with 5 cm (2 in.) hardwood (HWpHFigure 2c).
There was a common plenum underneath the barrels directly conneatéahtérom one of
the pump-out locations. Eight adjustable fans (model AXC 100b; Continéaal
Manufacturing, Buffalo, New York) and 10 cm (4 in.) PVC pipes weszglis connect the
common plenum with the eight barrels. In order to homogenize the exdramusthe plenum,
a small fan (model 4C442; Dayton Fans) was installed inside theurpldor mixing
purposes.

The reactor barrels (56 cm diameter, 86 cm in depth) were ddsigtiea 25 cm air
space at the bottom of the barrel, with the biofilter media Idcat®ove this airspace,
separated by a metal mesh support (Figure 3). Preliminaryatlabprtests conducted on
seven various chip-based media indicated that WC chips and st&ndiar (2 in.) HW chips
were superior based on moisture retention. The decision was thentoniagé these two
products as the media for the pilot-scale biofilters. The WC andriidfia porosity was
67.0%+0.5% and 55.9%+0.5% respectively, using the bucket test methoda(MicdlJanni,
2001a). Each of the eight reactors was initially filled teeptd of 51 cm. Water was added
manuallyvia a spray nozzle at the top of each barrel. Biofilter mediataoreisvas measured
with commercially available soil moisture sensors (model ZEGHEC-20; Decagon Devices,
Inc., Pullman, WA) which were first calibrated in the laborat@&gch of the eight reactors
had its own variable speed fan that was manually adjusted based dentheds of the
experimental design. The variable speed fans were used to a@R$tt& 1.6, 2.5, 2.6, 3.3,

3.6,4.0,5.3, 5.5, and 7.3 seconds.
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Biofilter Operation

The biofilter media in each reactor was allowed to stabbigeassing pit-gas air
through each reactor with the media at an initial depth of 51 cmaiatained moisture
content in the 50~60% range (wet basis) and at an air flow ra2¢26% L/minute. The
stabilization period was for a month during which SPME fiber sele@and time series test
were conducted. After the one month-long stabilization period, the rdegih was changed
from 51 cm to 38 cm and then to 25 cm over a period of nine weeks,e@a week
increments. At each depth tested, three levels of air flow (%65 L/minute, 1,410
L/minute and 1,025 L/minute) were randomly set to run in each reactabbut one week
during which SPME samples were collected and analyzed. Atrthlepieriod of this project
where the media depth was 25 cm, SPME samples were colbictecee different media

moisture levels (60%, 40%, 20% wet basis) with a fixed air flow rate of 2,265 lieni

SPME Sampling

The SPME sampling system consisted of a funnel, PFA 6 mm (¥ insige
diameter Teflon tubing, a 47 mm diameter membrane filter witlhi4&um pore size, a
custom-built PTFE (Teflon) sampling port for the collection ofsaimples with SPME and a
vacuum pump (Figure 3). All sample tubing was heated to preventreatas within the
tubes. The SPME sampling ports were cleaned and dried at 110 °C ovdreigre
installing. When the SPME samples were collected, the SPMEs fibere placed into the
customized SPME sampling ports which allowed to expose the filike teample air. Five
commercially available fibers including 85 pum Car/PDMS, 65 unviBIDVB, 50/30 pm
DVB/Car/PDMS, 85 um PA and 100 um PDMS (Supelco, Bellefonte, FoA¢ Wrst tested

to select the most suitable (i.e., efficient in collecting fswine odorants, Lo et al., 2008)
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SPME coating for extracting VOCs associated with the @tegdnaust air. Before use, each
fiber was conditioned in a heated GC splitless injection port undemhébw according to
the manufacturer’s instructions. SPME sampling time was véed 10 seconds to 2 hours
to determine the optimal SPME sampling time. The systemfivgasallowed to run for 2
minutes to equilibrate and then a SPME fiber was placed intoathpling port where the
SPME fiber was exposed in the sample air for the preset santjphie. The fibers were then
removed from the sampling port, wrapped in clean aluminum foil anddsitor@ cooler for
transfer to the on-campus laboratory for analysis. All SPEiEptes were analyzed within
48 hours of collection. The desorption time of SPME fibers in GC mjegas always 40
minutes at 260 °C.

Solid phase microextraction eliminates the use of sample corst@ndrsolvents and
it combines sampling and sampling preparation into one step. Air isgmpith SPME
presents many advantages over conventional sampling methods (Kadiel2€©05; Koziel
and Pawliszyn, 2001) due to its simplicity, reusability, veopdy sample recovery and
hydrophobic property of SPME coatings. Koziel et al. (2005) repontedage 105%
(x11.4%) recoveries of gaseous VFAs (from acetic to hexana} atroom temperature
and 24 hrs storage time from the 75 pm Carboxen/PDMS SPME fiber coatings. THiyariabi
(measured as standard deviation) for recoveries of VFAs wdosvaas 2.0%, 3.6%, 9.7%,

and 5.6% for propanoic, butanoic, pentanoic, and hexanoic acids, respectively.
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Analytical Methods

Chemical and odor analysis

The compounds attracted by the SPME fiber were analyzed using@GCMMS-O
(Microanalytics, Round Rock, TX) which integrates GC-O with coneaali GC-MS
(Model 6890N GC/5973 MS; Agilent, Inc Wilmington, DE) as the base glatfwith the
addition of an olfactory port and flame ionization detector (FID). 3ystem was equipped
with two columns in series connected by a Dean’s switch. Theaolan-pre-column was 12
m, 0.53 mm i.d.; film thickness, 1 um with 5% phenyl methylpolysilox@agonary phase
(SGE BP5) and operated with constant pressure mode at 8.5 psi. Tihanadj¢éical column
was a 30 m x 0.53 mm fused silica capillary column coated potki(ethylene glycol)
(WAX; SGE BP20) at a film thickness of 1 pum. The column pressaseconstant at 5.8 psi.
The use of two columns with opposite polarity results in improved depai a complex
matrix such as VOCs emitted from swine barn. Separations on aoatam<column are
mainly due to the molecular weights and boiling points of compoundss séylaration on a
polar column is due the difference in polarity and compound stru@ystemautomation
and data acquisition software were MultiTraxTM V. 6.00 and Aromallve¥. 6.61, from
Microanalytics and ChemStationTM, from Agilent. The general ruarpaters used were as
follows: injector temperature, 260 °C; FID temperature, 280 °C; cotamperature, 40 °C
initial; 3 minutes hold, 7 °C/minute, 220 °C final, 10 minutes hold; cagés, He.
Mass/molecular weight-to-charge ratio (m/z) range wasbseaveen 33 and 280. Spectra
were collected at 6/s rate and electron multiplier voltageseato 1500 V. The MS detector
was auto-tuned weekly. More detail information related to itisrumentation has been

described by Lo et al. (2008).
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Compounds were identified with three sets of criteria: (1) madgcbf the retention
time on the MDGC capillary column with the retention time of pewenpounds run as
standards, (2) matching mass spectrums of unknown compounds with Bgi€iBM
(from Palisade Mass Spectrometry, Ithaca, NY) and (3) matduagcharacter. Qualitative
assessment of VOC abundance was measured as area counts unddorpsegarated
VOCs. Human panelists were used to sniff separated compounds simudignevith

chemical analyses.

Statistical analysis

Analysis of variance (ANOVA) was used to test the main empartal factors of
wood chip type (WC, HW), media moisture (20%, 40%, 60%), and EBRT (1.6, 2.5, 2.6, 3.3,
3.6, 4.0, 5.3, 5.5, and 7.3 seconds) using SAS (v. 9.1) for response variable reduction
efficiency of different principal odorous compounds. The reduction efffoyi of each
compound was transformed to natural logarithm to adjust for unequahemrand was
tested using the main experimental factors listed above anutatagtions. Tukey-Kramer

adjustment for multiple comparisons was used.

RESULTS AND DISCUSSION

Selection of SPME Fibers

Five new commercial SPME fiber coatings (85 pum Carboxen/PD&&S,um
PDMS/DVB, 50/30 um DVB/Carboxen/PDMS, 85 um PA and 100 pum PDMgeglSo,
Bellefonte, PA) were evaluated for determination of VOCs. Figarehows the comparison
of extraction efficiency between the five SPME fiber aogsifor eleven characteristic swine

odorants which included: acetic acid, propanoic acid, butanoic acid, isovaled,
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pentanoic acid, hexanoic acid, phenol, p-cresol, 4-ethyl phenol, indole, andeskstol
extractions were performed for 30 min using the SPME samplirtgrsy&-igure 3). No
attempt was made to alter the gas temperature passinghev&PME fibers. The 65 pum
PDMS/DVB and 85 um Car/PDMS fibers were overall, the mosctife for all target
compounds among the five types of the fibers. Eight SPME samplestienr collected
again using both the 65 um PDMS/DVB and 85 pm Car/PDMS fibers (four replicate sample
for each fiber coating).

The comparison results between the 65 um PDMS/DVB and 85 pmDO4&%/Rbers
are shown in Figure 4b which indicates that for acetic acid, propacaic and butanoic
acid, the 85 pm Carboxen/PDMS fiber had higher extraction eftigieHowever for p-
cresol and skatole, the 65 pm PDMS/DVB fiber performed better.tle rest of the
compounds; isovaleric acid, pentanoic acid, hexanoic acid, phenol, 4-ethyl phenol and indole,
both fibers were equally effective. The compound p-cresol has beeinataglas being the
highest ranking odorant responsible for the characteristic odar theasource and far
downwind (Bulliner et al., 2006; Koziel et al., 2006; Wright, et al., 2005). As a resultsaf the
findings, PDMS/DVB was selected for preferential extractiorp-@iesol. Based on these

results and previous experiences, the 65 um PDMS/DVB fiber was selected &iuthi.

Effects of SPME Sampling Time on Target Odorants from Swine Barn

SPME sampling time was varied from 10 seconds to 2 hours to detdlmioptimal
SPME extraction conditions by using 65 um PDMS/DVB fibers. Téspdf peak area of
characteristic compounds versus extraction time are shown in &isarand 5b which show
that as extraction time increased so did the amount of mostle®lextracted by the fiber,

however the patterns were not the same for all compounds. Most compsunlsas
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hexanoic acid, p-cresol, 4-ethyl phenol, indole and skatole, appedmibtoa linear trend,

although at different adsorption rates, with no evidence of reachinfijoeium up to 2 hours

extraction time. Butanoic acid and isovaleric acid showed an sioge&rend with longer

extraction time and then leveled after 30-60 minutes. However,xtinecéon amount of

acetic acid and propanoic acid decreased with longer extrdictierand then leveled. This
trend was due to the porous structure of the 65 um PDMS/DVB Wiéch can easily

become saturated when using prolonged extraction times @ia2€00; Woolfenden 1997).
Once this occurs, compounds with higher affinity for the fiber vg#leatially displace those
compounds with lower affinity. This can be minimized when shortaaexn times are
used (Koziel et al. 2000; Zabiegala et al. 2000). The linearitiés f(R times from 10

seconds up to 10 min for the 11 compounds are listed in table 1.

These R values, except for acetic acid, illustrate nearly linear uptékbese target
gases on SPME fibers during sampling. Linear uptake is an fizdidhat no displacement
effects were observed and that the peak area counts for each congdiniderefore also
the measured concentrations) were not affected by limited sogatpaecity of SPME fibers.
Based on these results, an air sampling time of 10 minutes heserc for all SPME

extractions.

Mean Peak Area Counts versus EBRT

There are several chemical compounds which are the main souafésngfve odors
from swine buildings. Hammond et al. (1979) identified the organic agidganoic,
butanoic, phenyl-acetic, and 3-phenyl-propanoic, as well as phenol, gb-aed 4-ethyl
phenol, as important odor contributors. Wright et al. (2005) ranked p-credole, and

skatole as the major odorants and assigned lower ranking te awed and phenol.
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However, acetic acid and phenol are typically present at higherematons in these
environments. Cai et al. (2006) also reported key malodorants asdowidlh swine barn
particulate matter including methyl mercaptan, isovalerid,gezicresol, indole and skatole.
In this study, SPME fibers were used to identify the odoraumspounds exhausted from
both the control plenum and biofilter treatments (WC, HW). The meak @ea counts of
the odorous compounds detected in the control plenum and from the treaimcénisreere
used to compare the reduction efficiency between treatmepty@mt reduction, i.e., as the
ratio of the difference between the control and treatment toathieot, of the form (Cai et

al., 2007):

%Reduction=

L x100% (1)

i
Where:

Ci = peak area count of compound “i” for the contewid

T, = peak area count of compound “i” for the treatment

The percentage reduction of specific compoundsrtegadn this paper is based on
gualitative evaluations and use of equation (1)hewt estimating actual compound
concentrations. However, it could be assumed tbetgmtage reduction estimated with this
gualitative approach is not significantly differéram the percentage reduction that would be
obtained based on estimates of concentrations €Cal., 2007). This is because no
significant effects of competitive adsorption weteserved on the SPME fiber coatings used
for the same sampling time and sampling temperatBogential biases associated with

selective extractions and the use of different SHN&rs (Jia et al., 2000) should also be
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relatively insignificant when equation (1) is uded qualitative comparisons. More research
is warranted to test these assumptions with altiemair sampling and analysis methods.

The same approach was used by Cai et al. (200determine the reduction of
odorous gases from treated and untreated poultnurea Cai et al. (2007) used a 10 minute
air sampling time with SPME from manure headspatlevied by analyses on GC-MS-O
and used the area count percent reduction as giveguation (1) which is consistent with an
assessment of concentration reduction.

The mean peak area counts were calculated usinigtdmgrated area of a single ion.
The results with standard errors (n=3) are showRigires 6a, b, ¢, d. The higher reduction
of WC for acetic acid, phenol, p-cresol and skatmenpared to HW (Figures 6a, b, c, d)
could be due to the higher porosity of the WC comgao HW. It is also important to
mention that indole was not detected from either \WWC or HW treatments using the GC-
MS, although the odor associated with indole wereealed at the olfactory port by the
panelists from the HW treatment at the 5.3 s EBR1is indicates that the concentration of
indole was below the detection capability of the-MS but still above the recognition
threshold for the panelists.

Odorous gases emitted from swine manure are venplex mixtures from hundreds
of odorous compounds (Lo et al., 2008; O’'Neill @tallips, 1992; Schiffman et al., 2001).
However, it is generally agreed that only some abahgroups of compounds are likely
contributors of the odor nuisance (Van Gemert aattéxbreijer, 1977; O’Neill and Phillips,
1992; Schaefer, 1977; Yasuhara, et al., 1984). @bnehere are four chemical groups

reported by the above researchers: VFAs, sulfutatong compounds, phenolics and
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indolics. A summary of the reduction efficiencytiemted with equation (1), for the four
groups of characteristic compounds is given in éalda, b.

The compound removal efficiencies, based on ovenadrage, were very good for
both types of biofilter media ranging from 76% t8.8% (Tables 2a, b). Particularly
noteworthy is the removal of p-cresol which hasnbeieed as the major odorant responsible
for downwind swine odor (Koziel et al., 2006). Tieeluction of p-cresol, averaged over all
EBRTs, was 99.9% and 95.3 % for WC and HW, respelgti The reduction efficiencies
shown in Tables 2a and 2b have no discernable trelative to EBRT. The most likely
reason for this was that the media was maintaihedhégh moisture content of 60%. These
results indicate that for biofilter design and @tiem, a higher media moisture content is
most important. The relationship between moistargent, EBRT and reduction efficiencies
for the characteristic compounds need to be fuithastigated.

The WC treatment achieved maximum removal effiagesnidor VFAs up to 99.8%
with a minimum efficiency of 96.1%. The HW treatmheschieved maximum removal
efficiencies for VFAs up to 99.7% with a minimunfieiency of 86.8%. This high peak area
reduction efficiency was most likely the resulttbé VFAs having a low volatility (Henry’'s
law constant) and a high water solubility makingrtheasily dissolved in the surface water
of the high moisture content media.

The WC treatment achieved a maximum removal effiyeof 74.9% and a minimum
removal of 16.9% for sulfur-containing compoundsilesithe HW treatment achieved a
maximum efficiency of 67.9% and a minimum removall@.8%. Sheridan et al. (2002)
reported sulfur-containing compounds were reducssvéen 8-65% and -147-50% across

two biofiltration systems made from two differerntes of wood ships. The relatively low
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reduction efficiency for the sulfur-containing cooymds (compared to VFA, phenolic and
indolic groups) was most likely the result of arwd®ec zones (excess interstitial water) within
the biofilter bed where organisms can create swifmtaining organics (Devinny et al, 1999;
Sheridan et al. 2002).

For the phenolic compounds, the reduction efficientiesNC were between 98.6%
and 94.6% and the reduction efficiencies for HW evieetween 98.1% and 85.5%. For the
indolic compounds, the reduction efficiencies wab®ve 98.3% for WC and above 97.5%
for HC, respectively.

The ANOVA analysis results of reduction efficiercifor the 11 target compounds
are shown in Table 3 which indicates that theresveggnificant differences between the two
media treatments among the 9 EBRT levels excephdganoic acid, indole and isovaleric
acid. These three compounds were below the GC-M& e limit for both the WC and

HW treatments indicating that the removal efficigm@s nevertheless very high.

Reduction Efficiency Comparison versus Media Moisture

Moisture is needed to maintain microbial activityridg biofiltration processes.
Several studies have reported that biofilter medasture is one of the key factors when
biofilters are used for treating odors (Hartungaket 2001; Nicolai et al., 2006; Sun et al.,
2000). Moisture levels between 40%-60% (wet bas@)ehbeen suggested for biofilter
operation (Kastner, 2004; Nicolai and Janni, 2001b)this study, SPME samples were
collected and analyzed at three levels of mediastue content (60%, 40% and 20% wet
basis) with a fixed media depth of 25 cm and adiae flow rate of 2, 265 L/minute (EBRT

= 1.6 s). Figures 7a, b, c, d, e show the resttiighad in this study.
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Increasing both the WC and HW media moisture impdothe reduction efficiencies
for the five main compounds as shown in Figuresb/a, d, e, respectively. This could be
the result of a higher moisture level absorbing¢heompounds along with the maintenance
of a better environment for bacteria growth. Selvetitadies conducted on odory$Hand NH
reductions obtained similar trends as those foartdis study. Sun et al. (2000) reported that
a higher media moisture content resulted in a lmighmoval efficiency for K5 (47%-94%)
and NH; (25%-90%) corresponding to moisture contents e5@%, respectively, when the
compost-based biofilter was used to treat odorass Hicolai et al. (2006) observed that
increasing the moisture content from 40% to 50% (vesis) increased removal efficiency of
NH;from an average of 76.7% to 82.3% and increasiagrthisture content to 60% did not
significantly change the removal efficiency witlt@mpost/wood chip biofilter. These results
confirmed that the media moisture plays a key irokhe biofiltration processes.

The results shown in Figures 7a, b, c, d, e aldwate that WC performed better than
HW at all moisture levels except the reductioncgéficyfor p-cresol and phenol at the 20%
moisture level. The reduction efficiencie WC for moisture levels between 20-60% were
between 32%-77% for acetic acid, 19%-96% for pheaiobve 49% for p-cresol, above 73%
for indole and above 53% for skatole. The reducéfiitiencies of HW for moisture levels
between 20-60% were between 14%-77% for acetic &6#b-93% for phenol, 72%-98% for
p-cresol, above 75% for indole and 52%-96% for ckat

A summary of the reduction efficiencies$ three levels of media moisture content,
estimated with equation (1), for different composingrranged by the four groups of
characteristic compounds is given in Tables 4aThe reduction efficiencies for VFAs,

phenolics, indolics and the overall average forcalinpounds increased with higher media
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moisture level. There was no significant improvetmahen the moisture level was raised
from 40% to 60% for WC but there was significanfpnavement for HW over this same
range. For the sulfur-containing compounds, thauctdn efficiency decreased when the
media moisture level increased above 20% for bothaid HW. The most likely reason was
the development of anaerobic zones as proposecbyby et al. (1999).

The WC biofilter can achieve relatively high rembe#ficiencies (93.8%, 97.2%,
97.8%, and 74% for VFAs, phenolics, indolics ancerall average for all compounds,
respectively) at a lower moisture content (40%) leviihe HW biofilter needed a higher
moisture content (60%) to achieve the same reduatiiciencies for these compounds
(Tables 4a, b). For the sulfur-containing compoundd/ performed better than WC at all

levels of media moisture.

CONCLUSIONS

A pilot-scale mobile biofilter was developed whevéC and HW chips were
examined to treat odor emissions from a deep-piesinishing facility in central lowa. The
fate of characteristic odorous compounds was iyeastd. The results of this study
demonstrated that both the WC and HW chips achidugt overall average reduction
efficiency (at least 76% and as high as 93%) feattng characteristic compounds when the
biofilter media moisture content was kept at 60%et(Wwasis). The reduction efficiency
testing at three media moisture levels indicated the biofilter, whether WC or HW, was
more sensitive to the media moisture content thadian depth or EBRT. Therefore,
maintaining proper moisture content is criticalthe@ proper operation of wood chip-based

biofilters. Moisture content is more important thaedia depth and EBRT when a wood
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chip-based biofilter is operated. The high reducedficiency obtained with the wood chip-
based biofilter media studied in this research estgythat these materials can be used
effectively as biofilter media for reducing swinailding odors. However, more studies at

full scale biofilters are needed.
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Table 1. Summary of linearrities (F\;).

Compounds R

Acetic acid 0.0221
Propanoic acid 0.7677
Butanoic acid 0.9713
Isovaleric acid 0.9919
Pentanoic acid 0.9982
Hexanoic acid 0.9502
Phenol 0.8837
p-Cresol 0.9978
4-Ethyl phenol 0.9938
Indole 0.9976
Skatole 0.9976

Table 2a. Reduction efficiency of characteristic capounds based on equation (1) for WC at a 60% moiste content.

Compounds EBRT (s) Average over
1.6 25 2.6 3.3 3.6 4 5.3 55 7.3 EBRT (%)
VFAs
Acetic acid (%)  76.7 95.2 925 100.0°* 92.8 90.6 98.6 97.6 76.3 91.1
Propanoic acid (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Butanoic acid (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.8 100.0 100.0
Isovaleric acid (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Pentanoic acid (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Hexanoic acid (%) 100.0 100.0 100.0 b 100.0 100.0 100.0 100.0 100.0 100.0
Average for VFAs 96.1 99.2 98.8 100.0 98.8 98.4 99.8 99.6 96.1 98.5
Sulfide compounds
Methyl mercaptan (%)  -44.2 17.2 29.0 32.6 63.5 48.3 91.8 52.3 43.1 16.7
Dimethyl sulfide (%)  100.0 b b b 100.0 b 100.0 b b 100.0
Dimethyl disulfide (%) b b b b 100.0 b b 100.0 80.6 93.5
3-Methyl thiophene (%)  39.0 49.8 76.7 46.4 36.5 1.3 52.9 63.5 b 45.8
Dimethyl trisulfide (%) -27.3 37.0 86.5 14.0 58.2 475 21.0 83.9 b 40.1
Average for sulfide
compounds 16.9 34.7 64.1 31.0 71.6 324 20.5 74.9 61.8 59.2
Phenolics
Phenol (%) 95.6 95.5 95.2 95.8 95.1 93.2 95.9 92.3 83.9 93.6
p-Cresol (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 98.9 100.0 99.9
4-Ethyl phenol (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Average for phenolics 98.5 98.5 98.4 98.6 98.4 97.7 98.6 97.1 94.6 97.8
Indolics
Indole (%)  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Skatole (%)  100.0 100.0 100.0 96.7 100.0 100.0 100.0 100.0 100.0 99.6
Average for indolics 100.0 100.0 100.0 98.3 100.0 100.0 100.0 100.0 100.0 99.8
Overall average 76.0 85.3 91.4 82.1 90.4 84.3 78.4 92.6 91.1 86.3

#100% removal efficiency signifies that a compound was not detedted in treated exhaust.
This compound was not detected in both the control plenum and treated exhaust.
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Table 2b. Reduction efficiency of characteristic ampounds based on equation (1) for HW at a 60% moiste content.

EBRT (s) Average over
Compounds 1.6 25 2.6 3.3 3.6 4 5.3 55 7.3 EBRT (%)
VFAs
Acetic acid (%)  76.8 88.2 87.5 100.0° 88.6 80.0 98.4 96.1 34.8 83.4
Propanoic acid (%) 100.0 100.0 100.0 100.0 94.9 100.0 100.0 98.2 100.0 99.2
Butanoic acid (%) 100.0 99.2 99.0 100.0 94.8 98.0 99.8 99.0 86.2 97.3
Isovaleric acid (%)  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Pentanoic acid (%) 100.0 100.0 100.0 100.0 95.4 100.0 100.0 99.3 100.0 99.4
Hexanoic acid (%) 100.0 100.0 100.0 P 100.0 100.0 100.0 100.0 100.0 100.0
Average for VFAs 96.1 97.9 97.8 100.0 95.6 96.3 99.7 98.8 86.8 96.6
Sulfide compounds
Methyl mercaptan (%)  30.9 1.2 27.1 33.4 5.8 -44.1 -30.5 35.8 6.7 7.4
Dimethyl sulfide (%)  100.0 b b 28.6 19.0 b 100.0 b 100.0 69.5
Dimethyl disulfide (%) b b b 227 100.0 b b 100.0 64.8 71.9
3-Methyl thiophene (%)  39.4 27.9 39.4 69.6 43.1 34.6 37 452 100.0 43.9
Dimethyl trisulfide (%)  -38.8 40.4 30.7 32.0 64.5 479 11.2 46.1 b 29.3
compounds 32.9 23.2 324 37.3 46.5 12.8 19.2 56.8 67.9 44.4
Phenolics
Phenol (%) 92.8 94.4 93.5 94.2 90.4 93.8 94.9 89.3 75.5 91.0
p-Cresol (%) 97.7 99.3 97.7 100.0 90.3 98.8 98.8 93.9 81.1 95.3
4-Ethyl phenol (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 93.2 100.0 99.2
Average for phenolics 96.8 97.9 97.1 98.1 93.6 97.5 97.9 92.1 85.5 95.2
Indolics
Indole (%)  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Skatole (%)  95.6 100.0 100.0 95.6 100.0 96.6 94.9 100.0 100.0 98.1
Average for indolics 97.8 100.0 100.0 97.8 100.0 98.3 97.5 100.0 100.0 99.0
overall average 79.6 82.2 83.9 76.9 80.4 79.0 77.6 86.4 83.3 80.3

#100% removal efficiency signifies that a compound was not detedted in treated exhaust.
"This compound was not detected in both the control plenum and treated exhaust.

Table 3. P-values of ANOVA analysis of reduction &tiencies for eight characteristic compounds.

Factors 4-Ethyl phenol  Acetic acid  Butanoic acid Pentanoic acid Phenol  Propanoic acid Skatole p-Cresol
Media <.0001 0.027 <.0001 <.0001 0.0003 <.0001 <.0001 <.0001
EBRT <.0001 0.0007 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

Media*EBRT <.0001 0.019 <.0001 <.0001 0.054 <.0001 <.0001 <.0001
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Table 4a. Reduction efficiencies at 1.6 sec EBRTrf@/C.

Compounds Moisture content (%) Average over all moisture
20 40 60 content (%)
VFAs
Acetic acid (%) 32.2 62.6 76.7 57.1
Propanoic acid (%) -6.5 100.0? 100.0 64.5
Butanoic acid (%) 2.4 100.0 100.0 67.5
Isovaleric acid (%) 14.5 100.0 100.0 71.5
Pentanoic acid (%) 35 100.0 100.0 67.8
Hexanoic acid (%) 100.0 100.0 100.0 100.0
Average for VFAs 24.3 92.5 96.1 71.0
Sulfide compounds
Methyl mercaptan (%) 5.6 17 -44.2 -12.3
Dimethyl sulfide (%) 56.2 100.0 100.0 85.4
Dimethyl disulfide (%) 100.0 50.8 e 75.4
3-Methyl thiophene (%) 31.2 -27.4 39.0 14.3
Dimethyl trisulfide (%) 23.9 35.2 -27.3 10.6
Average for sulfide compounds 43.4 32.1 16.9 30.8
Phenolics
Phenol (%) 18.8 92.7 95.6 69.0
p-Cresol (%) 48.7 99.0 100.0 82.6
4-Ethyl phenol (%) 58.1 100.0 100.0 86.0
Average for phenolics 41.9 97.2 98.5 79.2
Indolics
Indole (%) 73.3 100.0 100.0 91.1
Skatole (%) 52.5 95.5 100.0 82.7
Average for indolics 62.9 97.8 100.0 86.9
Overall average 38.4 74.0 76.0 62.8

#100% removal efficiency signifies that a compound was not detedted in treated exhaust.
®This compound was not detected in both the control plenum and treated exhaust.
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Table 4b. Reduction efficiencies at 1.6 sec EBRTrfbIW.

Compounds Moisture content (%) Average over all moisture
20 40 60 content (%)
VFAs
Acetic acid (%) 13.8 31.6 76.8 40.8
Propanoic acid (%) 35.7 66.9 100.0% 67.5
Butanoic acid (%) 45.2 72.0 100.0 724
Isovaleric acid (%) 47.4 100.0 100.0 82.5
Pentanoic acid (%) 55.3 100.0 100.0 85.1
Hexanoic acid (%) 100.0 100.0 100.0 100.0
Average for VFAs 49.6 78.4 96.1 74.7
Sulfide compounds
Methyl mercaptan (%) 36.9 29.0 30.9 323
Dimethyl sulfide (%) 41.6 37.3 100.0 59.6
Dimethyl disulfide (%) 100.0 58.9 b 79.4
3-Methyl thiophene (%) 11.8 9.9 39.4 20.4
Dimethyl trisulfide (%) 59.5 16.6 -38.8 124
Average for sulfide compounds 50.0 30.3 32.9 37.7
Phenolics
Phenol (%) 54.7 58.2 92.8 68.5
p-Cresol (%) 72.3 70.8 97.7 80.3
4-Ethyl phenol (%) 68.6 67.2 100.0 78.6
Average for phenolics 65.2 65.4 96.8 75.8
Indolics
Indole (%) 75.4 75.3 100.0 83.6
Skatole (%) 51.6 57.1 95.6 68.1
Average for indolics 63.5 66.2 97.8 75.8
Overall average 54.4 59.4 79.6 64.5

#100% removal efficiency signifies that a compound was not detedted in treated exhaust.
®This compound was not detected in both the control plenum and treated exhaust.
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Mobile Biofilter Testing Laboratory

Air excess Adjustable fan 10 cm (4 inch) pipe

Barrel —ﬂ \ / |

o

Common Plenum Air from deep-pit / \Fan inside the plenum

Figure 1b. Plan view layout of the biofilter testng laboratory.
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Membrane filter

Figure 2b. SPME sampling port with SPME fibers.
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50 mm S0 mm

Figure 2c. Hardwood (HW) and western cedar (WC) media



94

Sampling port for collectio

MembraneFilter  f ajr samples with SPME ¥ @cuum pum

Teflon tubing

Biofilter
media

e

.

e

3

» »%
é%
>
)-EI
S
PP,
i
¢
| O
OP)

3)
Q6 .
Cq
¢?
>§
5%)

¢

@
»@3
,?g»»

PPEYEPAY
)%
%@
5$ 29
»@
g
>
®
¢
€
4
b}

o
)]
;
&
>
®
»
B
¥

?)@@g@
d

€
ol
3. ®
.8
D
@3@@
i
?)% g

B
)
:)c)g

¢
Dy
D
¢
3
9
G
20
5

b
i

o)

N

Funne

Barre

R

A A,

_ Valve for water
Gas fron plenun Medie suppor drainage

Figure 3. Schematic of the gas and SPME samplingstgms.




95

Selection of fibers [ 85 um Car/PDMS
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Figure 4a. Comparison of extraction efficiency betwen five SPME fiber coatings tested.
Comparison of PDMS/DVB and Caroxen/PDMS
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Figure 4b. Comparison of extraction efficiency betwen the 65 um PDMS/DVB fibers and the 85 pm
Car/PDMS fiber coatings for eleven characteristic wine odorants. Extraction time= 30 minutes.
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Time series in Plenum SPME port
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Figure 5a. Plot of peak area counts for the charaetistic VFA compounds versus extraction
time by using 65 pm PDMS/DVB fiber.
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Figure 5b. Plot of peak area counts for the charderistic phenolic and indolics compounds
versus extraction time by using 65 um PDMS/DVB fibrs.
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Figure 6a. Comparison of peak area count as a furion of EBRT for acetic acid.
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Figure 6b. Comparison of peak area count as a funicin of EBRT for phenol.
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Figure 6¢. Comparison of peak area count as a funon of EBRT for p-cresol.
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Figure 6d. Comparison of peak area count as a funicin of EBRT for skatole.
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Moisture content
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Figure 7a. Comparison of area counts as a functioof media material and
moisture content for acetic acid.
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Figure 7c. Comparison of area counts as a functioof media material and

moisture content for p-cresol.
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Figure 7d. Comparison of area counts as a functioaf media material and
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CHAPTER 4.EVALUATION OFWOOD CHIP-BASED BIOFILTERS TO
REDUCE ODOR, HYDROGEN SULFIDE, AND AMMONIA

FROM SWINE BARN VENTILATION AIR

Modified from a paper accepted for publication ia th Air & Waste Manage. Assoc.

L. Chen, S. Hoff, L. Cai, J. Koziel, B. Zelle

ABSTRACT

A pilot-scale biofilter was developed where twodgpof wood chips (western cedar
and 2 inch hardwood) were examined to treat odesgans from a deep-pit swine finishing
facility in central lowa. The biofilters were opé&d continuously for 13 weeks at different
air flow rates resulting in variable empty bed desice times (EBRT) from 1.6 to 7.3 sec.
The effects of three media moisture levels were algluated. A dynamic forced-choice
olfactometer was used to evaluate odor concentiatimm both the control (inlet) plenum
and biofilter treatments (outlet). Hydrogen sulf{#&S) and ammonia (N4l concentrations
were also measured from these olfactometry sam§$lalgl-phase microextraction (SPME)
PDMS/DVB 65 um fibers were used to extract volatitganic compounds (VOCs) from
both the control plenum and biofilter treatmentsialyses of separated odors were carried
out using a gas chromatography-mass spectromdtagtometry (GC-MS-0) system. Static
sample results indicated that both types of chigisesed significant reductions in odor
(average 70.1% and 82.3% for HW and WC, respegbivel,S (average 81.8% and 88.6%
for HW and WC, respectively) and NHaverage 43.4% and 74.0% for HW and WC,
respectively) concentrations. GC-MS-O aromagramltesihowed both treatments reached

high odor reduction efficiency (average 99.4% afB% for HW and WC, respectively).
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The results also showed that maintaining propeistam® content and a minimum EBRT are

critical to the success of wood chip-based biaflte

IMPLICATIONS

A mobile pilot-scale biofilter was developed whém® types of wood chips (western
cedar and 2 inch hardwood) were tested to treat edussion from a deep pit swine
finishing facility in central lowa. The reductiofffieiency and pressure drop characteristics
obtained with the wood chip-based biofilters stddie this research indicate the feasibility

of farm-level applications of wood chip-based Htefis.

INTRODUCTION

With the intensification of animal production in myacountries throughout the world,
the odor produced and emitted from such intensnmma production can cause nuisance to
individuals living in the vicinity of livestock fans. The reduction of odors emitted from
livestock and poultry production systems contintegresent challenges for researchers.
Most odors and gas emissions from building and neastorage sources are by-products of
anaerobic decomposition and transformation of aggamatter in  manure by
microorganisms. These by-products result in a complex mixture w€ro168 volatile
compounds of which 30 have a detection thresholf.@®1 mg/m or less, and hence are
most likely to be associated with odor nuisah@ese compounds cover a broad spectrum
and generally exist in low concentrations. Any tembgy used to reduce emissions must be
able to treat a broad spectrum of airborne compsuihrious air pollution control
technologies have been invented and applied, sschctivated carbon adsorption, wet

scrubbing, and masking agents. These methods, oweiten transfer odor-causing
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materials from the gas phase to scrubbing liquidsodid adsorbents, and their derivatives
have resulted in wastewater and solid waste cosd@rBiofiltration, which can be cost
effective and has the ability to treat a broad spet of gaseous compounti®has been
regarded as a promising odor and gas treatmenhdéxdy that is gaining acceptance in
agriculture. The operational principle of a biddiltis that the contaminated air is passed
through a filter media where microorganisms reside contaminants in the air diffuse into
the liquid surrounding the biofilm where bacteregthde them to COH,O, inorganic salts
and biomasé. 1 Several research studies using compost-basedltdnisfihave been
conducted with significant reductions in odor apddfic gases reported. Nicolai and Jahni
reported a compost/bean straw biofilter that acddeaverage odor and,&l removal rates of
78% to 86%, respectively. Sun et‘abbserved an average$iremoval efficiency between
93% and 94%, and an average J\t{emoval efficiency between 90% and 76% with 50%
media moisture content and 20 sec gas residenee kitartinec et at® also found an odor
reduction efficiency up to 95%.

Selecting the proper biofilter media is an importatep toward developing a
successful biofilter. Williams and Mill& and Swanson and Loéhrpointed out that
desirable media properties include: (1) Suitableirenment for microorganisms to thrive
including enough nutrients and moisture, (2) Lasgdace area to maximize attachment area
and sorption capacity, (3) Stable compaction prggerto resist media compaction and
channeling, (4) High moisture holding capacity, i) High pore space to maximize EBRT
and minimize pressure drop. In addition, practozaicerns such as cost and local availability
must also be considered. A great variety of meda#enals have been verified suitable for

biofilters. The most widely considered media iniagture are organic materials such as
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compost mixtures (from various sources). Compost mmany of the qualities mentioned
above, with the main drawback being a relativelgt faegradatiolt which leads to
compaction, a limitation on bed life, and a high flow resistance that must be overcome
with the use of large, expensive fart§.The mixture of wood chips and compost (70:30 to
50:50 percent by weight) has been recommendeddditteési media for agricultural use$.
However, special care is needed to screen fines Wwood chip/compost mixtures to reduce
operating static pressutéln order to keep reasonable fan ventilation efficy, agricultural
ventilation fans should be run at pressure drofessf than 60 Pa (0.25 in. water colurtth).
Using only wood chips as the biofilter media caduee the pressure drdpvithout special
fan needs which results in less construction aretaiimg costs. However, little is known
about the performance of wood chip biofilters oa taduction of odors emitted from swine
facilities.

To date, studies have mainly focused on overall,addgS, and NH reductions when
evaluating biofilters used in agriculture. More sésdare needed to better understand the
biofilter's effect on an individual odorous compasn Therefore, the objectives of this
research were to investigate: 1. the odor redugberfiormance of two distinct wood chip
biofilters influenced by media moisture content angpty bed residence time (EBRT); 2. the
fate of individual odorous compounds correspondmgach of four chemical groups by
using an innovative GC-MS-0O system; and, 3. thesoresdrop characteristics of wood chip

media.
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MATERIALS AND METHODS

Experiment Site

This research project was conducted at a 1,000-beddin-sided deep-pit swine
finishing facility located in central lowa. Thiggearch was conducted from July 14 to
October 13, 2006. The building monitored was apipnately 14 x 55 m with 25 cm and 61

cm diameter fans pulling pit-gases from the pumplacations.

Mobile Pilot-Scale Biofilter System

A mobile pilot-scale biofilter system, which corsig of a biofilter testing laboratory
(BTL) and a biofilter monitoring laboratory (BMLyyas constructed for this research project.
The set-up is shown in Figure la. The layout of Bfi¢. is shown in Figure 1b. The BML
was used to house all instrumentation hardwargpresibn gases required, and data
acquisition hardware required to measure and $engperature, biofilter moisture content,
wind speed, wind direction, NHand HS concentrations. The static gas and solid-phase
microextraction (SPME) sampling system utilized aeseof pumps that pulled sample air
from selected locations during testing. A bag sangolllection system was also available in
the BML to collect static gas samples in 10-litedlai® bags for odor analysis.

The BTL (Figures 1b and 2a) consisted of eight Ipenalastic reactor barrels, four of
which were randomly selected to be filled with veestcedar (WC) and the remaining four
were filled with 5 cm (2 in.) hardwood (HW) (Figu&b). Both wood chip types were
purchased locally and were used in their acquitate swithout pre-preparation such as
grading and screening. The characteristics ofweevwood chip types are given in Table 1.

There was a common plenum underneath the barrelstlg connected to a fan from one of
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the barn pump-out locations. Eight adjustable fgAs<C 100b; Continental Fan
Manufacturing, Buffalo, New York) and 10 cm (4 iRYC pipes were used to connect the
common plenum with the eight barrels. In orderambgenize the exhaust air in the plenum,
a small fan (4C442; Dayton Fans) was installecdim$ine plenum for mixing purposes.

The reactor barrels (56 cm inner diameter, 86 creipth) were designed with a 25
cm air space at the bottom of the barrel, withlitwgilter media located above this airspace
separated by a metal mesh support (Figure 3). Batie eight reactors was initially filled
to a depth of 51 cm. Water was added manually \®8pray nozzle at the top of each barrel.
Biofilter media moisture was measured with comnadlgiavailable soil moisture sensors
(Model ECH20 EC-20; Decagon Devices, Inc. Pullmay)Which were first calibrated in
the laboratory. Each of the eight reactors haawsa variable speed fan that was manually
adjusted based on the demands of the experimeesidrd The variable speed fans were

used to adjust the EBRT to 1.6, 2.5, 2.6, 3.3,8®,5.3, 5.5, and 7.3 sec.

Biofilter Operation

The biofilter media in each reactor was allowedstabilize by passing pit-gas air
through each reactor with the media at an initeggdtd of 51 cm, a media moisture content in
the 50-60% range (wet basis) and an air flow r&t8265 L/min. The stabilization period
was one month; a decision based on previous fietgrience?® Odor samples were taken
weekly and SPME fiber selection and time seriesstesere conducted during the
stabilization period. After the one month stabifi@aa period, the media depth was changed
from 51 cm to 38 cm and then to 25 cm over a penbdine weeks, in three week
increments. At each depth tested, three levelsrdfoav rate (2265 L/min, 1410 L/min and

1025 L/min) were randomly set to run in each reafbo about one week during which
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SPME and static odor samples were collected andyzethl At the final period of this
project, where the media depth was 25 cm, SPMEstattt odor samples were collected at
three different media moisture levels (60% + 69046 5%, 20% + 3% wet basis) with a

fixed air flow rate of 2265 L/min.

Static Gas and SPME Sampling

The static gas and SPME sampling system consistediuninel, PFA 6 mm (Y4 in.)
inside diameter Teflon tubing, a 47 mm diameter im@me filter with a 0.45um pore size, a
custom-built PTFE (Teflon) SPME sampling port (Fgut), which was used to hold the
SPME fiber and keep the fiber tip (extraction conmgydih in contact with sample air while
preventing ambient air exposure, and a vacuum p(Frgure 3). All sample tubing was
heated to prevent condensation within the tubes. SPME sampling ports were cleaned and
dried at 110 °C overnight before installation. Wiies static gas samples were collected, the
system was first allowed to run 3 min at an ainfl@ate of 5 L/min to equilibrate and then
the odorous gas from a selected location was diatna 10-liter Tedldt bag. At each
measurement, three static odor samples were adleatl static odor samples were analyzed
within 24 hours of collection.

Five new commercially available fibers including §m Car/PDMS, 65 pm
PDMS/DVB, 50/30 um DVB/Car/PDMS, 85 um PA and 100 [HDMS (Supelco,
Bellefonte, PA) were first tested to select the nsostable (i.e., efficient in collecting typical
swine odorantd) SPME coating for extracting volatile organic campds (VOCSs)
associated with the pit-gas exhaust air. Beforagyseach fiber was conditioned in a heated
gas chromatography (GC) splitless injection portlarnhelium flow according to the

manufacturer’'s instructions. SPME sampling time wasied from 10 sec to 2 hr to
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determine the optimal SPME sampling time. As a tesupre-testing, the PDMS/DVB 65
pm fiber and 10 min extraction time were used Fos tesearch. When the SPME samples
were collected, the system was first allowed to f@n3 min to equilibrate and then the
SPME fiber was placed into the sampling port wheesftber was exposed to the sample air
for the preset sampling time. The fibers were tfemoved from the sampling port, wrapped
in clean aluminum foil and stored in a cooler farpping to an on-campus laboratory for
analysis. At each measurement, three SPME samples eodlected. All SPME samples

were analyzed within 48 hours of collection.

Analytical Methods

A dynamic forced-choice olfactometer (AC’'SCENT imational Olfactometer; St.
Croix Sensory, Inc. Stillwater, MN) was used to era& odor concentration based on ASTM
E679-04°. Eight panelists were used for each evaluationhFmnelist was screened based
on their ability to detect n-butanol in the 20-8tbprangé® **as defined by EN13725. Each
panelist was given a series of presentations atedsing dilution ratios. At each dilution
ratio the panelist was given one presentation whdiohtains the odor and two blank
presentations (triangular testing). The panelisstngelect the presentation which is different
from the other two and declare to the test admtist whether the selection is a "Guess",
"Detection”, or "Recognition”, as defined by ASTM #604%* The concentrations of NH
and an HS equivalent measure were also evaluated from ttige $ag samples by using
NH3; (Model Drager Pac lll; Drager Safety, Inc., Pitisiiy PA) and HS (Model Jerome
631-X; Arizona Instrument LLC, Tempe, AZ) analyzeiBhe Jerome 631-X analyzer
measured total reduced sulfur (TRS) and was exgiess an k6 equivalent measure in this

paper for a convenient comparison with other researsing the same analyzer. Both the
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NH3; and HS analyzers were calibrated annually by the matwfacand monthly in-house
using standard calibration gases.

A multidimensional GC-MS-O (Microanalytics, Round RpcTX) was used to
simultaneously evaluate odor and specific compounkde GC-MS-O integrates GC-O with
conventional GC-MS (Model 6890N GC/5973 MS; Agildnt; Wilmington, DE) as the base
platform with the addition of an olfactory port afldme ionization detector (FID). The
system was equipped with a non-polar pre-columnapalar column in series as well as
system automation and data acquisition software. éneral run parameters used were as
follows: injector temperature, 260 °C; FID temparat 280 °C; column temperature, 40 °C
initial; 3 min hold, 7 °C/min, 220 °C final, 10 mhwld; carrier gas, He. Mass/molecular
weight-to-charge ratio (m/z) range was set betwa®mand 280. Spectra were collected at a
6/sec rate and the electron multiplier voltage setsto 1500 V. The MS detector was auto-
tuned weekly. More detailed information relatedlie GC-MS-O has been described by Lo
et al?!

A trained human panelist was used to sniff sepdratidrs from the sniff port on the
GC-MS-0O system simultaneously with chemical analy§#tors were evaluated using the
Aromatrax softwar€. Each odor analysis resulted in an aromagram geterby the
panelist. The width of each peak in the aromagradicates the start and end times for
individual odor responses, and the peak heightrelased to the perceived intensity of these

responses. The odor area count was calculated t@ngtegrated area of each odor peak.
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RESULTS AND DISCUSSION

Static Gas Sample Results

The odor concentration results for a 60% media ta@scontent (wet basis) are
given in Figure 5a. The Student's t-test p-valuel dhe odor concentration reduction
efficiency (100x(control (inlet)-treatment (outlgtontrol) as a function of EBRT are given
in Table 2. The treated (outlet) odor concentrati@s significantly reduced compared with
control at each EBRT level since the Student’sst-fevalue was from less than 0.001 to
0.026. The odor concentration after WC treatmerbvweer than HW treatment. The odor
concentration reduction efficiency increased witbreasing EBRT. Above a 4 sec EBRT, a
maximum odor reduction efficiency of above 75.7% &0.3% was observed for HW and
WC, respectively. The average reduction efficiesicier HW and WC were 70.1%
(maximum 88%; minimum 48.2%), and 82.3% (maximum.49d minimum 62%),
respectively. This was comparable with the reme¥tatiencies of 78% and 81% attained by
Nicolai and Janni® and Martinec et af® respectively. The results reported here were lower
than the 90% and 92% reported by Sheridan ét-&frespectively.

The biofilter effect on hydrogen sulfide concentmtis shown in Figure 5b. The
reduction efficiency increased with increasing EBRRIT both HW and WC, except that the
reduction efficiency had a drop at the 3.6 sec EBRiis drop was most likely the result of
the low inlet concentration which averaged 0.37 pjmmpared to the range of other inlet
concentrations (1.50 to 6.33 ppm) resulting inltveer reduction efficiency even though the
outlet concentration was the lowest (0.19 and (& for HW and WC, respectively)

compared with that of other EBRTs. Figure 5b alsdidates that the reduction efficiency
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was stable and reached an average 92.5% (minimub®Inaximum 94.2%), and 95%
(minimum 92.4; maximum 96.8%), for HW and WC (resfpeely) when the EBRT was
longer the 3.6 sec.

The biofilter effect on ammonia concentration i®w8h in Figure 5c. The reduction
efficiency fluctuated when the EBRT was less thased and reached an average 61.3%
(minimum 49.7%; maximum 70.8%), and 79.8% (minim@M5%; maximum 93.8%), for
HW and WC (respectively) when the EBRT was londmer 8.6 sec. Based on the results
shown in Figure 5, the 4 sec EBRT is a recommenagadnum for these types of wood chip
biofilters.

It is commonly believed that the media moisturetenhis a key factor influencing
biofilter performancé®3! The results of odor, hydrogen sulfide, and ammoaigentrations
at three levels of media moisture with an EBRT dixa 1.6 sec are shown in Figures 6a, b
and c, respectivelyThe 1.6 sec EBRT was chosen to assess media parfoenat the lowest
EBRT, a desirable condition for practical on-fariofitter applications.

The Student’s t-test p-value and the odor reduatificiency as a function of media
moisture content are given in Table 3. The odouc#adn efficiency for both WC and HW
increased with increasing media moisture from 2@%60%, however the differences
between 20% and 60% media moisture content for Wéthand HW were not statistically
significant since the t-test p-value was 0.05 a®@ @or WC and HW, respectively. The most
likely reason was the shorter EBRT (1.6 sec) wimaplies that a minimum EBRT is needed
to take advantage of a higher media moisture conégrarding odor concentration reduction.
The lower reduction efficiency at 40% moisture les@mpared to 20% was most likely the

result of the lower inlet concentration (1150 OB/at 40% compared with 1848 OUfrat
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20%) even though the outlet concentration (878 &id@ OU/mf for HW and WC,
respectively) at 40% moisture level was lower ttieat at the 20% moisture level (1014 and
861 OU/nt for HW and WC, respectively; Figure 6a).

The hydrogen sulfide concentration reduction egficty of WC at moisture levels of
20%, 40% and 60% was 6.0%, 69.1% and 83.5%, regplgct The hydrogen sulfide
concentration reduction efficiency of HW at moistlevels of 20%, 40% and 60% was 40%,
49.4% and 70.1%, respectively. $traported that a higher media moisture content resul
in a higher removal efficiency forJ3 (47%-94%) corresponding to moisture contentef 3
50% at 5, 10 and 20 sec gas retention times, regglgc when their compost-based biofilter
was used to treat odorous gas. Nicolai and Janeported an average hydrogen sulfide
reduction for the low (27.6%), medium (47.4%) amghh(54.7%) moisture contents at 5 sec
empty bed contact times were 3%, 72% and 87%, c&sply, when evaluating treatment
effects of different biofilter media mixture rated wood chips and compost (ratio from 0%
to 50% by weight).

The ammonia concentration reduction efficiency of \&t moisture levels of 20%,
40% and 60% was -4.5%, 46.7% and 67.3%, respegtiidle ammonia concentration
reduction efficiency of HW at moisture levels of%2040% and 60% was 32.8%, 34.4% and
54.1%, respectively. For the WC biofilter, ammomnieduction efficiency increased
drastically (from -4.5% to 46.7%) when the mediaishoe content increased from 20% to
40%, and further increasing the media moisture erdnfrom 40% to 60% led to higher
removal efficiencies (from 46.7 to 67.3%). Incregsthe HW media moisture content from
20% to 40% changed the ammonia reduction efficidfnayn 32.8% to 34.4%, and further

increasing the moisture content to 60% improved¢aection efficiency to 54.1%.
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Overall, WC performed better than HW in terms & #mmonia reduction efficiency
and WC could achieve relatively high reductionafincy (46.7%) at a relatively low media
moisture content (40%) compared to HW (54.1% raduaocefficiency at 60% moisture
content). The most likely reason was that WC hagyher porosity than HW (see Table 1)
resulting in a larger surface area which benefibedh adsorption and biodegradation.
Sur?reported that a higher media moisture content tesiih a higher removal efficiency
for NH3 (25%-90%) corresponding to moisture contents 66@8% at 5, 10 and 20 sec gas
retention times, respectively, when their compaseda biofilter was used to treat odorous
gas. Nicolai et alobserved that increasing the moisture content f&@% to 50% (wet
basis) increased removal efficiency of Nitom an average of 76.7% to 82.3% and
increasing the moisture content to 60% did notiBaantly change the removal efficiency
with a compost/wood chip biofilter at a 5 sec rétam time. The maximum ammonia
reduction efficiency measured in this study was migever than the compost based biofilter
reported by Sun et &fand Nicolai et at.and this was most likely the result of a shorter
EBRT (1.6 sec). In other words, a minimum EBRT glamith a higher media moisture

content was necessary for a higher biofilter pentamce.

SPME Sample Results

Four chemical groups have been cited as likelyrimrtors to odor nuisante®®
including: volatile fatty acids (VFASs), sulfur caihing compounds, phenolics and indolics.
A comparison of peak area counts for these foungradors (defined as the sum of peak
area of all odors belonging to each group on tenagram) and the number of odor events
for each group at the 60% media moisture contetitvanying EBRT are shown in Table 4.

The group of “sulfur containing compounds” includatithe odors such as sewer, skunky,



115

onion, garlic, and sulfury which correspond to nyktmercaptan, dimethyl disulfide, 3-
methyl thiophene and dimethyl trisulfide. The grafg'VFAS” included all the odors such
as acidic, burnt, fatty acid and body odor whichrespond to acetic acid, propanoic acid,
butanoic acid, isovaleric acid, pentanoic acid heganoic acid. The group of “phenolics”
included all odors such as medicinal, barnyardqaus and phenolic which correspond to
phenol, p-cresol, and 4-ethyl phenol. The groufirafolics” included all the odors such as
barnyard, and naphthalenic which correspond tolen@nd skatole. In this approach, the
potential odor interactions were not consideredweier, comparing the number of odor
events and the odor area count between controtraatinent is still meaningful. The same
approach was used by Cai ef‘ato determine the reduction of odorous gases fraated
and untreated poultry manure.

As shown in Table 4, both the number of odor evemd odor area count were
drastically reduced for both the WC and HW treatteeihe WC performed better than or
equal to HW chips on reducing peak area of botlstheategory odors and total odors. This
was consistent with the olfactometry results. Hosvethe odor area reduction at each EBRT
level from the aromagram results was higher that teported from olfactometry results.
This was most likely the result of the complex seoksmell since odors are not additive and
may mask each other or alternatively enhance fleetedf one another.

The odor area count, number of odors, and reduetficiencies, as defined in eq 1

(Cai et al**), with 60%, 40% and 20% media moisture conterediated in Table 5.

%Reduction= L x100% (1)

Where:
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Ci = peak area count of odor “i” for the control, and

Ti = peak area count of odor “i” for the treatment.

The reduction efficiency for subcategories “VFApHenolics”, and “total” odor for
WC was improved when the media moisture conteneased from 20% to 40% and further
increasing the moisture content to 60% did notheerrtbenefit the reduction efficiency, but
the number of odorous compounds identified in thatment was reduced with the moisture
content increased from 20% to 60% (Table 5). Thaucton efficiency of HW was
improved with increased moisture levels between 208 60% for all subcategories and
total odors except for the subcategory “sulfur2@% moisture content. The number of odors
detected in the HW treatment was also reduced thghmoisture content increased from
20% to 60%. Although Table 5 shows that the highedia moisture improved the reduction
efficiencies for both WC and HW, WC reached the sdingh reduction efficiency at a lower
moisture content as compared to HW.

GC-MS results at 20%, 40% and 60% media moistureldeare shown in Figures 7a,
b, and c, respectively. As shown in Figure 7a n&dtit lower reductions of the characteristic
compounds were measured at the 20% media moistvweé The lower peak traces for HW
and WC corresponding to higher media moisture e(elgures 7b and 7¢) indicated that the
reduction efficiencies for these characteristic poonds increased with higher media
moisture content. For example, the peak height-ofegol for HW progressively decreased
from Figure 7a to 7b and then to 7c which corregednto media moisture contents of 20%,
40%, and 60%, respectively. The same decreasing tnas found for WC. Similar trends
were observed for other characteristic compound$ s1$ phenol, skatole, and indole. A

more detailed assessment on GC-MS results can bl fou Chen et al® It is worth
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mentioning that the peak reduction for p-cresoljcwhhas been implicated as being the
highest ranking odorant responsible for the charatic odor near an animal source and far

36-38
d;

downwin was improved drastically when media moisture caniecreased from 20%

to 60% for both WC and HW. Several studies haventeg that biofilter media moisture is

one of the key factots'? 2

when biofilters are used for treating odors. Higheedia
moisture content aids adsorption and absorptiongases which resulted in higher reduction
potentials. The GC-MS results shown in this studyficmed that the media moisture content

plays a critical role in the biofiltration process.

Pressure Drop Characteristics

Pressure drop is one of the main considerationpractical biofilter operation. It is
commonly believed that the anticipated pressurg dhoough a full-scale biofilter media
should be less than 50 Pa to allow the existing tarremain operational. For the pilot-scale
biofilter tested in this research, the pressurgsirat different levels of air flow rate and
media depth are given in Table 6. The pressure dawpless than 50 Pa at the media depth
less than 38 cm for both HW and WC which impliedttthe existing ventilation fans will
not necessarily need to be replaced when the wbqus-based biofilter is installed and
operated under these conditions. No sharp chamgpsessure drop occurred through WC
and HW for each level of air flow rate during tlesttperiod which showed that both WC and
HW have excellent stability properties even aftettimg.

A linear relationship between media unit pressuog dind unit airflow rate for both
WC and HW was observed and is shown in Figure 8.p#¥iormed better than WC in terms
of media unit pressure drop as shown in Figure l8s Telationship is comparable with

Nicolai and Janril where theyeported a linear relationship between the mediapassure
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drop and unit airflow rate for mixtures of wood gfiand compost. The results from Nicolai
and Janni show that significant changes in opearapoessure will result from their
unscreened media. The wood chips tested and relpbetiee were not screened from their

acquired state.

CONCLUSIONS

A mobile biofilter testing laboratory was developetiere WC and HW chips were
examined to treat odor emissions from a deep-pitesfinishing facility. The odor reduction
performance of two distinct wood chip-based biefdét operating at various moisture
contents and EBRT was investigated. The resulthisfstudy demonstrated that both WC
and HW chips achieved high reduction efficienc@sddor concentration (48%-93%) when
keeping the biofilter media moisture content at 609ét basis). The results also indicated
that both a proper media moisture content and anmim EBRT were important for a
successful biofilter. The reduction efficiency gmessure drop characteristics obtained with
the wood chip-based biofilters studied in this aesk indicate the feasibility of farm-level

applications of wood chip-based biofilters for reahg swine building odors.
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APPENDIX

Bucket test method for estimating media porositgpaed from Nicolai and Janni

(2001)":

1.

2.

Start with two identical 5-gallon buckets.

Fill one bucket one-third full with media. Drop tpail 10 times from a height of
15 cm onto a concrete floor.

Add media to fill the same bucket two-thirds fulidadrop the pail 10 times from
a height of 15 cm onto a concrete floor.

Fill the bucket to the top with media and once aghop the pail from a height to
15 cm onto a concrete floor.

Fill the bucket once again to the top edge of thé p

Fill the second bucket to the top with clean water.

Slowly pour water from the second bucket into tingt foucket containing media
until the water reaches the top of the bucket.

Record both the total depth in the second buckdttha distance between the
level of the remaining water and the top of thelatic

Calculate the porosity by dividing the distancenirthe water line to the top of

the bucket by the total bucket depth and multigiy1BO.
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Table 6. Pressure drop for HW and WC at different evels of air flow rate and media deptt

Air flow rate Media depth EBRT
(L/min) (cm) (sec) Pressure drop for HW (Pa) Pressure drop for WC (Pa)
2265 25 1.6 41+3 55+4
2265 38 25 50+3 64 +10
1410 25 2.6 16+1 27+1
2265 51 3.3 54+3 119+ 10
1025 25 3.6 7+1 9+1
1410 38 4 21+1 26+5
1410 51 5.3 31+4 71+5
1025 38 5.5 12+2 18+3

1025 51 7.3 17+0 49 +7
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Figure 1b. Plan view layout of the biofilter testirg laboratory.



130

.:. r = i .i ¥, P
- a & . g._!

Figure 2a. Inside the biofilter testing laboratoryshowing four of eight reactor barrels.

50 mm S0 mm

Figure 2b. HardWood (HW) and western cedar (WC) media



131

_ Sampling port for collectio
MembraneFilter  of air samples with SPME Y @cuum pum

Teflon tubing

Biofilter
media

49
&
P)

D)
x5
P

P)

X

P)

D

Y A A mg‘qf o
W@@qﬂ @5 N
?LU% B, R, B BOAR @
PPAEY e A N

Y v SZ_AD
ﬁgﬂmﬂw AY A A

e

e

B
R

o)

=

' Valve for water
Medie suppor drainage

Gas fron plenun

Figure 3. Schematic of the biofilter reactor and ga/SPME sampling systems.



AP

SPME sampling port

132

) /0mm
3m
2 10mm
g
p NLE NS
\_ NSNS
gl & =
i £ £ =
0| © o
— (9]
Gas flow Septum  SPME fiber

Figure 4. SPME sampling port with SPME fiber.




133

(%) Aouaidiy3 uononpay

2500

(; W/NO) UOITRNIUSIUOD 10PO

EBRT (sec)

HW E==WC —o— HW R.E. —x—WC R.E. \

Control

(%) Aousog uononpay

[e0) N~ © n < ™ N — o
(wdd) uonrenuasuo) sH

EBRT (sec)

=9 WC —o— HW R.E. —%—WC R.E. ‘

‘ E=A Control HW

100

(@]
[&]
I

(%) Aousioiy3 uononpay

o O
@ N~
L

r 60

o O
N -
L

(wdd) uonenuasuo) EHN

EBRT (sec)

HW &= WC —o— HW R.E. —X—WC R.E. \

‘m Control

~~
©
N—r

(b)

—~
(&)
=

Figure 5. Static sample results: (a) odor, (b) b8, and (c) NH concentration

vs. empty bed residence time (EBRT).



134

2500 100
T 90
>
S 2000 18 2
T T QL
5~ +60 ©
§ g 1900 - ——c o P 150 &
o = ) +40 £ 8
c 2 x [ c <
§ © 1000 | - - £ oz --- - el - - 130 o
- i toﬁ;,, T20 35
@ |5 w| BN BN /N
8 N SN 19 &
] + -10
[+
0 -20
20 40 60
Media Moisture Content (%)
£z Control &2z HW WC —o—HW RE. ——WCRE. |
8 100
90
c 80 &
8 70 &
[ 60 ©
= 50 £ _
© e
o
(b) 3 20 G
0 10 3
T o 3
-10
-20
Media Moisture Content (%)
=23 Control HW =S WC ——HW R.E. —%—WC R.E.
70 100
F 90
g B0 180 &
= 1 F70 ©
g 0 60 T
F=RReml/To B ERNRRRR Y 4 (W v F50 = __
g & La0 YE
S 230 -~ T ke B 30 o
O F20 B
> 2ot BEmy TR B S
© 1z L[ B 3
04 - BER A ]
f 10 &
0 -20
20 40 60
Media Moisture Content (%)
&= Control HW S5 WC ——HW RE. —%—WCRE |

Figure 6. Static sample results: (a) odor, (b) k8, and (¢c) NH concentration
vs. media moisture content.



Abundance {a}

Time--x

135

Western cedar
110000

100000
50000
20000
70000
60000
50000
40000
30000
20000
10000

Hard wood

Propaneic Phenol

Control .4

p-Cresol

M

4-Ethyl

|1|h;no| Skatole

Indale

"00 1000 1500 2000

2500 3000 /00

Abundance
(b)

Time--»

Western cedar

110000
L

,_LJ/L—

100000
50000
20000
70000
60000

Hard wood

p-Cresol

50000
40000
30000
20000
10000

Propanoic Phenol
acid

Control

4-Ethyl
phenol

katole

Indole

"00 1000 1500 2000

2500 3000 /00

Time--»

80000 Hard wood
70000
£0000

Abundance {C)
Western cedar
110000
100000
90000

IJ- Cresol \/)/‘\.M

.n.

b

50000
40000
30000
20000
10000

Propanoic Phenaol
acid

Control

4-Ethyl
phenol

katole
ndole

5.00 o0 1500 2000

2500 000 /00

Figure 7. GC-MS results: (a) at 20% media moisture @ntent, (b) at 40% media
moisture content, (c) at 60% media moisture content



136

450
400 -
350 -
300 -
250 -
200 -
150
100 - /———-
50 | o —
ol —=="-"" SeotrrmrRTRIRITTT

4000 5000 6000 7000 8000 9000 10000

Unit Airflow (L/Min/m?)

WcC
Nicolai and Janni, B

Media Unit Pressure Drop
(Pa/m)

HW
Nicolai and Janni, A
------- Nicolai and Janni, C

Figure 8. Media unit pressure drop for HW (55.9% voids) and WC (67.0% voids) vs. unit airflow rate at
60% moisture content (this study). Nicolai and Janri predicted values (30-40% moisture content) for
(A) unscreened compost/wood chip mixture (50:50 byeight) with 39.0% voids, (B) screened
compost/wood chip mixture (60:40 by weight) with 40% voids, and (C) screened compost/wood chip
mixture (30:70 by weight) with 56.5% voids.
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CHAPTER 5.GENERAL CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

SUMMARY AND CONCLUSIONS

The following conclusions were drawn from this @sh:

1. A mobile pilot-scale biofilter was developed whenMC and HW chips were
examined to treat odor emissions from a deep-pihesviinishing facility at
various EBRT and media moisture levels. The olfiaetvy results demonstrated
that both WC and HW chips achieved high reductidficiencies for odor
(average 70.1% and 82.3% for HW and WC, respeghvahd HBS (average
81.8% and 88.6% for HW and WC, respectively), wheeping the biofilter
media moisture content at 60% (wet basis).

2. At the 60% media moisture content, the treated edocentration decreased with
increasing EBRT ranging from 1.6 to 7.3 sec. F@woads was recommended as
a suitable EBRT for treating deep-pit swine odors.

3. The odor reduction results from olfactometry intkchthat both a proper media
moisture content and a minimum EBRT were importana successful biofilter.

4. The GC-MS results demonstrated that both WC and Hi¥gscachieved high
overall average reduction efficiencies (76% - 93f) treating characteristic
compounds when the biofilter media moisture conteas kept at 60% (wet
basis). At the 60% media moisture content, the ctol efficiencies of the

characteristic compounds have no discernable trelative to EBRT. For lower
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media moisture, the relationship between EBRT aualliction efficiency for the
characteristic compounds needs to be further imgadst.

5. A linear relationship between media unit pressumpdnd unit airflow rate for
both WC and HW was observed. No sharp changesdasspre drop occurred
through WC and HW during the test period which @adies that both WC and
HW chips have an excellent stability property.

6. The high reduction efficiency and pressure dropattaristics obtained with the
wood chip-based biofilter media studied in thisemsh suggests that these
materials can be used effectively as biofilter raeftir treating gas emissions

from swine facilities. However, more studies at §dale biofilters are needed.

RECOMMENDATIONS FOR FUTURE RESEARCH

The following are recommended for future research:

1. Further studies are needed to understand the meshaibiofiltration such as:
(1) what effects the diffusion of odorous compoumndsa biofilter, (2) what type
of individual microorganism is mainly responsibl® twhich pollutant’s
degradation, (3) the relationship between the RE the structure of microbial
community, (4) how fast microbial community changesesponse to the change
in influent concentration of odors and VOCs, (5)atvlaffects the activity of
bacteria living in biofilters, and (6) long termlifiscale biofilter studies are
needed to verify the performance at various onesitelitions.

2. Investigate NH3 and odor reduction performancescommbinations of wet

scrubbers and biofilters.
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3. Models need to be developed to predict odor/VOC Riasl to predict
construction and operation costs for agriculturafilbers at typical conditions.

4. Standards are needed to guide biofilter constrmcéind to evaluate biofilter
effects on reducing odors and VOCs.

5. Further experiments with at least one replicatibditierent levels of EBRT and
media moisture content are warranted to investitieaelationship among odor

reduction efficiency, EBRT and media moisture cante
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APPENDIX. EXPERIMENT DESIGNAND STATISTICS ANALYSIS

DESCRIPTION OF THE EXPERIMENT

Two types of wood chips — western cedar (WC) andwaod (HW) — were chosen
as biofilter media used to treat odors emitted frarswine building. A mobile biofilter
testing system, which consisted of biofilter monitg laboratory (BML) and biofilter testing
laboratory (BTL) was built for field tests. The BTdonsisted of eight reactor barrels. Four
barrels were randomly selected to be filled with \&@l the remaining four barrels were
filled with HW. The objective of the experiment wiasinvestigate effects of biofilter empty
bed residence times (EBRTS), biofilter media maeestaontent (MC), and biofilter media
(WC and HW) on odor reduction efficiency (RE), whiwas defined in equation (1). For
these purposes, two experiments were conductedsasilobed below.

RE(%) = CODCTO_DTTODT* 100% (1)

Where:
CODT = control odor detection threshold, and

TODT = treatment odor detection threshold.

EXPERIMENT 1

The objective of this experiment was to investigader RE influenced by biofilter
media type (MT) and EBRT. The response variablehisf éxperiment was odor RE. There
were two factors of interest. One was biofilter meand the other was EBRT, which had

two and nine levels, respectively. Each level ofREBwas randomly run at a fixed 60%
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media MC for one week. At each EBRT level, threeaswere collected at different times
from each of control, WC and HW treatments, respelst This experiment was run as a
split plot design as diagrammed in Figure 1. Aswahin Figure 1, EBRT was the whole
plot variable, the group of eight barrels was th®le plot experiment unit, the combination
of sampling time with three levels and biofilter dree type with two levels was the sub plot
factor, and the individual barrels from which tremples were collected were the sub plot

experiment unit.

Analysis of Data

The software JMP7 (SAS Institute Inc., Cary, NC, 32807) was used to analyze
data. The plot of RE (%) vs. EBRT is given in Fig@ which shows that RE increases with
EBRT increasing from 1.6 to 4 sec, and then it setallevel off at higher EBRT values.
Considering there were no replications at either whole plot or the subplot for this
experiment, a linear model given in equation (2% wsed to fit the data.

Y, = p+y* EBRT+WP + ST + ST * EBRT+ MT,
+(ST*MT), + MT, * EBRT+(ST* MT),, * EBRT (2)

Where Yj = RE, i =1-9 for each whole plot, j = 1-3 for eagdmpling time, k = 1-2
for each media type; 4 = a total population mear; a slope (regression coefficient) for
EBRT; EBRT = the whole plot variable which was ddesed continuous; WP = whole plot
(a random error term from the whole plot whichaetfwas the sum of squares for the “Lack
of Fit” by the whole plot treatment for this anag)s ST = sampling time; ST*EBRT = an
interaction between ST and EBRT; MT = media type*NBTl = an interaction between ST
and MT; MT*EBRT = an interaction between MT and EBR$T*MT)*EBRT = a three

way interaction among ST, MT and EBRT.
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A residual vs. predicted value plot based on thedr model defined in equation (2)
is given in Figure 3 which shows a random patteith \@ mean of zero for residuals. The
residual variance was nearly the same at eachgbeeldevel.

Fixed effect test results are presented in TabMhich shows that both EBRT
(p=0.0044) and MT (p<0.0001) have significant eemt odor RE. However, the factor ST
and all the two and three way interactions didgihamw significant effects on odor RE.

In order to get a simpler model, a model basedhenlinear model (equation 2)

included only significant effect variables as shawequation (3):
Y, = u+y* EBRT+WP + MT, (3)

Where Yx = RE, i =1-9 for each whole plot, k = 1 and 2 éach media type; = a
slope (regression coefficient) for EBRT; EBRT = tiole plot variable which was
considered continuous; WP = whole plot (a randorarderm from the whole plot); MT =
media type.

A residual vs. predicted value plot based on tmephbfied model is presented in
Figure 4 which shows a random pattern with a mdarem for residuals. The number of
residuals above and below the zero line was alitiestsame. The residual variance was
almost equal at different predicted values. Thesedual conditions implied that the linear
regression assumptions were met and p-values lmas#oe simplified model can be relied
on.

Fixed effect test results and parameter estimatesgaven in Tables 2 and 3,
respectively. From the results presented in Tapleoth EBRT and MT showed a significant
effect on odor RE for the fixed 60% media MC basedh® small p-values (p = 0.0044 and

p<0.0001 for EBRT and MT, respectively). Based orapeeter estimates presented in Table
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3, a prediction expression is given in equationsaf@d (5) for WC and HW, respectively.
Two plots of actual vs. predicted RE value basethernprediction expressions are shown in
Figure 5 with EBRT ranging from 1.6 to 7.3 sec.

RE (%) = 53.89 + 5.58*EBRT + 6.22 %0.605) (4)

RE (%) = 53.89 + 5.58*EBRT - 6.22  0.634) (5)

Conclusions for Experiment 1
From the results, both EBRT and media type showestasistically significant

influence on odor RE for the fixed 60% media maistcontent based on the small p-values
(p=0.0044 for EBRT and p=0.0001 for media typegdiation expressions were given based
on the simplified model for both WC (RE (%) = 53.8%.58*EBRT + 6.22) and HW (RE
(%) = 53.89 + 5.58*EBRT - 6.22) under the experimeanditions. Overall, odor RE
increased with a longer EBRT ranging from 1.6 ® Sec for the fixed 60% media moisture
content. WC performed better than HW in terms obroRE. It is worth mentioning that
more experiments are needed to confirm these csindsi since this experiment was short of

replication.

EXPERIMENT 2

This experiment was conducted to investigate odérirfuenced by biofilter media
and media MC. The response variable of this experinaas odor RE. There were two
factors of interest. One was biofilter media arel dther was media MC, which had two and
three levels, respectively. Each level of media &> run for three days at a fixed 1.6 sec
EBRT. At each media MC level, three samples welected at different times from each of

control, WC and HW treatments, respectively. Thigeziment was run as a split plot design
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as diagrammed in Figure 6. As shown in Figure édian MC was the whole plot variable,
the group of eight barrels was the whole plot expent unit, the combination of sampling
time with three levels and biofilter media type lwitvo levels was the sub plot factor, and
the individual barrels from which the samples weolected were the sub plot experiment

unit.

Analysis of Data
Since no replication at either the whole plot obdaot level was conducted, a

simplified model was used to analyze data from grpent 2 and is given in equation (6).
Yy =1 +y*MC+WP + ST + MT, (6)

Where Yijk = RE, i =1-3 for each whole plot, j =3lfor each sampling time, k = 1-2
for each media type; y = a total population mgana slope (regression coefficient) for MC;
MC = media moisture content, the whole plot maniadavariable, which was considered
continuous; WP = whole plot (a random error teronfrthe whole plot); ST = sampling
time; MT = media type.

A residual vs. predicted value plot based on tmephbfied model is presented in
Figure 7 which shows a random pattern with a mdarem for residuals. The number of
residuals above and below the zero line was alsase. The residual variance looks almost
equal at different predicted RE values. These uwagid¢onditions implied that the linear
regression assumptions were met and p-values lwaséoe simplified model can be relied
on.

Fixed effect test and the least-squared (LS) mé&rehce Student’s t-test results for

MT and ST based on the simplified model are showhahles 4-6, respectively. From the
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results presented in Tables 4 and 5, MT showedrafis@nt influence on odor RE for the
fixed 1.6 sec EBRT (p = 0.007); however the resdits not show a linear relationship
between RE and MC (p = 0.8643). Based on the regrdtented in Table 6, sampling time

did not show a significant influence on odor RE& &% confidence level.

Conclusions for Experiment 2

The results did not show a linear relationship leetawvodor RE and media moisture
content (p = 0.8643) for the fixed 1.6 sec EBRTm§$Ikng time did not show a significant
effect on odor RE at a 5% confidence level basethenLS mean Student’s t-test results.
However, media type did show a significant effeat @dor RE (p=0.007). It is worth
mentioning that there was a risk in accepting thes®clusions since this experiment was

short of replication.

RECOMMENDATIONS

For future research, it is recommended to condueb@eriment based on a split plot
design with three replications as diagrammed iufe. As shown in Figure 8, the whole
plot variable is MC with three levels (20%, 40% a&d%); the sub plot variable is
combinations of EBRT with four levels (3, 4, 5, ahdec) and MT with two levels (WC and
HW). In this way, a complete assessment can be dodemore reliable conclusions should
be inferred. A partial ANOVA table for the recomndex experiment design is given in

Table 7.
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147

Table 1.Fixed effect tests based on the linear model (equation 2) for experintehn

Source Nparm DF DFDen F Ratio Prob > F
EBRT(sec) 1 1 7 17.0108 0.0044
SamplingTime 2 2 35 0.4251 0.657
MediaType 1 1 35 101.0389 <.0001
MediaType*SamplingTime 2 2 35 1.4096 0.2578
MediaType*EBRT (sec) 1 1 35 2.4463 0.1268
EBRT(sec)*SamplingTime 2 2 35 1.3968 0.2608
MediaType*EBRT (sec)*SamplingTime 2 2 35 0.6148 0.5465

Table 2. Fixed effect tests based on the simplified model for experiment 1.

Source Nparm DF DFDen F Ratio Prob > F
EBRT(sec) 1 1 7 17.0108 0.0044
Types 1 1 44 98.4897 <.0001

Table 3. Parameter estimates based on the simplified model for experiment 1

Term Estimate Std Error DFDen t Ratio Prob>|t|
Intercept 53.8917 5.8317 7 9.24 <.0001
EBRT(sec) 5.5829 1.3536 7 4.12 0.0044
Types[HW] -6.2222 0.6076 44 -9.92 <.0001

Table 4.Fixed effect tests based on the simplified model for experiment 2.

Source Nparm DF DFDen F Ratio Prob > F
MoistureContent(%) 1 1 1 0.0469 0.8643
MediaType 1 1 12 10.5416 0.007
SamplingTime 2 2 12 0.0349 0.9658

Table 5.LS mean difference Student’s t-test for experiment 2.

MT Level Least Sq Mean
wcC A 50.8889
HW B 38.2222

(=0.050; Levels not connected by same letter are significantly different.

Table 6.LS mean difference Student’s t-test for experiment 2.

ST level Least Sq Mean
1 A 45.0000
2 A 44.8333
3 A 43.8333

a=0.050; Levels not connected by same letter are significantly different.
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Table 7. Partial ANOVA table for recommended experiment design.

Source df Comment

MC 2 Moisture content with 3 levels: Whole plot variable
Whole Pot Error 6 3 levels of MC, (3-1) df for each level
EBRT 3 Empty bed residence time with 4 levels
MT 1 Media type with 2 levels

EBRT*MT 3

MC*EBRT 6

MC*MT 2

MC*EBRT*MT 6

Residual (sub plot) Error 42

C. Total 71 Total 72 samples

Table 8. Raw data at different media MC with a fixed 1.6 sec EBRT.

MediaType MoistureContent(%) EBRT(sec) RE(%) SamplingTime WholePlot
wc 20 1.6 53 1 1
wcC 20 1.6 53 2 1
wc 20 1.6 53 3 1
HW 20 1.6 53 1 1
HW 20 1.6 37 2 1
HW 20 1.6 45 3 1
wcC 40 1.6 35 1 2
wc 40 1.6 41 2 2
wcC 40 16 38 3 2
HW 40 16 35 1 2
HW 40 1.6 9 2 2
HW 40 1.6 24 3 2
wc 60 1.6 58 1 3
wcC 60 16 65 2 3
wc 60 1.6 62 3 3
HW 60 1.6 35 1 3
HW 60 1.6 58 2 3
HW 60 1.6 48 3 3
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Table 9. Raw data at different EBRT with a fixed 60% media MC.

MediaType MoistureContent(%) EBRT(sec) RE(%) SamplingTime WholePlot
wc 60 16 58 1 1
wc 60 16 65 2 1
wc 60 16 62 3 1
HW 60 1.6 35 1 1
HW 60 1.6 58 2 1
HW 60 1.6 48 3 1
wcC 60 25 76 1 2
wc 60 25 64 2 2
wcC 60 25 62 3 2
HW 60 25 58 1 2
HW 60 25 55 2 2
HW 60 25 58 3 2
wcC 60 2.6 85 1 3
wc 60 2.6 83 2 3
wcC 60 2.6 83 3 3
HW 60 2.6 66 1 3
HW 60 2.6 66 2 3
HW 60 2.6 63 3 3
wc 60 33 80 1 4
wc 60 33 80 2 4
wcC 60 3.3 80 3 4
HW 60 3.3 73 1 4
HW 60 33 74 2 4
HW 60 33 73 3 4
wcC 60 3.6 82 1 5
wcC 60 3.6 83 2 5
wcC 60 3.6 84 3 5
HW 60 3.6 55 1 5
HW 60 3.6 71 2 5
HW 60 3.6 60 3 5
wcC 60 4 90 1 6
wcC 60 4 91 2 6
wcC 60 4 90 3 6
HW 60 4 7 1 6
HW 60 4 75 2 6
HW 60 4 75 3 6
wcC 60 5.3 92 1 7
wcC 60 5.3 87 2 7
wcC 60 5.3 89 3 7
HW 60 5.3 81 1 7
HW 60 5.3 7 2 7
HW 60 5.3 81 3 7
wcC 60 5.5 96 1 8
wcC 60 5.5 92 2 8
wcC 60 5.5 93 3 8
HW 60 5.5 89 1 8
HW 60 5.5 88 2 8
HW 60 5.5 88 3 8
wcC 60 7.3 93 1 9
wcC 60 7.3 92 2 9
wcC 60 7.3 89 3 9
HW 60 7.3 81 1 9
HW 60 7.3 81 2 9
HW 60 7.3 79 3 9
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four of which were randomly selected for WC and HW. At the sub-plot leel, four levels
of EBRT were randomly assigned to each type of chips.
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