IOWA STATE UNIVERSITY

Digital Repository

. . Towa State University Capstones, Theses and
Graduate Theses and Dissertations y-ap v )
Dissertations

2010

Fate of agrochemicals in wood chip denitrifyin%
reactors and their impacts on wood chip microbial

ecology

Zehra Esra [lhan

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
0 Part of the Civil and Environmental Engineering Commons

Recommended Citation

Tlhan, Zehra Esra, "Fate of agrochemicals in wood chip denitrifying reactors and their impacts on wood chip microbial ecology”
(2010). Graduate Theses and Dissertations. 11340.
https://lib.dr.iastate.edu/etd /11340

This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital

Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/251?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd/11340?utm_source=lib.dr.iastate.edu%2Fetd%2F11340&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Fate of agrochemicals in wood chip denitrifying reactors and their impas on wood
chip microbial ecology

by

Zehra Esra llhan

A thesis submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

Major: Environmental Science
Program of Study Committee:
Say Kee Ong, Co-major Professor

Thomas B. Moorman, Co-major Professor
Joel Coats

lowa State University
Ames, lowa
2010

Copyright © Zehra Esra Ilhan, 2010. All rights reserved.

www.manharaa.com



TABLE OF CONTENTS

LIST OF TABLES ...ttt e e e e e e e e e e e bbbttt e e e e e e e eaaaaeeaaaaaseenaannns iV
LIST OF FIGURES ... .ttt e e e e e e e e e s sttt e e e e e e aaeaeeaaeaeesasaannsnnsssnneennnes v
ACKNOWLEDGEMENTS ..ottt ettt e et e e e e e e e e e e e e e e e s e s aansebraaneeseeeees Vi
F Y 2 S ¥ AN O PR PR vii
CHAPTER 1. INTRODUGCTION ....uuiiiiiiiiiiiiiiiiiieeeteeeeeaeeeaeaasssssssssssssssssssssseeeeeeeeeeasaseessasssssnnns 1
I R 1= T 1= = 1IN ] o o [¥ o 1o o I 1
1.2 THESIS OrganiZatiON.......ccceeieieeiiiiiieieeiietiter s e e e e e e et e e e e e e eataabea e e e e e e e e eeeeaaeeeeeeeseenes 3
I R o = {1 (= o= 3
CHAPTER 2. LITERATURE REVIEW .....ooiiiiiiiiiiiiii ettt 5
2.1 Denitrification and Wood Chip BIiOreactors...........ccooviiiiiiiiiiiiiiiiieine e 5
2.2 Selected Organic Contaminants in the EnVironmMent .............ccccoevvvvveeveiiiiiiieneee e 9
2.2.1  Consumption rateS and USAGE. ......cceeeeeeiiiiiiiiiiiiiiiiiase e e e e e e e e e e e eeeeeeeeenaa s 9
2.2.2 Characteristics of atrazine, enrofloxacin, sulfamethazine and monensin........ 10
2.2.3 Transport and fate iN SOIIS........ccoooiiiiiiiiiii 14
A Tt R To 1 1 o 1 0] o SR PPSURRRR 15
AR T ® =T | = To = Ui (o ] o PR SURPPPPP 16
2.2.4  HUmMan health FSKS .........uuuuiiiiiii s 19
2.2.5 Microbial €Cology MSKS.......ccooiiiiiiiiii e 20
2.3 SUIMIMAIY .oeuniiitiee it e et e et e et e e e et e e e et e e e et e et et n e e e et e e e e st e e e eaa e e e eta e eeetneeeennnaeens 21
2.4 REIBIBNCES ...ttt e e e e e e e et et br e aaaa e 22

CHAPTERS.SORPTIONOFVETERINARY ANTIBIOTICS AND A HERBICIDE
(SULFAMETHAZINE, ENROFLOXACIN,MONENSINA AND ATRAZINE) ONTO

WOODCHIPSOFA BIOREACTOR ..ottt e e et e et eaaae e e eanaas 32
T Y o1 - T P PPPPPUPRPPPPPPR 32
G T | 110 To U Tod 1 o] o PR TRUSR 33
3.3 Materials and MethOAS .......ccoiiiiiiiiiiiiii e 35

TR T0t R O ¢ 1= o] (0= PP 35
3.3.2  Stability 0Of MONENSIN A ..o e e e e 36
3.3.3  SOIDENTS. .. et aaa e 36
3.3.4 Sorption and desorption of chemicals onto woodchips and soils ..................... 37
3.3.5 Wood chip particle size sorption experiments for atrazine..............ccccevvvvvnnnns 38
3.3.6 Extraction of chemicals from wood ChipsS ...........ccoeiiiiiiiiiiece e 39
3.3.7  Chemical @NalYSIS ......oiiiiiiei e 40
3.4 RESUILS @Nd DISCUSSION ......uuuuiiiieiiiiiiiiiiteaeee e e e e e s e saassib bbbt eeeeeeeeaeaaeeaeaeeassaaaannane 41
3.4.1 Single point sorption study-wood chips and SOIlS...........cccceeiiiiiieiiiiiiiiiieiiiiiiiens 41
3.4.2 Sorption and desorption eXPerimMeENtS.........ccceeeeeereereeeeeiiiiiiiirea e e e e e e e eeeeeeeeennnnn 43
3.4.3 Effect of wood chips particle size on atrazine sorption ..............cccccevvveveeeeeennnnn. 47

www.manaraa.com



3.4.4 Extraction of adsorbed chemicals from wood Chips...........ccovvviiiiiiiiiiiiinnnenen. 47
G T O o 1 o 1] o o S 48
3.8 REIBIBNCES ... e et b e e e e e 48

CHAPTER 4. DISSIPATION OF ATRAZINE, ENROFLOXACIN AND
SULFAMETHAZINE ON WOOD CHIP BIOFILTERS AND IMPACT IN WOO CHIP

DENITRIFIERS ..ottt ettt ettt e e e e e e e e e e e e e e e s s s bbb bbb st a e et eeeeaaaaaaeaaeaeas 63
N o111 = T PP PPPPPRPPRPPPRN 63
A 1 11 0T (3 ox (o o IO O RSP PPPTUPRPRN 64
4.3  Materials and MethOdS ..........uuiiiiiiiiiiiii e 66

4.3.1 Materials and ChemICAIS..........coeiiuiiiiiiiiiie e 66
4.3.2 Degradation STUIES..........cceuuuiiiiiiiiiii e e e e e ee e e e e e e e eee s s s s e e e e e eeaaaaeeeeeeeensnnanes 66
4.3.3 Extraction of atrazine, enrofloxacin, sulfamethazine .............cccccccoiiiiiinnnnn. 68
4.3.4 Denitrifier population count - Most Probable Number...........cccoovvviiciienennn. 70
4.3.5 Determination of nosZ1 abundance by qPCR .........coiiiiiiiiin 71
4.3.6 Denitrification potential @SSAYS.........cccevviiiiiriiiiiiiiiiie e e e 73
4.4  ReSUIS @Nd DISCUSSION......ciiiiiieeiiiiiiiiiiiiitiiter e e e e e e e et e e et e ete bbb s e e e e e e e e e aeeeeeeenenes 74
4.4.1 Degradation of atrazine, enrofloxacin and sulfamethazine...............ccccccvvvven 74
4.4.2 Denitrifying ENZYIME ASSAYS ......ceeereieeririiiiiiiiaaaaeeeeeeeeaeeeeeeeeaerennsn e aaaaaaaeeees 77
4.4.3 Most probable number-denitrifiers ..........ccccceeiiiiieeeee 79
4.4.4 NOSZL1 geNe aDUNUANCE ......uuueiiiiiiiee e 79
T O] (o 11 ] o] o F PP PPPUPRPPPPP PR 80
A6 REIEIBICES ... .o e e e e e e e et e e ettt ettt bbb e e e aaaas 81

CHAPTER 5 CONCLUSION. ..ottt e e e e e e e e e e e s s s s st eeeeeaaaeaeeeeeas 93

APPENDIX A.WOOD CHIP DENITRIFYING REACTOR .....ccvviiiiiiiiieeeeeeee e 95

APPENDIX B. ORGANIC SOLVENT EXTRACTION SET UP ....cuvviiiiiiiiiiiieeeeeeeeeeees 96

APPENDIX C. HPLC CHROMATOGRAMS ......otiiiiiiiiteeeeee et a e 97

APPENDIX D. DATA FOR CHAPTER 3...ooiiiiiiiiiiiiee ettt e e e e e e e e 100

APPENDIX E DATA FOR CHAPTER 4 ...ttt 102

www.manaraa.com



LIST OF TABLES

CHAPTER 2
Table 1. Atrazine and its major metabolites in the environment (functional groups
adopted from Radosevich et al., 1995).........ccocii i e e 18
CHAPTER 3
Table 1. Selected physical chemical properties of atrazine, enrdfipxa
sulfamethazine and MONENSIN.........oiiii e 54
Table 2. Concentration of monensin A sodium salt after 48 hours in various media at 4
PC AN 22 %C ... ittt e e e e e e e eee . DD
Table 3. Selected physical-chemical properties of SOIlS..........ccoooviiii i, 56
Table 4. Partition coefficients (K 95% CI) and I of atrazine, enrofloxacin,
monensin and sulfamethazine onto soils from various depths and wood
IS . e 57
Table 5. Sorption and desorption linear partition coefficieng, eundlich partition

coefficients (K) and constants, n, of atrazine, enrofloxacin, monensin and
sulfamethazine for wood chips. (parameters reported with 95% confidence

10T 7= | 58
Table 6. Apparent hysteresis index (AHI) values for atrazine, sulfexiee and
ENIOflOXACIN. .. ... e s 59
Table 7. Atrazine partitioning coefficientsg®Kfor various wood chip particle sizes and
in medium with and without NadN. ] 60
CHAPTER 4
Table 1. Selected properties of synthesized oligos: nosZ 1F and nosZ 1 R....85.......
Table 2. Recoveries of atrazine, enrofloxacin and sulfamethazine in aqueouanghase

the recoveries of adsorbed chemicals with solvent extraction from stedle
non-sterile wood chips incubated at 19 °C under denitrifying conditions at the
ENA OF 45 AaAYS .. et 86

Table 3. Degradation rate constants and availability coefficientsazirze,
enrofloxacin and sulfamethazine (means reported with 95% CI)................. 87

www.manaraa.com



LIST OF FIGURES

CHAPTER 2

Figure 1. Chemical structures of (a) atrazine, (b) enrofloxacinylf@nsethazine and
(d) MONENSIN Ao e e e e e e e 200 13

Figure 2. General structure ®friazine rng...........ccoovoi i 17

CHAPTER 3

Figure 1. Sorption-desorption isotherms of (a) atrazine, (b) sulfanrethéz)

enrofloxacin and (d) monensin A sodium salt to wood chips. Symbols
represent measured value (mean, n=3). Solid lines show the isotherm predicted

by non-linear regression using the Freundlich model....................... 61
Figure 2. Recovery of adsorbed (%) (a) atrazine, (b) sulfamethazimar@tloxacin,
and (d) monensin. Desorption was performed with 10 mM Clalbdwed by
extraction with 80% acetonitrile. (Unextractable fractiom= , desorbed
fraction 1== , desorbed fraction Zi= , solvent extraction fracfon = )........ 62
CHAPTER 4
Figure 1. Gel eletrophoresis of gradient gPCR products of nosZ1 gene eetiplifs,
annealing temperatures varying between 50 C°and 75 C°.......................88
Figure 2. Standard curve of nosZ1 plot of initial copy number of P. stutzeri against
threshold cycle NUMbEr (CT)....ovi it e e 89
Figure 3. Melting curve analysis for amplicons of P. stutzeri (a) and wops DNA
templates (b) obtained by NnOSZ1 primers..........ccvve i iiiiiiiiiieeen, 90
Figure 4. Loss of (a) atrazine, (b) sulfamethazine, (c) enrofloxamimvater incubated
with wood chips. The control treatment is water amended with chemicals
WIthout WOOd ChiPS ...cee e e e e 91
Figure 5. (a) Denitrification rate, (b) most-probable-numbemd@sylgene copy

number for control, atrazine, enrofloxacin and sulfamethazine. Denifioficat
activity was measured as® production in the presence of acetylene..92

www.manaraa.com



Vi

ACKNOWLEDGEMENTS

| am thankful to my supervisors Say Kee Ong and Thomas B. Moorman, whose
encouragement, guidance and support from the initial to the final level enabled me to
developed an understanding of the subject. | also wish to thank Beth Douglass who has made
available her support in a number of ways. Thanks are also due to Amy Morrow and Otis
Smith for their support in analytical procedures. | am grateful to Tim Pavkietting me
complete a part of this research in his laboratory. | am also grateful torkiHeteockel
and Sarah Hargreaves for their recommendations and suggestions on the gegoditgiart

of the study. Lastly, | offer my regards to my parents, for their encennaig.

www.manaraa.com



vii

ABSTRACT

Subsurface tile drainage systems have contributed towards incre asoodf @l
production, but have also contributed towards water pollution by rapidly transporting
excessive nutrient and agrochemicals to surface water and ground water. One ofitios poll
control strategies is to treat the tile drainage water or the contachisiabsurface water with
denitrifying bioreactors. Wood chips have been used in denitrifying bioreactovg]ipg
organic carbon and attachment surface area for denitrifiers. The focus i@&starch is to
investigate fate of agrochemicals in wood chips from the in situ reactithair potential
effects on denitrification and the denitrifiers. The selected agrochenfiar study are
atrazine, enrofloxacin, monensin and sulfamethazine.

Partition coefficients of atrazine, enrofloxacin, monensin and sulfamethaznee w
determined by single-point sorption experiments by using wood chips from an ieasitarr
Of the four chemicals tested, enrofloxacin had the highest partition coefffikig,) while
sulfamethazine had the lowest. Atrazine and monensin had moderate sorptiorecteffici
addition, partition coefficients for the four chemicals for wood chips were |drgarthe
partition coefficients for soils obtained close to the in situ reactor. Frebrdiitribution
coefficients (K) for isotherm studies for the four chemicals were in the order of (highest to
lowest): enrofloxacin > monensin > atrazine > sulfamethazine. Desorpsterésis were
found for enrofloxacin, atrazine and sulfamethazine when the wood chips were degorbed b
water. For monensin, the desorption agueous phase concentrations were larger than the
adsorption aqueous phase content. A possible reason for the larger desorption concentration
was that the monensin adsorbed onto wood chips were on the eternal surface of the wood
chips due to its larger molecular structure which allowed monensin to be easihped.

Only 5% of enrofloxacin, 14% of monensin, 23% of sulfamethazine and 25% of atrazine
were recovered from the wood chips after two desorption and an acetoniteleewtaction
indicating the strong binding of the chemicals onto wood chips.

Degradation studies with atrazine, enrofloxacin, and sulfamethazine onto wood chips
indicate that a large majority of the chemical mass was removed fromubews phase
within the first 48 hours followed by a slow removal over time. Dissipation vates

estimated using the availability-adjusted first-order degradation Imdidappearance of

www.manaraa.com



viii

sulfamethazine was slower than disappearance of enrofloxacin and atrazimgasgt on
denitrifiers as measured by the denitrification potential assays,praistble-number (MPN)
andnosZ1copy number was found for atrazine at an initial concentration of 5 mgHe

MPN was reduced under enrofloxacin treatment after 2 days of the incubation; hateve
the end of the experiment the denitrifier MPN was similar to control treattieN.
Sulfamethazine was found to initially impact the denitrification (both MiIsZ1copy

number and denitrification potential) but after 5 days the denitrification potassays,
most-probable-number (MPN) andsZ1copy number were found to be similar to that of the

control.
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CHAPTER 1. INTRODUCTION
1.1 General Introduction

Subsurface tile drainage systems can improve agricultural production bydrand
maintaining the subsurface water levels of the fertile lands. Howevelletleainage can
negatively impact surface and subsurface water quality through contaminatiatrients
such as nitrates and organic contaminants (i.e., pesticides and veterinaofiesitiNitrate
(NOs-N) pollution is a concern as it can cause eutrophication in lakes and rivers and hypoxia
conditions as in the Gulf of Mexico. Subsurface tile drainage water is one of e maj
contributors of N@-N in the upper Midwest (Nangia et al., 2010). The sources of nitrogen in
tile water are fertilizers (50%) and animal manure (15%) (Goolsby anagBat 2000).

Reduction in nitrogen-based fertilizer use may not be sufficient to dechealSi€X-N
concentration to levels of minimum impact. As such, novel management and control
strategies are needed. One of the strategies is the treatmentteflitia situ denitrifying
reactors and denitrifying walls where nitrate is reduced when tilervilatvs through them
under denitrifying conditions (Schipper and Vujdovic-Vukovic, 2000, Jaynes et al., 2008,
Greenan et al., 2006). In situ reactors or denitrifying walls are typicatistructed with a
mixture of organic residues such as wood chips or saw dust, and sand to create the
denitrifying conditions.

In addition to denitrification, the wood chips in the bioreactors can also remove
organic contaminants such as herbicides and insecticides (Boudesocque et al., 2008),
lipophilic organic compounds (Trapp et al., 2001) and phenolic compounds (Barrera — Garcia
et al., 2008). Pesticides and herbicides use have improved crop yields but thegepiresen
various media can be detrimental to the environment. Pesticides and herbicides@pplica
have increased rapidly since 1950 with a 1992 pesticides market value of US$ 25,200 million
in North America, Latin America, and Eastern Asia countries and a 1992 Herbitarket
of US$ 11,440 million in the world (Yudelman et al., 1998). In recent years, attempts have
been made to reduce consumption rates. Major concerns with pesticide andiésrsei
include development of resistance in target species, injury in non target spetmserall

human and ecological damage such as decrease in the number of bird species indhe Unite
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States (Wheeler, 2002). Another concern is the endocrine disruptor activity ofdesbic
such as atrazine which can impact reproduction and growth development (Sass and
Colangelo, 2006). For example, as a result of exposure to 2.3 piatrazine, African
clawed frogs Xenopus laev)sbreeding gland size of about 1.8 fmmas found to decrease,
spermatogenesis and fertility were reduced and demasculinizatianyogéal development
was observed (Hayes et al., 2010).

In addition to pesticides, veterinary pharmaceuticals and their metalaiteenter the
surface and subsurface water after application of manure in the fields. Memgns can
develop resistance to these veterinary pharmaceuticals which in turn cartlyairpact
human health through the ineffective treatment of these microorganismsadmtithetics
(Casewell et al, 2003). Interactions of antibiotics with soil microorgaiaclude: impact
on the degradation or detoxification of the anthropogenic chemicals by soil mamesmg,
inhibition of growth of certain communities, changes in relative abundances of comesiunit
among each other, and development of resistance for survival (Kemper, 2008).

At this time, the fate of nitrate in denitrifying in situ bioreactors or déodtion walls
has been evaluated, but the fate of agrochemicals and veterinary pharraBceuvood
chip reactors and the effect of these chemicals on microbial actigitynanown. Several
factors such as the type and age of wood chips in the bioreactors, pH conditions, and flow
rates through the bioreactors will affect the sorption and degradation of thbeagroals
chemicals while the concentration levels of the agrochemicals may tékbec
biodegradation in the bioreactors. The overall goal of this study is to undetstaiatit
especially the partition behavior of these agrochemicals onto bioreactor woodrzhipgia
potential impact on denitrification potential in the bioreactors. Chemicalsegior that
study were atrazine, a widely used herbicide for corn; and three veyaamtdiotics
commonly found in manure: enrofloxacin (a fluoroquinolone), monensin (an ionophore) and
sulfamethazine (a sulfonamide). The specific objectives of this study were:

1) Investigate the sorption-desorption of the selected chemicals onto wood chips and
compare the sorption results to the sorption onto soils obtained close to the wood
chips bioreactor

2) Investigate the degradation/dissipation of the selected compounds in wood chips
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3) Investigate the interference of the selected chemicals on the deatitrifipotential

of the reactors and the denitrifier community.

1.2  Thesis Organization

The thesis contains five chapters with Chapter 1 providing a broad overview of the
issues and the goals and objectives of the study. Chapter 2 consists of thedlitevatur
providing information on wood chip bioreactors, microbial processes occurring in the
bioreactors, environmental concentrations, risks, and sorption and degradation lgfctieel se
chemicals. Chapter 3 discusses the batch sorption experiments of the selentedlsloato
wood chips and soils. Chapter 4 describes the degradation/disappearanceeuf select
chemicals in wood chips and impacts of their presence on denitrifying comrmauRitially,
Chapter 5 provides the main conclusions of the batch sorption and degradation studies and

implications and work for future research.
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CHAPTER 2. LITERATURE REVIEW

This chapter consists of two parts: a discussion on wood chip in situ bioreactors for
nitrate removal and a discussion on potential agrochemicals that can be removeddxydthe
chip bioreactors and their interactions with wood chips and the microbial community
established on them.

2.1  Denitrification and Wood Chip Bioreactors

In the upper parts of the Midwest, excessive water in soils are drainesilvghrface
tile drainage system to increase agricultural production. Dissolved nutsedtment and
soil particles and pesticides can be transported rapidly from the field thfwgletdrainage
system to water bodies and as a result impair surface and subsurface wiefRpradall et
al., 1997). Nitrate (N@-N) contamination of surface water is of concern especially in the
Midwest. The total annual nitrogen load in the Gulf of Mexico between 1980 and 1996 was
estimated to be 1,568,000 tonn& ywhere 61% of the N load was NEON. Most of the
nitrogen in the Mississippi basin comes from agricultural lands in southern Mianksea,
lllinois, Indiana and Ohio (Goolsby et al., 2001) where tile drainage is a comaticer

There have been efforts to reduce the nitrogen in surface and ground matgrs
commonly via denitrification. However, in subsurface environments, denitrificatiomited
due to the availability of organic carbon (Yeomans et al., 1992, Cambardella et al., 1999).
Smith et al. (2001) proposed adding formate as an electron donor for the demitriftes
remediation of nitrate-contaminated groundwater where they found decreasatefantd
formate concentrations by 80-100% and 60-70%, respectively. At the fiédd isiteate in
groundwater can be reduced via denitrification by placing a porous media sagydastsor
wood chips in the flow path of the groundwater (Robertson and Cherry, 1995). Schipper and
Vojdovic-Vukovic (2000) constructed a denitrification wall of a sawdust-sand mig@0eé
sawdust) and observed a reduction in nitrate concentrations from 5-16 gl NS to
below 2 mg N [*in 1-10 days. Denitrifiers on the media are responsible for nitrate removal.
In a wood chip bioreactor, the carbon source is provided by the wood chip or sawdust itself,

and the media is kept submerged to keep the conditions anaerobic (Jaynes et al., 2008).
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Long-term nitrate removal studies by denitrification walls indicttasnitrate loss was via
denitrification (Robertson et al., 2000) and not by immobilization of nitrate on the media
(Greenan et al., 2009). Jaynes et al. (2008) compargdNIOsses in tile drainage over 5
years in field-scale conventional drainage system, deep tile system amndickgtion wall
(with wood chips) and found that NEN concentrations in the deep tile system (0.6 m
deeper than the pipes in the conventional system) and the conventional system did not differ
significantly, while the denitrification wall (0.6 m wide x 1.83 m deep) reduceat@itoad
in tile water on average by 55% with a mass loss of 29 kg'N ha

Blowes et al. (1994) used a fixed-bed reactor made of a mixture of coarsenddreka
bark, wood chips or leaf compost treated tile drainage water at a rate oL 1dagd
containing 3-6 mg ENOs-N. Greenan et al. (2006) used a mixture of various carbon
sources (wood chips, wood chips amended with soybean oil, cornstalks, and cardboard
fibers) and subsurface soil as the media for an in situ reactor and found tha8@ftiays of
incubation, nitrate removal with wood chips (80.13%) was less efficient than rewitval
corn stalks (91.75%). However, removal rate of nitrate was found to be steady avgera |
period with wood chips indicating that wood chips would be more effective in the field than
corn stalks (Greenan et al., 2006). Saliling et al. (2007) evaluated wood chips and wheat
straw as an alternative to plastic media for treatment of aquacultulenster with 200 mg
NOs-N. They used 3.8-L reactors (40-cm packed height x 10-cm diameter) and removed
99% of nitrate in wastewater with a denitrification rate of 1330 g3 hior plastic media
(Kaldnes plastic) and 1360 g Nai* for wood chips and wheat straw media. For nitrate
removal wood chips and wheat straw are low-cost media compared to pladiaig me
however, 16.2% and 37.7% of the masses of wood chips and wheat straw, respectively, were
lost in 140 days. Van Driel et al. (2006) used lateral flow (13 m x 1.2 m x 1.1 m) and upflow
(10 m x 2 m x 0.8 m) reactors consisting of coarse (1-50 mm) and fine (1-5 mm) wood
mixture to treat nitrate in tile water at a cornfield and a golf courseTiey monitored
nitrate removal rates for 26 months. AnnualdN® removal rate of 12 kg N yrin the
cornfield was maintained when the flow rate was 7.7 Lnaind the nitrate load in influent
was 11.8 mg N L. For the golf course field reactor, 3.1 kg N' yemoval rate was achieved

when the flow rate was 7.8 L mirand the nitrate concentration was 3.2 mgN L
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Greenan et al. (2009) found a correlation between the water flow/nitratedoatk
and nitrate removal rate with a laboratory column study where nitratevaedfticiency of
100, 64, 52 and 30% was achieved for flow rates of 2.9, 6.6, 8.7, 13.6 @apctively.
Chun et al. (2009) evaluated the impact of water flow rate and retention timeata nitr
removal of a wood chip subsurface bioreactor. At high retention times (low flow.eate
5.3-6.8 cm 8) and low retention times (high flow rates, i.e., 20-28 &jmitrate removal
rates of 100% and 10-40 %, respectively were observed in a laboratory-scalaypolyvi
chloride (PVC) pipe (0.25 m in diameter x 6.1 m in length) column study. They suggested
that the decrease in nitrate reduction rate at high flow rates may be due tofvwedisheof
biofilm on the bioreactor.

Denitrification can be performed by a variety of microorganisms by usimtizexi
nitrogenous compounds as electron acceptors. This key process occurs in sois)tsedim
wastewater treatment plants and wood chip denitrifying reactors. The @amstbtmation of
nitrite to nitrogen gas prevents accumulation of nitrite and nitric oxide ienieonment
which can influence environmental quality (Ka et al., 1997). In order to detetingne
activity of denitrifiers, two major approaches can be employed: by conductirgemor
denitrification enzyme activity assays and by measuring the deratidin potential (Luo,
1996). Both denitrification enzyme assay (DEA) and denitrification potentiahciet the
denitrification rate based on nitrous oxide@)l production when conversion ob@ to N, is
blocked. The obstacles of measuring denitrification activity are rapid coonersN,O to
N and bias in measurements due to cell growth and synthesis ofX@evedictase. Tiedje
et al. (1989) reported that acetylene gas inhibits conversioptdNnitrogen (N gas) by
inhibiting nitrous oxide reductase and can be used in denitrification rategstirstudies.
DEA should be performed in short time periods to minimize interference of enzyme
production of new organisms (Luo, et al., 1996). Tiedje et al. (1989) suggested measurement
of denitrification activity in the presence of chloramphenicol to inhibit syntloésiew
denitrifying enzymes. The measurements are generally considedeti&ification potential
rather than denitrification activity because in laboratory experimérgsnicroorganisms are

under optimum conditions (anaerobic and nitrate is not limiting at all times) arefoties
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denitrification rate is at its maximum value, which may not be reflethie@ctual activity in
soils or natural environments.

On the other hand, when the soil denitrifier populations need to be measured, the most
probable number (MPN) is used. Lensi et al. (1995) enumerated soil denitritenday
incubating 10-fold soil dilutions in potassium nitrate (5 mM) and cyclohexamide 2@
°C for 2 weeks and checking the presence of nitrite and nitrate with Griessyioswd
Morgan’s reagents. Lensi et al. (1995) eliminated fungi, which were found to be important
contributors to denitrification (Appleford et al., 2008).

Populations based on MPN may not reflect all of the denitrifier populationitiMsrt
al., 1988), as not all microorganisms can be cultured in the selected media. Motg,recent
molecular tools were developed to measure the abundance of denitrifiers. &ivantit
polymerase chain reaction (qPCR) protocols were developed and appliedfay seve
researchers (Henry et al., 2006, Miller et al., 2009, Nogales et al., 2002, Smith et al., 2007,
Siciliano et al., 2007) to determine the prevalence of genes encoding enzymesncatal
denitrification reactions. Amplified functional genes involved in denitrifccatre: the
nitrate reductase encoding gerae (Lu et al., 2007) and the periplasmic nitrate reductase
encoding genaapA (Flanagan et al., 1999), nitrite oxide reductase gasgBraun and
Zumft, 1992) and nitrous oxide reductase geo& (Henry et al., 2006). )0 reductase can
be purified from only gram negative bacteria (Coyle et al., 2005, Synder et al., h883)aa
key enzyme that is not present in all denitrifiers (Henry et al., 2006). Fanaest
Agrobacterium tumefaciens able to synthesize periplasmic nitrate reductase, copper nitrite
reductase, and nitric oxide reductase with genes encoding them, but is unable gz&gynthe
nitrous oxide reductase and producg\Wood et al., 2001). Examples of primers used in
gPCR includemosZFandnosZRprimers designed by Kloos et al. (2001) and degenerate
primers 0fnosZ1(259 bp) anchosZ2(267 bp) fronnosZ sequence dPseudomonas
fluorescenslesigned by Henry et al., (2006).
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2.2  Selected Organic Contaminants in the Environment

2.2.1 Consumption rates and usage

In the U.S., 556 million Ib of herbicide active ingredient was applied which made
herbicides the most widely used pesticides (Short and Colborn, 1999). Triazines are most
commonly used for weed control in many crops including corn, sorghum, citrus orchards,
olive groves, fruit trees, grapes, sugarcane and Christmas treesréCetoal., 2008). The
total use of triazines accounted for 43% of all herbicides in Europe in 2003 (Eurostat, 2007)
Among all herbicides, atrazine was applied more than others with 68-73 million Ib in 1995 in
United States (Short and Colborn, 1999). In Quebec, Canada, 27% of all pesticideesales w
atrazine in 1985 (Cossette et al., 1988). In 1988, 1,045,110 kg active ingredient of atrazine
was applied, comprising of 15% of all pesticide application in Ontario, Canadagyvietx|
al., 1989).

To conserve the necessary nutrients for agricultural production, manure is use
many farms. Although manure has the benefit of not using synthetic festizterinary
pharmaceuticals used to control bacterial diseases in livestock and promopeadaation
enter the environment via manure application to the field (Tolls, 2001). Typica<laiss
veterinary pharmaceuticals the most common used in farm animals acgdéeies
(tetracycline, chlorotetracycline and oxytetracycline), macroligéssfh and erythromycin),
sulfonamides (sulfamethazine and sulfamethoxazole), fluoroquinolones (enraflardci
sarafloxacin) and ionophores (monensin and lasalocid).

In European Union countries and Switzerland, about 13,288 tons of antibiotics were
used in 1999 (FEDESA, 2001). In industrialized countries, sulfonamides are one of the more
widely used antibiotic classes (Campbell, 2002). In the U.S., sulfonamide use rattks fou
among all the antibiotics sold for animal husbandry (AHI, 2001). Annually in the U.S., 1.5
million kg of monensin is used for cattle and poultry production, accounting for 13% of the
total subtherapeutic usage for animal husbandry (Mellon et al., 2001). Total quinolone
production in the U.S., European Union, Japan and South Korea was about 120 tonnes in
1998 while the annual quinolone consumption in China is 470 tons for animal health
purposes (WHO, 1998).
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2.2.2 Characteristics of atrazine, enrofloxacin, sulfamethazine and monensin

Triazines are pre-emergent herbicides, applied directly to the soil or caopi@sus
sprays and are the most widely used herbicides (Cabrera et al., 2008). Themmeshty
used s-triazine is atrazine which was selected to represent triazthésstudy. The
chemical name of atrazine is 6-chloro-N-ethyl-N’-isopropyl-1,3,5imie: 2,4-diamine
(Formula: C8H14CIN5, CAS Number: 1912-24-9; molecular weight-215.69) and its
chemical structure is illustrated in Figure 1a. It is moderately soinbl@ater with a
solubility of 28 mg L-1 at 20 C° (Worthing and Walker, 1987) and a pKa of 1.7. In acidic
waters (pH = 5) at 20 °C, degradation of atrazine occurs via hydrolysis dedllAation
while in neutral or alkaline waters, breakdown is relatively negligibt €@ et al., 1984). In
soils, it is persistent in temperate climates (Ashton, 1982). Due to its pbtemiataminate
ground water, it is classified as Restricted Use Pesticide (RUPPAYEPA, 2008).

Fluoroquinolone is a class of pharmaceuticals, basically derived from nahdigic
and polycyclic derivatives. Fluoroquinolones (FQs) were discovered in 1960s and were used
to treat urinary infections in humans. The most widely used fluoroquinolone in human
medicine is ciprofloxacin, a second generation FQ. They are also useddaltage, and
veterinary purposes (Pico and Andreu, 2007) due to their activity against a braaghsmdc
microorganisms such &S coliandPasteurella multocidand Salmonella causing diseases
in livestock (Prescott et al., 2000). For veterinary use, enrofloxacin is onerabgte
important fluoroquinolones (Picé and Andreu, 2007) used to control infections in chickens,
cows and pigs. For cattle, sheep and goats, fluoroquinolones are used to teeat acut
respiratory diseases, and in the U.S. they have been only approved for treatment of
pneumonia. For the swine industry, FQs are administerddyfooplasma hyopneumoniae
infections. For poultry, sarafloxacin and enrofloxacin are approved for the ¢reabiic.
coli infections (Prescott et al., 2000).

Enrofloxacin (CAS Number: 93106—60-6, FormulagH;,FN3Os, molecular weight:
359.9 has an ethyl group attached to the piperazine ring and various functional groups that
can ionize (see Figure 1b). Dissociation constants of enrofloxacin afes pkO4
(carboxylic acid in 3—position) and pi= 8.70 (piperazinyl group in the 7-position).

Depending on the pH, enrofloxacin can be found as an acidic cation, a neutral un-ionized
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form, an intermediate zwitterion and a basic ion. At low pH, protonation of the carlmakyl a
piperazinyl groups occur (Lizondo et al., 1997).

FQs are slightly soluble in water, but most of FQs are lipophilic (Picé and Andreu,
2007). Enrofloxacin is a broad—spectrum antibiotic, controlling mostly Graminegat
pathogens such &seudomonas aeruginosadEnterobacteraceagAngulo et al., 2000). Its
mode of action is to inhibit the bacterial DNA gyrase enzyme (Presaitt 2000). The
cyclopropyl group at N-1 position enhances its activity on both Gram-positive and Gra
negative, while the ethyl group on piperazine ring enhances its adsorption ssebdects
antipseudomonal activity (Walker et al., 1990; 1992). Minimum inhibition concentrations of
enrofloxacin for target species vary between 0.03 and 2 jig(Whlker et al., 1990; 1992).

Sulfonamides are derived from sulfanilamide and are broad-spectrumcaobiais.

They are effective against both Gram-positive and Gram-negativeibactéuding

Chlamydia spp(Baroni et al., 2008). Their mode of action is on folic acid biosynthesis in
bacteria by competing for dihydropteroate synthetase which irgenf@th the incorporation

of para—aminobenzoic acid (PABA) with the folic (pteroylglutamic) ackee ghemical
structure of sulfamethazine is illustrated in Figure 1g yaues for sulfonamides vary from
5.0 to 10.4 (Prescott et al., 2000). The essential part of the molecule is the payedyH

with the amide NEgroup substitutions changing the antimicrobial activity of the compound.
Minimum inhibition concentrations (MI&) of sulfonamides can be as low as 2 |fgand

can be as high as 515 ug for Gram-negative aerobes (Prescott et al., 2000).

Sulfamethazine (4-amino-N-(4,6-dimethylpyrimidin-2-yl)benzetfemamide (CAS
Number: 57-68-1, Formula:1§:4N40,S, molecular weight: 278,33) is the most widely
used sulfonamide for animal husbandry (Huang et al., 2001). The water solubility of
sulfamethazine is 1500 mg'lat 29 °C (Merck Index, 2001). The chemical structure of
sulfamethazine is presented in Figure 1c.

The ionophores are a relatively new class of antibiotics, most commonly used to
increase feed efficiency and anticoccoidal activity. They are fegatien products of
Streptomycespecies. The mechanism of inhibiting bacteria by ionophores is to change cell
membrane permeability by complexing with sodium anions on the membrane and driving

passive extracellular potassium ion transport, which replaces hydrogen idosvandg the
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intracellular pH. They are more effective on Gram-positive bacteria trem-Gegative
bacteria, which favor production of propionic acid rather than acetic acid and ladgric
rumen flora (Prescott et al., 2000).

Monensin, a commonly used ionophore, is a polyether monocarboxylic acid, produced
by Streptomyces cinnamonendgt®rmula of monensin sodium salt isg8s:NaOy; with a
molecular weight of 692.85 and CAS Number of 22373—-78-0. The water solubility of
monensin is 4.8-8.9 mg'L(ELANCO, 2006) and the pialue is 10.5 (Hoogerheide and
Popov, 1979). Monensin sodium salt comprises of 4 factors: A, B, C, and D. Factor A
constitutes more than 90% of monensin while factors B, C and D form the rest of the
molecule (ELANCO, 2006). The chemical structure of monensin A is shown ireFigu
Although ionophores are more active on gram positive bacteria, monensin is usedaio cont
some gram negative bacteria includ®gmpylobactespp.,Brachyspira (Serpulina)
hyodysenteriacoccidia and’ oxoplasmgPrescott et al., 2000). Additionally, more than 90%

of monensin is excreted together with the manure (Donoho, 1984).
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Chemical Structure
Atrazine H3C N NH
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Enrofloxacin o) )
(b)
F
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CHj;
Sulfamethazine O
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Figure 1. Chemical structures of (a) atrazine, (b) enrofloxacin, (c) siamethazine, and

(d) monensin A.
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2.2.3 Sources and environmental concentrations

Atrazine concentrations in surface waters and ground waters have been rdanitore
most parts of the world. In St. Lawrence River (Canada), measured atrazaesications
were 10.4 and 3.4 pglin 1990 and 1991, where concentrations in the tributaries of the
river were 31.1 and 27.9 ng'lfor the same years (Lemieux, et al., 1995). Likewise, mean
atrazine concentrations in 147 Midwestern streams were monitored between 1989 and 1998
where the concentrations ranged between 4.27 and 10.9 (8ctibner et al., 2000). The
same study showed that atrazine concentrations were higher than the cbonsrdfather
herbicides such as alachlor and cyanazine. A two-year monitoring study byo84a) (
showed that atrazine concentrations in an estuary of the Chesapeake Bayweza Beand
190 ng ! and were unexpectedly higher in rainwater with concentrations rangingftom
2190 ng L. In tile water from Waseca, MN, estimated concentration of atrazine wasd..24 p
L%in 1987 (Buhler et al., 1993).

Veterinary antibiotics on the other hand were found in water sources at caimesitra
usually lower than pesticide concentrations. Kolpin et al. (2002) reported mean
concentrations of sulfamethazine of 0.02-0.22 ftinlsurface waters in a monitoring study
of more than 100 rivers. Sulfonamides are highly water soluble and have low octé&rol-wa
partition coefficients (K.), and therefore are mobile in soils and pose risks in contaminated
groundwater (Batt et al., 2006). A sulfonamide monitoring study in Idaho revealksdofv
nearby confined animal feeding operations were contaminated with both shiametand
sulfadimethoxine at concentrations of 0.076-0.22 ffquhd 0.046-0.068 pg1, respectively
(Batt et al., 2006). They also measured high nitrate concentrations (up to 39 1ningte)
in the same wells. Besides surface and subsurface waters, sulfonamidesdradetected in
soils at concentrations as high as 11 fidHoper et al., 2002).

2.2.3 Transport and fate in soils

Parent and daughter compounds of pesticides and veterinary medicine in manure enter
the environment directly through their applications to cropland. After agriché@ome in
contact with soil, the compounds may partition into soil particles, may leach into ground

water via soil and percolation water, and undergo biotic or abiotic degradation.
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2.2.3.1 Sorption

Sorption is one of the major processes affecting the fate of organic compoumals in t
environment. In order to predict movement of agrichemicals in soils, partitioincezags
are estimated. Atrazine sorption was found to be strongly correlated to trerdatac
carbon or matter content of the soils. In addition, the aromaticity of the orgatigr mvas
also found to influence atrazine sorption (Spark and Swift, 2002, Kulikova and Perminova,
2002). Work done by Novak et al. (1997) indicates that besides soil organic carbon, clay
content and pH of the soil also have an impact on sorption of atrazine on soils. Moorman et
al. (2001) reported Freundlich partition coefficientg) @ 0.43, 0.51 and 0.55 for atrazine
sorption onto subsurface oxidized till, loess and alluvium, respectively. Dissotyeatior
matter addition to soil increased atrazine sorption coefficienjsbiKa factor of 1.1 to 3.1
(Ling et al., 2006). Atrazine adsorption onto fluvo-aquic soil was found to increas@4am
to 77% by increasing the contact time from 24 hours to 72 hours (Deng et al., 2007).

While it is common to explain partitioning of pesticides in soils based on organic
carbon content of the soils, this rule does not typically apply for all veterinaloyosios
(Kimmerer, 2004) where only weak correlations between organic carbon normalized
sorption coefficients (k) and octanol-water partition coefficientsy(K have been observed
by Tolls (2001). Non-hydrophobic interactions including surface complexations, H-bonding,
and ion exchange should be taken into consideration in predicting sorption behavior of both
pharmaceuticals and pesticides (Tolls, 2001).

Lertpaitoonpan et al. (2009) found that organic carbon content of the soil and the pH
influence sulfamethazine sorption onto soils with linear sorption coefficiegt®{K.58 and
3.91 L kg* at pH 5.5 with organic carbon contents of 0.1% and 3.8%, respectively. When pH
was at 9, the Kvalues decreased to 0.23 and 1.16 T fag soils with organic carbons of
0.1% and 3.8%, respectively. When the pH of the soil was below the sulfamethagzine pK
hydrophobic sorption was the dominant sorption mechanism but when the pH was above
pKaz, surface sorption was also involved (Lertpaitoonpan et al., 2009). Higher sulfamethazine
sorption was observed with an increase in humic acid on smectite clay minéalayH
mass ratio of 1:5) due to the abundance of carboxyl moieties and aliphatic carbon content of

the humic acid-clay complex (Gao and Pedersen, 2010).
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Nowara et al. (1997) found that fluoroquinolone carboxylic acid derivatives
(fluoroquinolones) sorb strongly onto clay particles causing an expansion of theyspacin
between the layers of montmorillonite clays. They estimated that sorptidicieoes$ for
enrofloxacin onto clay minerals ranged from 260 and 5610 krgeundlich sorption
coefficients (K) of enrofloxacin onto loamy sand (OC - 2.27%) and sandy soil (OC - 0.59%)
were found to be 0.66 and 0.32 Lkgespectively (Otker Uslu et al., 2008).

In contrast to sorption of fluoroquinolones, sorption of monensin onto soils was lower with a
Kqof 9.3 L kg' (Kumar et al., 2005). Linear sorption coefficients of monensin onto soils
were found to be between 0.915 (for a soil with CEC of 4.3 (cﬁkgll) and 33.7 L kg (for

a soil with CEC of 26.5 cmg kg™) which corresponded togvalues of 143 and 1160 L

kg’ (Sassman and Lee, 2007).

2.2.3.2 Degradation

Degradation of triazines in soils depends on the soil type and environmental conditions
including soil temperature and soil pH (Bowman, 1989). Biodegradation of atrazine and its
metabolite production in various environments and a variety of microorganisms are
documented in Behki et al. (1986) and Giardina et al. (1980). Biodegradation of atrazine in
wetland soils under anaerobic conditions was found to occur with the production of
hydroxyatrazine, deethylatrazine and deethylatrazine. Atrazine was fohagéd a half life
of 38 days in anaerobic wetland soils at 24 °C producing hydroxyatrazine and desstmgdat
(Seybold et al., 2001). The s-triazine ring which is a hexameric strustsinewn in Figure 2
and the common atrazine metabolites found for aerobic and anaerobic conditioriedare lis
Table 1. Atrazine in subsurface soils has a half life of 5.2 yr (Arena subssdiycand 1.4
yr (Waunakee subsurface soil) (Rodriguez and Harkin, 1997)

Donnelly et al (1993), investigated atrazine (1-4 mM) degradation by 9rrhizad
fungi species in the presence of ammonium tartrate (0.0, 1.0, and 10.0 mM) as nitrogen
source. At the end of 8-week incubation period, incorporation of atrazine molecules into
biomass ranged between 0.59 and 11.38% for the fungal species. Shapir et al. (1998) took
sediment samples from a shallow aquifer (from 210-230 cm) in a corn fielidirer

atrazine and amended it with atrazine solution (0.01 thtpl10 mg ') andPseudomonas
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sp.strain ADP culture. They found that atrazine mineralization by this strain ipsdvdaed
between 75% and 48% at atrazine concentrations of 0.0I'ragd. 10 mg L}, respectively.
The major degradation step of atrazine in soil®bsgudomonas sptrain ADP is
dechlorination (Shapir and Mandelbaum, 19®#&lftia acidovorand24 strain isolated from
Danube river water, Hungary was found to mineralize atrazine (100‘uaslboth carbon
and nitrogen source, producing primarily hydroxyatrazine as the intermediatetproduc
(Vargha et al., 2005).

1
R

A

2
R N R3

N

Figure 2. General structure of s-triazine ring
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Table 1.Atrazine and its major metabolites in the environment (funcbnal groups (R)
adopted from Radosevich et al., 1995).

Functional Groups
R’ R’ R’
Atrazine 2-Chloro-4-ethylamino-6-  ClI C,HsNH C;H,NH

isopropylaminostriazine
(CIET)

Deethylatrazine 2-Chloro-4-amino-6- Cl NH, C;H,NH
isopropyl-aminaostriazine
(CIAT)
Deisopropylatrazine 2-Chloro-4-ethylamino-6- CI C,HsNH NH,

aminos-triazine
(CEAT)

Deethyldeisopropylatrazine 2-Chloro-4,6-diammo- Cl NH, NH2
triazine (CAAT)

Hydroxyatrazine 2-Hydroxy-4-ethylamino-6- OH CHsNH  CsH-NH
isopropylamins-
triazine (OIET)

Deethylhydroxyatrazine 2-Hydroxy-4-amino-6- OH NH, CsH;NH
isopropyl-aminastriazine
(OIAT)

Common Name Chemical Name

Sulfonamides can be degraded by photo catalytic activity. Half-lives of
sulfamethoxazole in pond water and sediment under light conditions (7.3 days and 4.9 days)
were shorter than under dark conditions (47.7 days and 10.1 days) (Lai and Hou, 2008). The
same study showed that half lives of four sulfonamides (sulfadiazine, sulfadiime,
sulfamethazine and sulfamethoxazole) at 50 mdnitial concentration in pond water under
light conditions ranged from 8.0-48.9 days for sterile treatments and 1.7-7.3 days for non
sterile treatments.In a similar manner, half lives of that sulfonacadgounds
(sulfadiazine, sulfadimethoxine, sulfamethazine and sulfamethoxazoleile atel non-
sterile sediment ranged between 6.5-47.3 days and 0.7-5.4 days, respectivelyngdic
microbial degradation was occurring. Another study emphasizing impoménaerobial
degradation of sulfonamides by Accinelli et al. (2007) showed sulfonamidet@ecsisn
soils was lower when soils were amended with liquid swine slurry which is due tgkiee hi
microbial activity.

Fluoroquinolones are resistant to hydrolysis and degradation at high temperature

making them fairly stable in the environment. However, they can be photolyzed under UV
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light (Thiele-Bruhn, 2003). Photodecomposition of FQs occurs via oxidation, dealkylation,
and cleavage of the piperazine ring (Sukul and Spiteller, 2007). Burhenne et al. (1997)
estimated the half life of enrofloxacin to be about 36.2 minutes under an irradiatimgitinte
of 200 W/nf, where the degradation was found to be occurring at the piperazine ring.

Knapp et al. (2005) investigated enrofloxacin degradation and ciprofloxacin formati
in outdoor mesocosms and estimated enrofloxacin half lives to be between 0.8 days and 72
days based on different light conditions. By deethylation of the ethylpiperazie
enrofloxacin can be phototransformed to ciprofloxacin. Biodegradation of enrofioxasi
found to be limited due to its bioavailability since it binds strongly to soil or manure
(Wetzstein et al., 1999). Indigenous agricultural soil isolat@&asfdomycetesan degrade
enrofloxacin by cleaving the fluoro—aromatic bond (Wetzstein et al., 2005)e At brown
wood-rotting fungi species such@meophyllum striatumvere found to mineralize 53% of
enrofloxacin in 8 weeks of incubation (Martens et al., 1996). Parshikov et al. (2000) found
thatMucor ramannianugan degrade 78% of dosed enrofloxacin (253 uM) in 21 days and
enrofloxacin metabolites identified were enrofloxacin N—oxide (62%), N-agatyfloxacin
(8%) and desethylene-enrofloxacin (3.5%).

2.2.4 Human health risks

The effects of pesticides on human health can vary depending on the compounds but in
general the potential effects can be carcinogenic, skin or eyeomnitaid effects on the
nervous and endocrine system. The risk of pesticides on human health has been documented
by EPA (EPA, 2008). Pharmaceuticals, on the other hand, pose risks to human health by
developing microbes that are resistant to the pharmaceuticals.

A major route of exposure of agrochemicals to humans is via consumption of
contaminated of drinking water. A study on drinking water quality for North Carolina,
Pennsylvania, Kentucky, lllinios and Indiana showed the presence of two mosboomm
herbicides used in agricultural production, atrazine and simazine and the metabolites
atrazine: diaminochlorotriazine (CAAT), deisopropyl-atrazine (CEANY deethylatrazine
(CIAT) at concentrations as high as 26.25 [Ig(EPA, 2008).
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Pharmaceuticals such as sulfamethoxazole, erythromygnaAd chloramphenicol
have been detected in surface waters at concentrations of 0.06-1.70nngre
concentrations of sulfamethazine and sulfamethoxazole can be as high as 0.16 and 0.47 pg L
in ground waters in Germany (Hirsch et al., 1999). Potential effects of drinkieg wa
contaminated with pharmaceuticals include endocrine system disorders in humans and

animals and a reduction in the efficiency of antibiotic treatment (Kimmerer,.2004)

2.2.5 Microbial ecology risks

Pesticides and pharmaceuticals may impact the quality and quantity of coibiai
communities when they are bioavailable. Unlike pesticides, not much is known about fate
and effects of pharmaceuticals in the soils or water bodies. Antibioticesigned to
control harmful bacteria in humans or livestock animals, but excretion of unmetdbolize
compounds and their metabolites from livestock can continue to be bioactive in the
environment (Sarmah et al., 2006). Impacts of these veterinary pharmasearisail and
surface water microflora are not fully known and under current intensive studypofamgial
impact of pesticides and veterinary pharmaceuticals is the effect ondiabial activity of
wood chip bioreactors.

A variety of pesticides and pharmaceuticals have been reported to inhitwbimlic
activities of several soil microorganisms (Sarmah et al., 2006, Cole, 1976, Moadno et
2007) When semiarid soils were treated with atrazine at concentrations of 0.2 toglD80 m
and incubated for 45 days, the amount oL @Cevolved per unit G per hour was found to
be significantly higher than atrazine-free control (0.11 G-G&ich™) in soils treated with
500 mg L* (0.38 C-CQ g*Cnmich™®) and 1000 mg T (0.50 C-CQg'Cmich'1) atrazine
(Moreno et al., 2007). Liu et al. (2009) reported that veterinary antibiotics (stianmes,
sulfamethoxazole, trimethoprim, tetracycline, chlortetracycline andih)l can reduce the
rate of microbial respiration of soils at high antibiotic concentrations andsardependent
on incubation time. For instance, at the effective concentration (EC 10) fansthfzine
for the application of manure containing sulfonamides was determined to be 13'n#yg kg
sulfonamide, sulfadiazine, was found to reduce by 10 timeasitkeandnirS copy number

of denitrifiers in earth worms’ guts (Kotzerke et al., 2010). Despite the diiagent
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studies, there is a lack of fundamental data and information in the liteoattine impacts of
these compounds on denitrifiers.

In the presence of antibiotics such as sulfonamides, microorganisms may develop
resistance by replacing inhibited metabolic pathway with a by-padsamem and, for
guinolones, chromosomal mutations and acquisition of genes can lead to alteration of target
and efflux systems (Acar and Rdéstel, 2001). In general, resistance to sutfesamnay
develop by a mutation in the chromosomal dihydropteroic acid synthetase (DHP®), wher
sulfonamides inhibit its synthesis (Acar and Rostel, 2001). The other mechatiem is
acquisition ofsul genes, drug resistance gene for DHPS (Guerra et al., 2004). Sulfanomide
resistance genes have been isolated from several strénsafandSalmonella spp
(Guerra et al., 2004). A wide range of bacteria species sughlmsnella spp.,

Campylobacter sppandEscherichia colideveloped resistance to enrofloxacin (Turnidge,
2004), therefore their usage as human therapeutics have raised concernsnof besitdria.

Soil microorganisms may also benefit from the presence of agrochsnmic¢heir
surrounding environments due to the inhibition of their natural competitors. An increase in
soil biomass was observed in 16 days when soil was treated with 0.2-I'ratrdaine
(Moreno et al., 2006). Thiele-Bruhn and Beck (2005) claimed that residual pharmaceutic
concentrations of sulfapyridine residue at environmental concentrations cgesppbrary
selective pressure on microorganisms causing a reduction in soil bacteberawamnd an

increase in fungal: bacteria ratio during 14 days of incubation.

2.3 Summary

Nitrate and agrochemicals are detected in surface waters and subsat&se w
mostly due to leaching of the chemicals and their metabolites fronukiugrad lands. The
amount of water drained from agricultural lands with artificial systemet as tile drainage
is typically higher than from lands without tile drainage which to contributeartisanitrate
pollution of surface waters, especially in the Midwest. To reduce the nitrodetiqml
denitrfying bioreactors have been proposed where nitrates are denitrifiedbioreactors

using the wood chips or saw dust in the bioreactors as a source of organic carbon.
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In addition to nutrients, agrochemicals and their metabolites may be pretieatile
drainage which went dispersed into the environment may have human health risks and
impact on the ecology. The fate of agrichemicals in soils, lagoons, manuredandrge
have been investigated and documented. Sorption and degradation of atrazine and
sulfamethazine in soils have been widely studied since their occurence imdoNatar
sources is likely due to the application rates and the nature of the chemazalser@e of
enrofloxacin in the environment is of concern even though it binds strongly to soil garticle
due to various evidences indicating antibiotic resistance development. Therfaiaefsin
in the environment has not been investigated thoroughly.

However, of interest here is the sorption and degradation of agrochemicals in the wood
chip bioreactors. Not much work has been done or known about the partition of
agrochemicals onto wood chips. The physical characteristics of wood chip&exentli
from that of soils where macropores may be present in the wood chips. In addition, the
agrochemicals flowing through the wood chip bioreactors or sorbed onto wood chips may
have an impact on the denitrification of nitrates. Not much is known about the impact of

agrochemicals on the denitrfying communities in wood chip bioreactors.
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CHAPTER 3.SORPTION OF VETERINARY ANTIBIOTICS AND A HERBICIDE
(SULFAMETHAZINE, ENROFLOXACIN, MONENSIN A AND ATRAZINE) ONTO
WOOD CHIPS OF A BIOREACTOR

A paper to be submitted to Chemosphere

3.1 Abstract

Sorption and desorption of atrazine, enrofloxacin, monensin and sulfamethazine onto
wood chips from a wood chip bioreactor was studied with batch experiments taevalua
retention of agrichemicals on wood chip bioreactors. Based on the Freundlich distribution
coefficients (K), the order of sorption from highest to lowest was enrofloxacin > monensin >
atrazine > sulfamethazine. Of the four chemicals tested, enrofloxacirbddshe least while
monensin desorption was greater than atrazine, sulfamethazine and enrofloxacin. The
sorption of atrazine and sulfamethazine to wood chips were higher than the sorption of
surface and subsurface soils obtained next to the wood chips while enrofloxacin and
monensin sorbed less to wood chips than to the surface soils at depth 5-15 cm. The apparent
hysteresis index (AHI) value for atrazine was lower than for enrafloxand sulfamethazine
indicating hysteresis was more for atrazine than enrofloxacin and sulfaimetHaesorption
hysteresis increased with decreased initial amounts of atrazine afid>awuin, while for
sulfamethazine no trend was observed. Following two consecutive steps of desorption and
organic solvent extraction, more than 65 % of adsorbed atrazine, 70% of sulfamethazine,
90% of enrofloxacin and 80% of monensin were retained in wood chips. The results of that
study showed wood chip biofilters can retain atrazine, sulfamethazine, eaoifi@ad

monensin and therefore reduce their concentrations in tile water.

Keywords: biofilters, wood chips, atrazine, sulfamethazine, enrofloxacin, manensi

sorption, desorption
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3.2 Introduction

In the late 18 and early 28 century, much of the wetlands or lands with shallow
groundwater in Midwest were converted to agricultural lands using tile drasyatgnms
(Dahl and Allord, 1997). Although tile drainage has improved agricultural production, it has
negatively impacted valuable water resources. Many Midwest stdtesfsom nitrogen and
phosphorus pollution in surface and ground waters due to heavy use of fertilizers angl manur
which are rapidly conveyed by the tile drainage system to open bodies of waexaFple,

a four-year nitrate monitoring study in lowa by Cambardella et al. (199%)lee\that
nitrate-N concentrations in subsurface drainage waters ranged béaed 9 mg t for
three quarters of the annual monitoring period but exceeded 10'ting the rest of the
period.

Various management strategies have been applied to reduce nitrate in sudface a
ground waters. One of the approaches to reduce nitrate concentration in drainagetwate
build a ‘denitrification wall’ where nitrate in water is reduced by deretst Robertson and
Cherry (1995) monitored nitrate removal from ground water with a 0.6 m wide deattah
wall consisting of an 80/20 (vol/vol) mixture of soil and sawdust or wood chips and found
that NQ-N concentrations were reduced from 57-62 rifgd.2-25 mg L. Schipperand
Vojvodié-Vukovié, (1998) constructed a 35-m long, 1.5-m deep and 1.5-m wide
denitrification wall consisting of soil and saw-dust (30% vol/vol) and treated graiedfor
a year. They reduced NEN from 5-16 mg [* to below 2 mg [*. Removal of nitrate by
wood chips was attributed to a denitrification process rather than immabnizdatNO;-N;
with the wood chips providing the organic carbon for the denitrification process@aree
al., 2009).

In addition to fertilizers, other chemicals applied to the fields may alsb ietcthe
subsurface drainage water and pollute surface and subsurface watersh€hg@sals
include herbicides and insecticides, antibiotics and estrogens in manure.\Asitean
groundwater or tile water around agricultural lands may be contaminatadltyle
contaminants. For example, Kalita et al. (2006) monitored both atrazine aithNO
concentrations in a watershed at four different locations in east celiri@slfrom 1991 to

2003 range from 0.87 to 1.22 pgdnd 15-20 mg T, respectively. Atrazine concentrations
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in tile drainage water was found to range from 1.3 to 5.1 figyt.Jayachandran et al.

(1994), which were close to atrazine concentrations detected (3'agd_10 pg ) in

surface runoffs of Midwest states (Battaglin et al., 2003). Drain tilesspead the

movement of pesticides and veterinary antibiotics into surface waterdeBgasticides,
antibiotics present in manure such as sulfonamides, fluoroquinolones and ionophores have
been found in groundwater and surface waters (Boxall et al., 2003).

Wood chips used in denitrification walls or wood-chip bioreactors can act as a
potential sorbent for various pollutants including pesticides and veterinary ansibioti
Boudesocque et al. (2008) found that sorption of terbumeton, desethyl terbumeton,
dimetomorph and isoproturon by wood components and lignocellulosic materials wias a fas
process where less than four hours was required to reach steadynstéte, @mount of
pesticides adsorbed varied between 1-8 igfgvood chip. Bras et al. (1999) found about
97% of heptachlor, aldrin, endrin, dieldrin, DDD, DDT and DDE were sorbed when 1 to 10
ng L solutions of the pesticides were exposed to pine bark. Rodriguez-Cruz et al. (2009)
investigated sorption of ionic and non-ionic pesticides onto hydrophilic (cellulose) and
hydrophobic (lignin) wood components. Theflr linuron ranged from 121 to 165 L képr
lignin and 2.22 L kg for cellulose indicating cellulose, and lignin content of wood residues
affect its sorption potential. Sharma et al. (2008) found that about 74.7 to 80.5% of atrazine
were removed by sorption onto sawdust (42.3% C) which was treated with G3Qy &hd
kept at 200 C° for 4 hours. There are no studies on the sorption of antibiotics onto wood, but
there are previous reports on the sorption of these pharmaceuticals onto soéisparticl

Enrofloxacin, a fluoroquinolone carboxylic acid derivative was strongly sorb t
various soil types with linear sorption coefficientg)Kanging between 260 and 5612 L kg
(Nowara et al., 1997). On the other hand, sulfamethazine, a sulfanomide was found to be
mobile in the soil due to its weak sorption (0.9-1.8 Mkanto soil particles (Boxall et al.,
2002). For the same approximate pH, sulfamethazine sorption on to soils was reported to
increase with higher organic carbon contents (Lertpaitoonpan et al., 2009). Likewise,
sorption of atrazine, a typical co-contaminant with nitrate, onto soil was pi@irto soil

organic carbon (Moorman et al., 2001). Monensin, an ionophore and growth promoter sorbed

www.manaraa.com



35

to soils with organic carbon sorption coefficientgdKanging from 2.1 and 3.8 (Sassman
and Lee, 2007).

Pesticide and veterinary antibiotics contamination of ground and surface aratefs
great concern due to their potential impacts on both aquatic and terrestrystecss
(Garner et al., 1986, Halling-Sgrensen et al., 1998, Kolpin et al., 2002) and microbial
resistance development (Teuber, 2001). There are currently very few studiesata tie f
pesticides and veterinary antibiotics in wood chip bioreactors or denitoficatlls. The
primary objective of this study was to investigate the sorption and desorption aidesbi
and veterinary antibiotics onto wood chips of denitrifying in situ bioreactor desigresht
nitrate in tile water. For the study, atrazine, sulfamethazine, enrofioaad monensin were
selected as representative chemicals of the main groupings of compounaeedyiazi
sulfonamides, fluoroquinolones, and ionophores, respectively. Sorption studies using soils
sampled from same field as the wood chip bioreactor were conducted as a compénison wi
the sorption results for wood chips. The effect of wood chips particle sizes onatrazi

sorption was also evaluated.

3.3  Materials and Methods
3.3.1 Chemicals

Enrofloxacin (CAS number: 93106- 60- 6, 99% purity), monensin sodium salt (CAS
Number: 22373-78- 0, 99% purity), sulfamethazine (4-amino-N-(4, 6-dimethyl-2-
pyrimidinyl)-benzenesulfonamide, CAS number: 57-68-1, 99% purity) were purchased from
Sigma—Aldrich (St. Louis, MO) while atrazine (2-chloro-4-ethylaminigegropylamino-s-
triazine), (CAS number: 1912- 24- 9 , 99% purity) was purchased from Chem Service (West
Chester, PA). Selected physical and chemical properties of the four compoemissented
in Table 1. Stock solutions of enrofloxacin (1000 nig and atrazine (1000 mg*) were
prepared in analytical grade acetonitrile. Monensin sodium salt stock solution of 106 mg
was prepared in analytical grade methanol, and a sulfamethazine stoaknsoid00 mg [*
was prepared in high performance liquid chromatography (HPLC) grade watstardards
for HPLC and liquid chromatography mass spectrometry (LC-MS) cabipratirves were
prepared by diluting stock solutions into 10 mM Ca&tld were stored at 4 °C under dark

conditions.
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3.3.2 Stability of monensin A

The stability of monensin was studied using 1 rifgof. monensin sodium salt in
MilliQ (purified and deionized) water, 10 mM CaC500 mg [ KNOs and a mixture of 10
mM CaC} and 500 mg X KNOs, at 4°C and 22°C. The stability tests were conducted in 20-
mL glass tubes with 10 mL of the above solutions. The samples were mixed for 48 hours.
Two mL of solution was removed with a syringe from each tube and analyzed forgimonen
A sodium salt using LC-MS. Separate calibration curves were prepanemif@nsin for the
above four solution matrices. The stability of monensin sodium salt A in the foupsolut
matrices at two different temperatures, represented by % recavergsented in Table 2.
Percent recoveries after two days of incubation ranged between 84 and 111 % depending on
the temperature and the solution matrix.

In addition to monensin stability tests in the above matrixes, sodium azide)(NaN
interference with monensin analysis was evaluated for a 1-hmgdnensin solution treated
with 5000 mg [* of NaN; prepared in MilliQ water. The presence of Naierfered with
LC- MS signal, and monensin could not be detected. As a result monensin sorption
experiments were performed in 10 mM Ca&all22+1°C for 48 hours with a recovery rate of
99 %.

3.3.3 Sorbents

Wood chips were collected in 2004 at a depth of 170 cm from a denitrifying reactor
located at lowa State University agricultural research farm in Aloes. Denitrification
walls were placed ten years ago on both sides of drainage tiles in a fielddcvatipeorn
and soybean (Jaynes et al., 2008). The wood chips used for the denitrificatiorergall w
mainly oak Quercus sp.fontaining 46.54% organic C and 0.15% N. Over the 10 years, the
field was not treated with manure and pesticides. Wood chips with a length oravggth |
than 5 cm were mechanically chopped with a blender to a size of less than 2 cniiarwidt
length. The wood chips were air dried and kept in a sealed bag at 4°C until theyaudere us
Besides the wood chips, soils samples were collected from the samebsitecat,
80cm, and 168 cm depth. The soil samples from each depth were sieved through a 2-mm
sieve, mixed, air dried and stored in plastic bags at 4 °C until they were usetedselec
physical and chemical properties of the soil samples are presented ir8Table
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3.3.4 Sorption and desorption of chemicals onto woodchips and soils

Single-point sorption experiments of the selected chemicals onto wood chips and
soils was performed in order to compare sorption behavior of selected chemicaiood
chips with soils before sorption-desorption isotherms were generatedudijessts repeated
two times in triplicate and the results averaged for atrazine, monensin tardetbhzine.

For the initial trial, the concentration of enrofloxacin in the aqueous phasd&teurs of
mixing was below detection limit (<0.005 md'). therefore only the result of the second
trial for enrofloxacin (was also performed in triplicate) was evalualde solid-to-liquid

ratio was adjusted for the second trial. Single point sorption experimentsomelected in

30 mL fluorinated ethylene propylene (FEP) tubes (Nalgene, Oak Ridgeghihuke, one g
of wood chips were added along with 10 mL of 10 mM Ga6htaining 0.94 mgt, 0.79

mg L*, and 0.83 mg t of atrazine, monensin A sodium salt or sulfamethazine, respectively.
For the enrofloxacin experiment, only 0.5 g of wood chips was used and the initialgque
concentration was 0.96 mg'LWood chips in each tube were soaked in 10 mM C@€Ks
hours and then drained before the chemical was added. This step is required ®tbaturat
wood chips to reduce its effect on sorption equilibrium time. Sorption experiments with
atrazine, enrofloxacin and sulfamethazine also contained 5000"rafNaN; to inhibit
microbial growth. Sorption experiments with monensin were prepared in 10 mM CacCl
solution only. The contents of the tubes were gently mixed for 48 hours in a rediyocat
shaker and then centrifuged at 6574 x g for 20 minutes. Two mL of the supernatant were
removed and filtered through 2-um Whatman glass fiber filters for HPLIgsaa

Similar single-point sorption experiments were conducted using the soil sample
Three grams of soils (1 g of soil for enrofloxacin treatment) were placecdh@m®0tmL FEP
tubes along with 10 mL of 10 mM CaGlolution with 1 mg [‘atrazine, enrofloxacin or
sulfamethazine. The tubes were mixed in a reciprocating shaker for 48 hoursrand the
centrifuged at 6574 x g for 20 minutes. Two mL of the supernatant were removed and
filtered through 2-um Whatman glass fiber filters for HPLC analysis.

Sorption and desorption isotherm experiments were conducted in a similar manner as

the single point sorption experiments. For each sorption isotherm experiment ol otal
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amber 30-mL vials were used with 1-2 g of wood chips. Wood chips were soaked in 10 mM
CaCl, for 168 hours and then drained prior to addition of chemical for the sorption
experiment. The initial concentrations in the vials ranged from 0.5 to 8.0'nfepk each
concentration, triplicate vials were prepared. The experiments were cahdt2tt1°C.

After equilibration, 2 mL of the supernatant were removed, filtered, and adalgzey the

HPLC. For the desorption experiments, a further 6 mL of the supernatant vea®deimtom

the tube and 8mL of fresh 10 mM Ca&blution added. The contents were mixed for 48
hours and then centrifuged. Two mL of supernatant were removed and filtered©r HP
analysis. The desorption procedure was then repeated.

Solid-phase concentrations (mg*igvere calculated based on the difference between
initial aqueous phase amount (weight) and equilibrium aqueous phase amount (weight) of the
chemical. Sorption-desorption isotherms were determined by linear riegrasd fitting the
data to Freundlich equation using SigmaPlot 10 Software (San Jose, CA). Partition
coefficient (Ky) and distribution coefficient () were calculated using equation 1 and 2,
respectively,

Cs=Kgx Cy (1)

Cs=Kix G, 2)
where G and G, are solid phase and aqueous phase concentrations of analyte at
equilibrium, respectively and n is Freundlich linearity parameter.

3.3.5 Wood chip particle size sorption experiments for atrazine

An experiment was conducted to assess the effect of wood chip particle size on
atrazine sorption. The wood chips were separated into 3 different sizes using 4 mm, 2 mm
and 150 um sieves. An additional test size was attained by mixing equal amounigHty we
of the three sizes. Two grams of woodchips from each group were placed in 3(PmL FE
tubes along with 10 mL of 1.75 mg*atrazine in 10 mM Cagkolution after wood chips
were soaked in 10 mM Cadbr 168 hours. The tubes were mixed for 48 hours on a
reciprocal shaker at 22+1°C. Three mL of supernatant was drawn from each tulieesatt fi
through a 2-um Whatman glass fiber filter. The filtered supernatantheasnalyzed with a
HPLC. The linear sorption coefficients {lwvere calculated based on mass sorbed and the

equilibrium concentrations in the aqueous phases.
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3.3.6 Extraction of chemicals from wood chips

Following the desorption tests, the solutions in the tubes were drained and 8 mL of
4:1 (v/v) mixture of acetonitrile—MilliQ water were added to the wood chips in the tabe
extract atrazine, sulfamethazine or monensin. The extraction pH was 6.3xQré4oreq
6.9+0.3 for sulfamethazine and 6.8+0.4 for monensin. Extraction solvent for enrofloxacin
was prepared in a similar manner to Nowara et al. (1997). Eight mL of 100%nwietha
(MeOH), ammonium acetate (10 mM) and MilliQ water in a ratio of 1:1:1 (v:v:g)adaled
to the wood chips. The extraction pH was 6.3+£0.9. The tubes were mixed for one hour with a
reciprocating shaker and then equilibrated for 24 hours. The tubes were cethiafé§86 x
g for 20 minutes and the supernatant in the tubes was poured out and collected. The wood
chips were then extracted a second time using the same volume of the monsalo
acetonitrile of the combined volume (16 mL) of acetonitrile-water mixtusetir@n
evaporated using nitrogen gas in an analytical evaporator. The remaining soagitrew
cleaned and concentrated using Waters OASIS HLB cartridges. The seaspbercolated
through the cartridge at around 0.5 mL thand the flow rate for the conditioning or
washing solution was 0.1 mL mih

To prepare the supernatant for atrazine analysis, the manufacturers’ ioSsructre
followed with a few modifications. The HLB cartridges were conditioned with 2100
% MeOH followed by 3 mL of MilliQ water. The cartridges were then loadi¢i thve
concentrated solution, and the cartridges washed with 3 mL of 5% MeOH followed by
elution with 3 mL MeOH. Elutes were mixed with 3 mL of MilliQ water and the MeOH
evaporated and the final volume was brought to 3 mL before the eluent was anatiized wi
HPLC.

For sulfamethazine, the extraction followed the procedure developed by Henderson
(2008). The cartridges were conditioned with 3 mL of 100% MeOH followed by 3 mL of 0.5
N HCI. The HLB cartridges were loaded with the concentrated extnadthan washed
using 3 mL of MilliQ water. Elution was completed with 3 mL of methanol. The MaOH i

the eluent was evaporated and 3 mL of MilliQ water added before HPLC analysis
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A method established by Gélet et al. (2001) for enrofloxacin extraction witbdmi
phase cation exchange disk cartridges was modified for enrofloxacin extrasing SPE-
HLB cartridges. The cartridge was conditioned (3 mL of 100% MeOH and &f mlilliQ
and 0.5 N HCI at pH 3) before the samples were loaded, and the cartridges weare vac
dried for 5 minutes. Compound was eluted with 2.5 mL of 5% ammonium hydroxide in
100% MeOH. The eluent was neutralized by adding 0.5 mL of 50 OHsolution.
The method developed by Watanabe et al. (2008), was used with minor modifications
for monensin extraction. The cartridges were conditioned with 6 mL of MeOdWiedl by 6
mL of 0.5 N HCI, and 6 mL of MilliQ water. After the extracts were loaded through the
cartridges, the cartridges were washed with 6 mL of MilliQ watetddavith 60 puL of 1.0
mg L™ simeton as an internal standard. The cartridges were then eluted with SveDBbE
The MeOH in the extracts were evaporated and the volumes brought back to a volume of 1.2
mL by adding 500 puL of MeOH and 700 pL of MilliQ water. The extracts were then
analyzed immediately with LC-MS.

3.3.7 Chemical analysis

Atrazine, enrofloxacin and sulfamethazine were analyzed using an AlgPar@
Series 1100 (Eagan, MN) with diode array and fluorescence detection. The HiebhC e
flow rate was set at 0.5 mL mirfor atrazine and enrofloxacin analyses with the following
solvents and times: 3 min with 10% acetonitrile and 90% HPLC grade watetddf& g
acetic acid and 1 mM ammonium acetate) followed by 70% acetonitrile and 3@¥doved
minutes and 10% acetonitrile and 90% water for the last 3 minutes. Retention times for
atrazine and enrofloxacin were 12.1 and 8.1 minutes, respectively. The eluentdiéov ra
sulfamethazine was at 0.3 mL nfinvith 25% acetonitrile and 75% water for 8 minutes,
increasing the acetonitrile to 45% for the next three minutes, followed by 1€$®ndrile
for 2 minutes and finally the acetonitrile reduced to 10% for last 5 minutes. dmjecti
volumes were 20 pL for enrofloxacin, 30 pL for atrazine and 50 pL for sulfamethazine
Detection wavelengths for atrazine and sulfamethazine were 254 nm whilavekemgth
for enrofloxacin was 278 nm. Excitation and emission for enrofloxacin analyses2%8 and

445, respectively. HPLC column temperature was set at 60 °C for atrazine anoxaciofl
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and 40 °C for sulfamethazine. Quantification was performed using extemddusta.
Recoveries exceeded 99%.

Monensin was analyzed with a LC-MS equipped with SBC-18 Zorbax, Agilent
column (part 830990-02 2.1 x 150 mm with 3.5-um particle size) based on the method
developed by Watanabe et al. (2008) with modifications. A gradient method veaseial|
where simeton was used as an internal standard and injection volume was setBié L
gradient ramp used was; 30% HPLC grade water (5% acetonitrile and 0.1k dort) and
70% acetonitrile for 5 minutes followed by 5% water and 95% acetonitrile for 12.5 miinute
and 30% water and 70% acetonitrile for 2 minutes. Quantification was based onlexterna

standards using the monensin sodium adduct.
3.4  Results and Discussion

3.4.1 Single point sorption study-wood chips and soils

Single-point partition coefficients estimated for the sorption of atrazmeflexacin,
monensin and sulfamethazine onto wood chips and soils for the batch sorption experiments
are summarized in Table 4. The initial aqueous phase atrazine concentrationngléie s
point sorption experiment with wood chips was 1 riigathich was two orders of magnitude
higher than the concentrations found in tile drainage water in Canada (13'pug L
(Lakshminarayana et al., 1992). Atrazine partition coefficiegtfa wood chips was 24.1 L
kg while the organic carbon-normalized distribution coefficient, #as 49.2 L kg. Koc's
estimated for atrazine onto various organic plant residues (dewaxed adgi@daponifiable
residue, nonhydrolyzable residue) with organic carbon contents ranging from 42.55 to
61.99% were between 44.1 and 644.0 [ kGhefetz et al., 2003) which was higher than the
wood chip K in this study. K values for soils ranged between 0.8 and 4.2 Kgphd were
within the same range of partition coefficients reported by Moorman @04l1) ranging
between 5.8-0.4 L kifor soils with organic carbon contents of 2.54-0.08% . Atrazinddf
wood chips were about one order of magnitude larger than that for soils sampldsefi®m t
depths. Atrazine k values for wood chips were found to be much lower than theafues

for the soils at three depths. Ling et al. (2008) observed a positive cormrddativeen Kand
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soil organic matter content and highey Kalues for soils with less organic carbon content,

and they suggested that the soil organic carbon content is not the only factor infuenci
sorption of atrazine onto soils. On the other hand, Mackay and Gschwend (2000) suggested
that for wood particles, values are poorly correlated to the organic C of the wooefofder

it is more accurate to use;KMalues when comparing sorption of hydrophobic compounds

onto wood chips and soils.

Similar to the atrazine sorption results, &€ sulfamethazine for wood chips was
about one order of magnitude larger than théoKthe three soils at pH 6.1+0.4 (Table 4).
Lertpaitoonpan (2009) suggested that partitioning of sulfamethazine below pH Z24ofpK
sulfamethazine) may be due to hydrophobic sorption since sulfamethazine s in t
unionized form. The Kvalues for the soils in this study were similar to that of Boxall et al.
(2002) and Lertpaitoonpan et al. (2009) who reportgdadfues between 0.9-1.8 L kgnd
0.6-2.8 L kg', respectively. The & value for sulfamethazine for wood chips was
comparable to the J{for the surface soils from depth 0-15 cm.

Partition coefficients of enrofloxacin for wood chips were 281.9t (k) and
570.9 L kg' (Koo). In comparison to other fluoroquinolones, enrofloxacin is the most
lipophilic compound and its movement from water phase to solid phase occurs fadly rapi
(Pic6 and Andreu, 2007). In addition, formation of cation bridges in soil is another likely
mechanism to explain enrofloxacin sorption on to soils (Tolls, 2001). Boxall et al. (2006)
reported Kvalues of 15,800 L Kfor enrofloxacin which is about 31 times larger thag K
calculated for wood chips.

Enrofloxacin partition coefficients for soils at 15 cm, 80 cm and 168 cm depth ranged
from 1357-2746 L kg, which is within the range of f&alues found in the literature. For
loamy sand with 2.27 % organic carbon content, thei#s reported to be 970 L kgwhich
was higher than for sandy soil (0.59 % OC) and sandy loam(1.24 OC %) (OtkestUsl,
2008). For clay minerals, the;kvas between 260 and 5610 Lk@Nowara et al., 1997).
Sorption of enrofloxacin onto surface soils was found to be higher than that of wood chips
with partition coefficients for wood chips about one order of magnitude smaller thhidartha
surface soils (0-15 cm) However, Rodriguez et al., (2007) stated that there veasetaiion

between total carbon content of wood residues and Freundlich partition coedf{&igruf
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ionic and non-ionic pesticides. It is probable that, sorption to the clay content and ioni
interactions can be the major mechanism of enrofloxacin sorption. Additionaity, sol
(sorbent) to liquid (aqueous phase) ratio should be taken into account as the solid to liquid
ratio for the wood chips experiments were about 2 times smaller than thatgor soill

Monensin A sodium salt partition coefficients for wood chips was 24.11 (k)
and 49.1 L ki (Koo). The environmental fate of monensin is poorly understood (Dolliver et
al., 2007); especially its sorption behavior. Carslon and Mabury (2006) suggested that
monensin is immobile in soils, despite the fact, that ionophores are highly lipoplahsdHi
et al., 2009). Monensin was found to sorb more strongly to subsurface soils than surface soils
and wood chips (See Table 4). Sassman and Lee (2007) reported monensin organic carbon
normalized partition coefficients (Log.K as 2.1 to 3.8, which corresponds to 125.8 to 6309
L kg*and higher than the &calculated for monensin in this study. They also reported
reducing pH of the soil from 6.2 to 4.9 increasedrim 6.6 to 19.3 L kg which is likely
below the pKof monensin. However, in this study the lowegtoKmonensin was found for
the soil with the lowest pH.

In summary batch linear sorption results indicated that atrazine and shifamet
were sorbed more strongly to wood chips than soils. Enrofloxacin sorbed 3 orders of
magnitude less onto woodchips than soils even though enrofloxacin partition coeffesent w
one order of magnitude larger than partition coefficients of atrazine and sthitme for
wood chips. Monensin A sodium salt appeared to sorb less onto wood chips than subsurface
soil, but the partition coefficient of monensin was in the same range as tkierpart

coefficient of atrazine for wood chips.
3.4.2 Sorption and desorption experiments

Sorption-desorption isotherms for all four chemicals are shown in Figure 1. The
Freundlich distribution coefficients,;Kand linearity constants, n, along with their 95%
confidence intervals for sorption and desorption of atrazine, sulfamethazine, eawiflard
monensin onto wood chips were determined by non—linear regression analysiseising th
SigmaPlot 10.0 software (Systat Software Inc., San Jose, CA). Restksnairt-linear

regression analysis are presented in Table 5. The Freundlich equatianhgstes fit of the
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wood chip sorption data with n values less than 0.85 as compared to the linear isotherm
equation. According to Pignatello et al. (2006), n constants for Freundlich isotineimes
range of 0.95 and 1.05 are presumed to be linear isotherms.

The Ky values estimated from the isotherms were significantly differenttheak
values calculated from single-point sorption experiments (See Table 4).0blaectvip-
chemical solution pH, equilibration time, solid-to-liquid ratio were sinita both
experiments. However, some of the major differences in the two experimentheeize of
wood chips and saturation time of wood chips prior to the equilibration. For the single-point
sorption experiments, size of wood chip particles were larger (> 0.5 x 0.5 x 0.5 dmawhi
more homogeneous wood chip mixture was used for isotherm study. For the single-point
experiments, wood chips in tubes were soaked in 10 mM,@aC48 hours, whereas for the
isotherm study they were soaked in the same solution for 168 hours. Mackay and Gschwend
(2000) indicated that uptake of sorbate by wood residues may be slower if the woodsparticl
are not fully saturated. It is possible that 48 hours of pre-treatment soakigaichips
may not be enough for water to penetrate through wood particles which mag reduc
magnitude of sorption.

The atrazine distribution coefficient {ior this study was similar to the sorption of
atrazine onto plant residues (cuticle) withdf 120.8-137.37 L K§ (Chefetz et al., 2003),
but was much higher than sorption onto sugarcane mulch withdK; of 20.3 L kg and
17.22 L kg', respectively (Selim and Zhu, 2005). Howevefd¢ atrazine sorption onto
wood chips in this study was lower thandstimated by Boudesocque et al (2008) for
terbumeton sorption onto lignocellulosic material (1090 t)k&orption of linuron, alachlor
and metalaxyl onto cellulose ranged between 1.36 and 9.13 (Ragiriguez-Cruz et al.,
2009) which were lower than Kf estimated for atrazine onto wood chips in this presint st
The K; and K; values for wood chips were also comparable withril K;of 44.3 L kg* and
43.1 L kg* for soil with 38.3% organic carbon (Park et al., 2004). Atrazine distribution
coefficients on soils with conventional and no-till agricultural managemseterag were 3.7
and 3.8 L k (Prata et al., 2003) which were lower than sorption coefficients for woodchips
(65.8 L kg'). Aromatic carbon and carboxylic acid unit content of the material play a

significant role in atrazine binding onto organic materials where aromaticrcaontent
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increases hydrophobic interactions in atrazine binding and carboxylg extiéinces
hydrogen bonding between atrazine and organic matter (Lima et al., 2010) ofdesrbng
binding of atrazine onto woodchips can be attributed to abundance of carboxylic units and
aromatic groups in wood chips. Strong binding can retain atrazine to wood chips and reduce
its transport into tile water.

The estimated Freundlich distribution coefficient)(&nd the partition coefficient,
Kg, of sulfamethazine were of similar values (see Table 5). Sulfonamideoscigpirganic
matter is also related to presence of phenolic and carboxylic groups, Nelyelier
compounds and lignin decomposition products (Thiele-Bruhn et al., 2004). They also
suggested sulfonamide would be binding onto organic matter (soil) via hydrogen bonds and
van der Waals interactions. Sulfamethazine adsorbed the least in comparison to othe
chemicals tested. Sulfamethazine has the highest water solubility (1508 mgich
reflects the ionic nature of the compound and may explain the lowedie compared to
the other three compounds.

The enrofloxacin Freundlich distribution coefficient was 232.4 &gy the
partition coefficient was 372.1 L KgBased on its lipophilic property it was expected that
enrofloxacin sorbed more onto wood chips than atrazine and sulfamethazine. Monensin A
distribution coefficients were in the same range with enrofloxacin whishewgected due to
its low water solubility and large molecular size. Sorption isotherm studseitesi chemicals
with different molecular sizes, and chemical properties partition diffigrento woodchips.
Lignin (hydrophobic) and cellulose (polar) content of the wood also control sorption of
hydrophobic compounds onto wood (Mackay and Gschwend, 2000). They also suggested
normalization of sorption parameters based on organic carbon content of the nsagerial i
poor estimate for wood which is commonly used for soils. Soil organic mattét)(&al
wood chips are chemically different where C content of wood is less stableftbails.
However, the overall sorption results indicate that wood chips are good sorbetdsnto r
agrichemicals and wood chips can reduce agrichemical concentratidasnater.

Desorption isotherms for atrazine, enrofloxacin, and sulfamethazindvedter
desorption steps are shown in Figure 1 (a), (b) and (c), respectively. Theidasesilts

indicate that the three compounds did not desorb readily which are reflectedrmyréase
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Ktges1@Nd Kgesz Values after each desorption step. The lack of desorption indicates the lack of
mobility and bioavailability of the compounds (Wu et al., 2009) in the wood chip bioreactor
which, in turn, may affect their degradation.

Desorption behavior of monensin was different from desorption behavior of the other
three compounds where a loweyds value was obtained as compared to thedtue.

However, the Kes2value was statistically similar to that of. Rhis lower Kqes; value shows

the binding of monensin to wood chips may be due to external surface binding. Monensin is
a larger molecule than the other three molecules tested and the penetrdtgomolecule

into the micropores and the wood fibers may be limited. As such, for the first desorption,
about 12% of sorbed monensin was desorbed readily.

To assess the extent of desorption, the desorption apparent hysteresis index (AHI)
defined as the ratio ofg/nsop May be estimated for each compound (Huang et al., 1998) and
are presented in Table 6. Thgdin the AHI were estimated differently fromgetnand Res?
values in Table 5. Thegawas estimated by using the Freundlich equation, but the data used
were sorption, first and second desorption data for each initial concentration. laé va
indicate the degree of difficulty to desorb a chemical from a matrar{©t al., 2005,

Chefetz et al., 2004). In general, higher AHI values were observed for ati@zihe
enrofloxacin, which ranged from 0.043 to 0.073, 0.064-0.179, respectively (Table 6). For
sulfamethazine, AHI values ranged between 0.05 and 0.169, and a different trend was
observed. For enrofloxacin, the trend between initial concentration and AHI vadges w
found to be linear (R= 0.95), whereas for sulfamethazine and atrazine the initial
concentration and AHI values were not related withof0.0615 and 0.0623, respectively.
Unlike enrofloxacin and atrazine, the AHI values decreased at higher sohatentrations
for sulfamethazine. This can be explained by gradient phenomenon suggestedety €hef
al. (2004). At higher solute concentrations, sulfamethazine may be forced to move into
micropores of wood chips and penetrate through the deepest sites where it carhot des
easily.

Hysteresis was well documented for atrazine sorption-desorption onto varigus soil
or organic residues Lima et al. (2010), Bhandari and Lesan, (2003), Chefet2@d4).qut,

there is a lack of information on hysteresis of sulfamethazine, enrofloxacincerehsm
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from soil matrices or from wood. However, Dirillia et al. (2005) and Sukul et al. (2008)

observed sorption-desorption hysteresis for ofloxacin and sulfadiazinectigsty in soil.
3.4.3 Effect of wood chips particle size on atrazine sorption

Single-point partition coefficients for atrazine and each wood chip asioé with
and without NaM are presented in Table 7. TheWalues increase with decreasing wood
chip particle size. Atrazine d&alue for wood chips smaller than 2 mm x 2 mm (128.8°t kg
) was significantly higher than theyor wood chips larger than 4 mm x 4 mm (64.1 ['kg
(F = 3.63, P<0.05). Mackay and Gschwend (2000) compared sorption of toluene onto wood
sticks (1 x 0.16 x 0.16 cm), shavings and chips (1 x 2 x 0.16 cm) and concluded time
required to reach steady state was higher for chips (~2000 min) and sticks ttaaviogs
(=10 min). But for an exposure time of 33 hours the exhibit¢sifidr all wood sizes were
similar, ranging from 11 to 13 L Kg(Mackay and Gschwend, 2000). The presence of;NaN
(5,000 mg [*) did not interfere with the sorption of atrazine onto wood chips. THer¢he
mixture of the three sizes was similar to the smallest particlersiz®oh between 150m
and 2 mm. This may be due to larger surface area provided by the smallertsilee par

which may control the sorption.
3.4.4 Extraction of adsorbed chemicals from wood chips

Recovery of the chemicals after adsorption and the two desorption steps anéepres
in Figure 3. Solvent extraction was performed to determine the unextractaiiens of the
chemicals. The amount extracted from wood chips after desorption stepd feorg 12.2-
21.3% for atrazine, 10.6-15.4% for sulfamethazine, 0.05-2.4% for enrofloxacin, and 0.1-
0.8% for monensin. These values equate to a total of 75% of atrazine, 77% of
sulfamethazine, 95% of enrofloxacin and 86% of monensin that adsorbed onto wood chips
but were not extracted through the four consecutive extractions of two wateptibessieps
and two organic solvent extractions. In comparison, extraction of atraamestrgarcane
mulch with 100% MeOH resulted in a recovery of 5.49% (Selim and Zhu, 2005) which is
lower than the extractable percentage of atrazine from wood chips in thiststwdever,

total incubation time should be taken into account in evaluating the extractable poftions
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the chemicals. Lesan and Bhandari (2003) reported the amount of atrazine recathered w
water extraction (Log l§ = 0.516) within one hour of exposure was significantly different
than atrazine extracted at after 84 days of exposure (keg®965). For this study,
chemicals were extracted on the 8 days after addition.

3.5 Conclusion

Dissociation constant indexesd{Kand (ki) for atrazine and sulfamethazine
adsorbed to wood chips as the sorbents were found to be higher than that for soils from 3
different depths from the same site as the in situ wood chip bioreactor, imglithat both
chemicals have a strong tendency to be sorbed onto wood chips of denitrification walls. O
the other hand, partition coefficients of enrofloxacin for soils were found to be about$8 order
of magnitude larger than the wood chips. The higher sorption of chemicals by wps@sghi
compared to soils may be attributed to higher organic C content and the availefdeanth
micropores of the wood chips. Sorption isotherms indicated that sorption of sulfametha
onto wood chips was less than the other three chemicals, possibly due to its bigh wat
solubility. Desorption hysteresis was observed for sulfamethazine, and eacoflox
indicating that desorption increased with higher initial concentrations. stimea¢ed AHI
indicated that chemicals readily desorbed more at higher initial conoemsraompared to
lower initial concentrations. After two water desorptions and two solvent eatracif the
66-80% of the adsorbed atrazine, 77-79% of sulfamethazine, 92-96% of enrofl;xch&iB-a
91% of monensin were retained in wood chips. The results indicate that wood chip
bioreactors can reduce the concentrations of atrazine, sulfamethazine, ecmoftyx

monensin present in tile water.
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Table 1. Selected physical chemical properties of atrazine, enrofloxacsylfamethazine

and monensin.

Common Name Chemical structure Molecular Water pKa
& Chemical weight (mg solubility
Formula molt)  (mgL%
N X CHs
Atrazine cl 215.69 28 1.7
CgH14CINs
P .
X
. )
Enrofloxacin A bwﬁ 359.40 104 627,83
C1oH22FN3O3 o
N\ NH Ne_ _cr
jo e
o} N =
Sulfamethazine CHy 278.33 1500 2.657.65
C12H14N40.S
Monensin Sodium
692.9 4.8-8.9 10.30

Salt A
CseHe1NaOr1

(°Lizondo et al., 1997*Hamscher et al., 2008Kolpin et al., 2000°Maxin and Kdgel-
Knabner, 1995°Lai et al., 1995' Hoogerheide and Popov, 1979).
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Table 2. Concentration of monensin A sodium salt after 48 hours in various med# 4
°C and 22 °C.

4°C 22°C
°Ci bCeq Recovery Ci Ceq Recovery
Matrix (mgL?) (mgl) (%) (mgL) (mgl) (%)
MilliQ water 0.89 0.95 106 0.89 0.99 111
10 mM CaC} 0.91 0.88 97 0.95 0.94 99
500 mg L'KNO; 0.99 0.85 86 1.02 0.86 84
10 mM CaC}
and 500 mgL
'KNO3 0.98 0.94 95 0.98 0.92 94

5000 mg L[* of
Nal\b * * * * * *
* = No peak was observed
3C; = Initial aqueous phase concentration (mfy L
PCeq = Equilibrium (48 hours) aqueous phase concentration ¢hg L
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Table 3. Selected physical-chemical properties of soils

Sample Depth  Organic pH CEC Sand Silt Clay Soil
Identification (cm) Carbon (meq100 &) () () (%) Texture
(%)
Surface soil 0-15 2.15 7.7 23.1 37 36 27 Loam
Subsurface soil 80-120 0.64 7.6 12.7 57 23 20 Sandy Clay Loam
Subsurface soil 168 0.23 8.2 15.7 47 30 23 Loam
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Table 4. Partition coefficients (Kd+95% CI) and Koc of atrazine, enrofloxacin monensin and sulfamethazine onto soils

from various depths and wood chips

Sorbent Atrazine Sulfamethazine Enrofloxacin Monensin
Kd Koc Kd Koc Kd Koc Kd Koc
Soll 4.2+0.2 197 5.5+10.8 256 2747 + 1936 127765 +28 1233
(0-15 cm)
Soil 2.240.5 80 9.8+3.38 587 <DL N/D N/D N/D
(80-120 cm)
Soil 0.8+0.2 354 0.6+0.3 262 1357 + 602 59003 104 + 43965
(168 cm)
Wood chips 24.1+ 8.4 49 61 +12 124 282 + 169 571 24.2 +8.8 49

DL = Below detection limit
®N/D = Not determined
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Table 5. Sorption and desorption linear partition coefficients (Kd), Feundlich partition coefficients (Kf) and constants, n,
of atrazine, enrofloxacin, monensin and sulfamethazine for wood ch

ips. (paramees reported with 95% confidence limit)
b 2

Chemical Ka nsor; r2 Kd r2 dees: Nges: r dees: Nges: r2

Atrazine 65.5 0.82 0.98 66 0.98 176 0.82 0.96 240 1.35 0.82
(6.5) (12) (246) (66)

Sulfamethazin 36.4 0.79 0.98 35.0 0.98 64 0.74 0.95 127 1.02 0.95
e (3.1) (7.9) (23) (56)

Enrofloxacin 232 0.53 0.98 372 0.99 209 0.43 0.89 305 0.49 0.99
77 (31) (75) (37)

Monensin 161 0.73 0.66 226 0.63 44 0.53 0.83 58 0.36 0.58
(2191) (12) (13) (37)

®Sorption experiments following 48 hours of equilibration
Desorption measurements 48 hours after sorption or first desorption experiments
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Table 6. Apparent hysteresis index (AHI) values for atrazine, sulfamethaze and

enrofloxacin.

Chemical G KidesaH  Nee r° °AHI
mg L*
Atrazine 5.64 49.9 0.060 1.0 0.073
2.81 26.4 0.054 0.81 0.066
2.30 21.8 0.059 0.87 0.072
1.72 16.4 0.074 0.45 0.090
1.17 11.3 0.035 0.45 0.043
Sulfamethazine 4.20 32.1 0.134 0.99 0.169
2.30 20.5 0.106 0.92 0.133
1.90 17.2 0.126 0.93 0.158
1.40 16.4 0.195 0.99 0.245
0.90 7.8 0.040 0.15 0.050
Enrofloxacin 7.80 123.4 0.095 0.66 0.179
4.50 94.5 0.056 1.0 0.106
3.80 77.2 0.043 0.99 0.081
2.80 59.0 0.034 0.98 0.064
2.00 44.4 0.036 0.70 0.068

*Ktqes,an1 = Freundlich coefficient calculated based on adsorption, and two desorption data

oints for each concentration

Ndesorp= linearity parameter for desorption estimated by non-linear regnessi

‘AHI =Ratio of njesorp/ Nsorp
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Table 7. Atrazine partitioning coefficients,®K 4, for various wood chip particle sizes and
in medium with and without NaN3

Particle Size
Medium >4 mm 2-4 mm 150 pm-2 mm Homogeneous
Mixture
10 mM Cad} 63+23 97+12 129+14 134+40
10 mM CaC} & 7339 °N/D 133+48 °N/D

5000 mg L NaNs

¥ ¢ = Mean of three replications of;k& 95% confidence interval
N/D = not determined
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Figure 1. Sorption-desorption isotherms of (a) atrazine, (b) sulfame#zine, (c) enrofloxacin and (d) monensin A sodium
salt to wood chips. Symbols represent measured values (means, n=3). Sahield show the isotherm predicted by non-linear
regression using the Freundlich model.
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Figure 2. Recovery of adsorbed (%) (a) atrazine, (b) sulfamethazine, (c) efiloxacin,
and (d) monensin. Desorption was performed with 10 mM CagGfollowed by extraction
with 80% acetonitrile. (Unextractable fraction =m | desorbed fraction 128 , desbed
fraction 2 =0 |, solvent extraction fraction =8 )
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CHAPTER 4. DISSIPATION OF ATRAZINE, ENROFLOXACIN AND
SULFAMETHAZINE ON WOOD CHIP BIOFILTERS AND IMPACT IN WOOD
CHIP DENITRIFIERS

4.1 Abstract

Wood chip bioreactors are receiving increasing attention as a means ofigeduci
nitrate in subsurface tile drainage systems. Agrochemicals in tikageawater entering
wood chip bioreactors can be degraded and may impact denitrification in the biofEagtor.
degradation of atrazine, enrofloxacin and sulfamethazine under denitrifying onaditing
wood chips from an in situ reactor was studied. The impact of atrazine, enroflardc
sulfamethazine on denitrifying microorganisms was assessed usingitregicition
enzyme potential assay (DEA), most probable number (MPN) and quantitative mdgme
chain reaction targetingosZlgene of the denitrifiers. Both enrofloxacin and atrazine
disappeared rapidly within 48 hours from the aqueous phase with availabilityeadjats
constants of 0.8'Hand 4.5 &, respectively. The similar disappearance during the first 48
hours in autoclaved and non-sterile wood chip solution suggested sorption as the dominant
mechanism. For sulfamethazine, disappearance was slower with an atyadalpiisted rate
constant of 0.13H The presence of atrazine did not impair denitrification as shown by
comparing the nitrous oxide ¢8) production rate for the DEA, the MPN amolsZ1gene
copy number with the control. For wood chips treated with enrofloxacin, MPN det&ase
48 hours of incubation, whereas DEA arabsZ1copy number were not affected. A
significant difference in the MPN and the®Iproduction rate was observed on day 5 for
sulfamethazine treatment compared to the untreated control. However, after 4A6el&§o
production rate, MPN angosZ1gene copy numbers for sulfamethazine were similar to that
of the control, indicating that acclimation of the denitrifier population tetiiamethazine
or reduced bioavailability of sulfamethazine over time allowed recoveheadenitrifier

population.

Keywords: enrofloxacin, atrazine, sulfamethazine, denitrifiers, degoadatood chips,

nosZ1 nitrous oxide reductase
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4.2 Introduction

Tile drainage is practiced in many parts of the world, including the Mido¥ddnited
States, to enhance drainage of water-logged land for agricultural prod(itaalivko et al.,
1999). However; suspended matter, excessive nitrate and various agrichiémadals can
be transported rapidly by tile water to surface waters. A major concernifidiaest is the
elevated of nitrogen concentrations in surface and subsurface drainagenoaters
agricultural systems (Jaynes et al., 2001, Jaynes et al., 2008, Kladivko et al., 1999).

One possible approach in reducing thesN®in tile water is to treat water with
denitrification walls or in situ bioreactors. Several organic materigls as wood chips,
cornstalks, sawdust and cardboard fibers have been used as a carbon source for
microorganisms in denitrification walls. Denitrification with exterradbon sources studies
by Greenan et al. (2006) showed that higher nitrate removal rate was achiived w
cornstalks as compared to wood chips, but wood chips provided a more stable percent
removal and lasted longer in the fields than cornstalks. Greenan et al. (2009) aksal repor
that N&'-N removal as high as 100% with a denitrification wall can be achieved. Several
factors can affect the denitrification in the denitrification walls ortun Isioreactors. These
factors include oxygen concentration, pH, temperature, and amount of nitrogen and carbon
(Hofstra and Bouwman, 2005) with water flow rate as a significant fé@iaenan et al.,
2009). Interestingly N&-N removal per gram of wood increased with increasing flow rate,
but the percent of nitrate removal decreased from 100% to 30% when the flow redseaacr
from 2.9 t0 13.6 cmdl

In addition to N@-N, agrichemicals such as pesticides and antibiotics can be
transported to surface waters via the tile drainage systems. Concestadf@sticides in
subsurface drainage water were found to be an order of magnitude lower than the
concentrations in surface waters (Kladivko et al., 1999). For instance, atrezaentrations
ranging from 1.3-5.1 pgtand 0.5-20.5 pgt were detected in tile drain water and in
lysimeter water, respectively along with atrazine metabolitethgkatrazine and
deisopropylatrazine at concentrations of 0.1-2.2 figid 0.9-3.2 ug L, respectively
(Jayachandran et al., 1994). Similarly, veterinary pharmaceuticalsnrenahen applied to
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farm lands may be present in tile drainage water. For example, sulfamethadi
flubendazole were found at concentrations of 16 figid 0.3 pg I in soil seepage water
when manure was treated with 600-1700 [{pf sulfamethazine and 25-56 pg bf
flubendazole (Weiss et al., 2008).

Persistent residues of sulfonamides and fluoroquinolones were found in the soll
environment (Wang et al., 2006, Gdlet et al., 2003, Yang et al., 2009) and there is limited
information on the biological degradation of veterinary antibiotics in the subsurface
environment. However biodegradation of enrofloxacin under aerobic and anaerobic
conditions by two wood rotting fungPfianerochaete chrysosporitandGloeophyllum
striatum) in agricultural soils was observed (Wetzstein et al., 1997). In a similar manner
under aerobic conditions Accinelli et al. (2007) reported a half life of 18.6 days for
sulfamethazine in soils treated with 10 |igihdicating biological degradation is present.
There are no prior studies indicating that enrofloxacin and sulfamethazine dagraded
under denitrification conditions. However, atrazine can be degraded under degitrify
conditions. Radosevich et al. (1995) showed that under denitrifying conditions atrazine can
be mineralized by soil microorganism by cleavingsiteazine ring. More recently Katz et
al. (2000) characterized atrazine degradation and nitrate reductionsmfadad
Pseudomonas sptrain (Katz et al., 2001). Degradation of atrazine in wood chip biofilters is
still unknown.

The presence of antibiotics in tile water and ground water may negativadhyi the
aerobic and anaerobic microbial activity such as nitrification and denitigiicéCostanzo et
al., 2005). Antibiotics and pesticides entering a wood chip bioreactor could reducedtee ni
removal by interfering with wood chip denitrifier organisms. Soil microbiplagsays can be
adopted to study wood chip bioreactor microorganisms. Methods to investigateimtsrac
of agrichemicals with soil microbial biomass include measurement of bioegsEgation
over time or the monitoring degradation of atrazine and changes in microbial bsngass
(Ghani et al., 1996), and determination of metabolic activity such as monitagihg N
production and relating it with population counts (Martin et al., 1988). More recently,
molecular biomarkers have been employed to study microbial communitkesalSe

guantitative polymerase chain reaction (QPCR) assays were developed aatedv@lenry
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et al., 2006; Smith et al., 2006; Siciliano et al., 2007) in order to quantify and qualify
denitrification gene prevalence in environmental samples. Kloos et @ll)(26d Henry et
al. (2006) designedosZandnosZ1primers which amplify gene fragments responsible for
synthesis of nitrous oxide reductase@\R) which catalyzes the last step of denitrification.

The fate of selected agrichemicals in soils has been well establishexjdrdirere is a
lack of information on degradation of these chemicals in wood chip reactors and the
influence of these chemicals on microbial community established in thediamed he
objectives of this study are to study the degradation of atrazine,c@aift and
sulfamethazine on wood chips obtained from in situ reactors. The influenceef thes
chemicals on the denitrifier community was measured by quantifying theifizatibn
activity, the denitrifier populations using the most probable numbers, and specific
denitrification genes measured using gPCR.

4.3 Materials and Methods

4.3.1 Materials and chemicals

Woodchips were collected June of 2009 at a depth of 120 cm from an in situ bioreactor
at lowa State University Research Farm, Ames, IA and stored incdiasfs at 4 °C until
use. Details of bioreactor performance and construction are given by &hahe@008).
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) waschased from Chem
Service (West Chester, PA). Enrofloxacin (1-cyclopropyl-7-(4-ethyiperazinyl)-6-fluoro-
1, 4-dihydro-4-oxo-3-quinolinecarboxylic acid) and sulfamethazine (4-amif-B-
dimethyl-2-pyrimidinyl)-benzenesulfonamide) were obtained from Sighdaigh (St Louis,
MO). Working solutions of 26-100 mglof atrazine, enrofloxacin and sulfamethazine were
prepared in MilliQ water from 1000 mg'Lstocks solutions of sulfamethazine in MilliQ
water and atrazine and enrofloxacin in acetonitrile. All standards wesglsat 4 °C in

amber bottles.

4.3.2 Degradation studies

For the biodegradation studies, 50-mL amber vials were filled with 20 mLsaf ba
minimum salt (BMS) (1.6 g t of Ko;HPO,, 0.4 gL of KH.POy, 0.2 gLt of MgSQ,. 7H,0,
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0.1 g L'* of NaCl, 0.025 g I* of CaC}) solution at pH 7.2 containing 40 mg KNOs-N and
autoclaved for 15 minutes at 121 °C. The vials lost about 1-2 mL of the volume due to
autoclaving and the volume lost was replaced with sterile BMS. Wood chipsniere
thoroughly and 2 g of wood chips with 256 % moisture were weighed and added into each
vial with sterile tweezers. All vials were sealed with Teflon® caps evacuated with a
vacuum manifold 3 times with a one-minute cycle using helium gas. The final helium
relative pressure in the head space of vials was 5 kPa. A total of 21 vials weregfepa
each chemical treatment and 3 of them were without wood chips and 3 of them there wi
sterile wood chips. The sterile treatments were not sacrificed untildagiling day. For the
sterile control, 3 vials were immediately autoclaved on 3 consecutive dayslipesterd
minimize microbial growth in the vials.

For the degradation studies, wood chips were pre-incubated in BMS for 7 days for
acclimation since they had been kept at 4 °C for 3 months before the experiment, which ma
result in a reduction of microbial activity. At the end of the 7-day acclinateriod each set
of vials were spiked separately with 5 mL of 26 mbdf atrazine, enrofloxacin or
sulfamethazine to obtain an initial concentration of 5 Minleach vial. For the atrazine and
enrofloxacin treated vials, the total volume of acetonitrile did not exceed 0.5% oféghe t
solution volume. The final wood chips-to-solution ratio was 2:25 (weight: weighgcim e
vial. All vials were incubated under dark conditions in an incubator at a temperature o
19+0.2 °C throughout the experiment. The pH of the solution was stable at 6.1+0.7 for
atrazine vials, 6.0 = 0.9 for enrofloxacin vials, and 6.2+0.4 for sulfamethazineNiiate
was monitored using colorimetric test strips and ion chromatography. Addiibiaa; was
added to each vial before nitrate was depleted in the vials.

After 0, 2, 5, 20 and 45 days of incubation, triplicate vials of each non-sterile
treatment were sacrificed. An aliquot was removed with a sterile syhiom the vial and
filtered with a 2-um glass fiber filter. A 1.5-mL filtered aliquot veasred in a 2-mL HPLC
amber glass vial with Teflon cap tip at 4 C° until they were analyzed fairegra
enrofloxacin or sulfamethazine with protocols described below.

The degradation or disappearance of the selected chemicals was nusdeldtie

availability-adjusted first-order model that has been used previously fadtgn of
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sulfadimethoxine (Wang et al., 2006) and sulfamethazine (Lertpaitoonpan, 2008). The model

is given:
dc
— =k Ce® (1)
dt
In (C/Co) = k» (1-6(® a™) 2)

where G and Ct are the concentrations of the chemicals att{ohand t(0)k” is the
availability-adjusted rate constant; aadis the first-order coefficient describing change in
the non-adsorbed fraction of the chemicals. The first-order rate cegff{&) and the
availability-adjusted rate constant were estimated using aqueous phasatcations of the

chemicals at different time points by non-linear least-squares remressi
4.3.3 Extraction of atrazine, enrofloxacin, sulfamethazine

At the end of 45 days, one g of wood chips from the sacrificed vials of the sterile and
non-sterile treatment with atrazine, enrofloxacin and sulfamethazineewieaeted for
atrazine, enrofloxacin or sulfamethazine to determine the extractaldeanetable after 45
days of incubation. The extraction solution used was 10 mL of 80:20 (v: v) acetcaniidlil
water and the pH was adjusted to 7.9+0.2 with ammonium acetate for enrofloxacin
extraction. No pH adjustment of the extraction solution for atrazine and sulfamethaz
extraction was made. The wood chips were shaken for one hour and mixed for 24 hours with
the extraction solution. pH of the extraction solution was 7.5+0.2 for atrazine and 7.3%0.6 for
sulfamethazine after 24 hours of equilibration. The supernatant was trangiesregP
tubes (30 mL) and centrifuged at 6586 x g for 20 minutes and then the supernatant
transferred to 50-mL amber vials. Eighty percent of the total volume (airi¢oni the
supernatant) was evaporated using an analytical evaporator. The ngneximacted aliquots
were then cleaned and concentrated with solid-phase extraction hydrtipbiailic
balance (HLB) cartridges. For atrazine extraction, manufactyiidgers, Milford, MN)
instructions were followed where the cartridges were conditioned with 3 mL &6 100
methanol (MeOH) and 3 mL of deionized water; followed by loading the agesidith the
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sample; and then washing the cartridges with 3 mL of 5% MeOH and eluting with 3 m
100% MeOH. For the extraction and concentration of sulfamethazine the method by
Henderson (2008) was applied where the cartridges were conditioned with 3100%f
MeOH and 3 mL of 0.5 N HCI; the cartridges were loaded with the sample, thdgeastri
were then washed with 3 mL MilliQ water. Elution was conducted with 3 mL of 100%
MeOH. The method by Gélet (2003) was used for enrofloxacin extraction aneht@tion.
The cartridges were conditioned with 3mL of 100% MeOH and 3 mL of MilliQ waitar w
the pH adjusted to 3 with 0.5 N HCI. The cartridges were loaded with the edtsachples
followed by vacuum drying for 5 minutes. The cartridges were eluted with 2.5 mL of 5%
ammonium hydroxide in 100% MeOH and 0.5 mL 50 mpP&, was added. MeOH in all
elutes was evaporated using an analytical evaporator and the remainirog solught to 2
mL by adding MilliQ water. The final solution was analyzed using HPLC.

Atrazine, enrofloxacin and sulfamethazine were analyzed with an AgiRbCHseries
1100 (Eagan, MN) with an Eclipse XDB-C18 column (3.5 pM diameter, 2.1x150 mm) and
the detectors were diode array detector and a fluorescence detectdP0@e&luent flow
rate was 0.5 mL mihfor atrazine and enrofloxacin analyses with the following solvents and
times; 3 min 0of10% acetonitrile and 90% HPLC grade water (containing 4%lglaetic
acid and 1 mM ammonium acetate) followed by 70% acetonitrile and 30% HPLE grad
water for 9 minutes and 10% acetonitrile and 90% HPLC grade water forttBenh@isutes.
Retention times for atrazine and enrofloxacin were 12.1 and 8.1 minutes, respetheel
eluent flow rate for sulfamethazine was at 0.3 mL tnirith 25% acetonitrile and 75%

HPLC grade water for 8 minutes, increasing the acetonitrile to 45% forxh8& nanutes,
followed by 100% acetonitrile for 2 minutes and finally the acetonitrileredisced to 10%
for last 5 minutes. Injection volumes used were 20 pL for enrofloxacin, 30 uL damegr

and 50 pL for sulfamethazine. Detection wavelength was 254 nm for atrazine and
sulfamethazine, and for enrofloxacin emission and excitation were 278 and 445jvelpect

Column temperature was 60 °C for atrazine and enrofloxacin, and 40 °C for sulfamethazi
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4.3.4 Denitrifier population count - Most Probable Number

To estimate the denitrifier most probable number (MPN), a 1-mL aliquot was
withdrawn from the same sacrificed vials used in the biodegradation studre3 2ft&, 20
and 45days of incubation. In addition to the vials from the biodegradation study, 15 vials
with 25 mL of BMS and 2 g of wood chips were prepared like the vials in the degradati
study and also incubated at 19 C° as the untreated control, and 3 vials wécedadreach
sampling day for MPN analysis. The 1 mL aliquot withdrawn from vials at eagblisgm
day was transferred to a sterile 20-mL screw cap dilution tube containiig SterL of
potassium buffer (0.0125 M, pH 7.1). A serial 10-fold dilution was then performed by
transferring 1 mL to the next dilution tube containing 9 mL of buffer solution givingal ser
dilution ranging from 1x18 to 1x10°. However, dilutions for day 45 samples were extended
to give a dilution ranging from 1xXto 1x10' in order to adjust the detection limits to
provide a more sensitive estimation. From each dilution tube, 0.2 mL of aliquot was
transferred into 5 MPN tubes. The tubes were vortexed and incubated at 22+1 C° for 15 days.
The MPN tubes were prepared based on a method developed by Tiedje et al. (1989) as
follows: nutrient broth powder (8 g) and KNG (5 g LY) were dissolved in MilliQ water
and the solution was sparged with ddis for 20 minutes in the presence of anti-foaming
agent to remove oxygen. Approximately, 5 mL of medium was dispensed into a 28-rhL Balc
tube, and the tubes were sealed with gray butyl septa and aluminum crimp ringgéekhe t
were then evacuated 3 times for 1 minute and filled with 5 kPa helium. The tubes were
vented to atmospheric pressure after they were autoclaved for 15 minutes at 121 °C.

At the end of the 5day incubation period, 0.3 mL of the supernatant was taken
from each MPN tube with sterile syringes and tested for the presence @& witfat
diphenylamine solution. The diphenylamine solution was prepared by dissolving 2 g of
diphenylamine [(GHs).NH] in 100 mL of concentrated sulfuric acid &0;). For tubes
which showed presence of nitrate, 2 mL of acetylene was added to each MPN tubes and the
vented to atmospheric pressure before incubating for an additional one week. At the end of
the week, 3 mL of helium was added to each MPN tube, and gas in the headspace of tubes

was analyzed with a gas chromatograph to monitor presence of nitrous oxide.
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4.3.5 Determination of nosZ1 abundance by qPCR

The qPCR assays were performed with an MJ Research Thermal Cyaileuléd,
CA). The 25-uL reaction mixture was prepared as follows: 12.5 puL of 2X SYBBNGICR
Master Mix (QuantiTect SYBR green PCR kit; QIAGEN, France), 5.0 pL of 6.25 uM of
eachnosZlprimer, 2.5 pL of template DNA. gPCR protocol fmsZ1primers was adopted
from Henry et al. (2006) with few modifications. Thermal cycling conditioasewan initial
Taq polymerase (thermostable DNA polymerase) activation of 95°C for 15 min and 40
cycles of 95°C for 15 s, 53°C for 15 s (annealing step), 72°C for 30 s, and 80°C for 15 s
(acquisition data step) followed by melting curve analysis from 50 °C to 90 °C.

The primers used for PCR amplification were a pair of 259-bp gene fragmesiZs]
F andnosZ 1R The fragments were designed by Kloos et al. (2001) and modified by Henry
et al (2006). Selected properties of the primers (oligos) are shown in Tabimédr. Pr
concentrations per reaction was optimized by running combinations of 0.5, 0.75, 1.00, 1.25
and 1.5 uM of both forward and reverse primer final concentrations. The higher
amplification was achieved at 1.5 uM of each primer, although 1.25 uM gave a similar
amplification rate. Annealing temperature for selected primers waswlaed by running a
temperature gradient and evaluating the resulting gPCR products on an gga(ese
Figure 1). The sharpest band was formed at annealing temperatures of 53 C° andtb7 C° w
the highest qPCR efficiency at 53 °C (data not shown).

DNA for gPCR standard curves were prepared uBsgudomonas stutzekifCC
14405 andescherichia colATCC 43651 strains grown over night at 26 °C in marine broth
(50 mL) and nutrient broth (50 mL), respectively and harvested with 10 mL of sterile
potassium phosphate buffer (PPB). The cell numbers were estimated usimgrtdrop
technique on agar plates. A total of 2 X &6lls were extracted according to the
manufacturer's (MOBIO Soil Power, CA) manual, and the DNA conceohsivere
estimated by spectrophotometry (BioPhotometer, Eppendorf, GermanyctEdRastutzeri
DNA was diluted for preparation of standards which contained copy numbers between 10

and 18° per reaction assuming one copy per cell. gPCR standard curves (Figure 2)were
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obtained by amplification of the 10-fold dilutionsf stutzeridouble stranded DNA

(dsDNA) templates witimosZ1 FandnosZ1 Rragments. A set of templates that had initial
copy numbers of o 10° cells ofP. stutzeriwas run each time with samples as standards.
The amplification efficiency, E, was determined using the equation E*¢49) -1, where

the slope is the slope of the standard curve (Henry, et al., 2006). Linearity ofdtaundas
(R>>99%) was observed each time with amplification efficiencies (E) appaiely 83%

with slopes of about -3.7. Amplification & coli DNA was not observed during the 40
cycles indicating only fragments nbsZ1

For each sacrificed vial from the degradation study, wood chips were take thie
vials and stored at -20C° until the end of experiments. From a total of 14 vials for each
treatment (control, atrazine, enrofloxacin or sulfamethazine treatntentsets of 0.25g of
wood chips were extracted for microbial DNA. Microbial DNA on wood chips waa&eut
with MOBIO Power Soil DNA Isolation Kit (CA, USA) following the supplieusers
protocol with several additional steps to increase DNA recovery. Thd#@aal steps
include incubating the samples at 70 °C for 10 minutes and centrifuging the wood chips
before the first step of extraction to remove excessive water. The amouNAadracted
was increased by performing two consecutive lysis steps, but this approachl rbeuce
gPCR efficiency by increasing contaminants in the DNA extract. To overcaméoms as a
result of material’'s heterogeneity, wood chips from the same soureeewteacted two times
and the extracts pooled. DNA concentrations were measured by using a spectrefgrotom
(Eppendorf, Germany) at a wavelength of 260 nm.

Serial dilutions of microbial DNA extracted from wood chips were quantified and copy
numbers of lower than @ere spiked withP. stutzerDNA template to detect for the
presence of PCR inhibitors (data not shown). For each DNA sample, gPCR was @effor
triplicate and results were pooled and 95% confidence intervals estimagiishghdurve
analysis was used to check for the purityPostutzerwhich appeared around 84 °C. The
melting curve analysis revealed that the annealing temperatweevioonmental samples
was not significantly different (see Figure 3).
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4.3.6 Denitrification potential assays

Denitrification potential assays were performed to determine the effatrazine,
enrofloxacin and sulfamethazine on the denitrification process. Denitrificationtj@bt
assays were performed based on a method developed by Tiedje (1994). For each set of
treatment (atrazine, enrofloxacin, sulfamethazine or untreated contrdB| aftd5 amber
bottles (250 mL) were prepared. For each bottle, 8 g of wood chips with 156% moisture
content and 90 mL of BMS buffer containing 0.1019yHNO; were added. The bottles
were sealed with caps, evacuated 5 times with a 2-minute cycle and filkedeNitm gas to
a final pressure of 5kPa. The bottles were incubated for 7 days at 19 °C withgHeniaé
degradation study, and at the end By 5 mL of 100 mg 11 of atrazine, enrofloxacin or
sulfamethazine were added in each set of the bottles except the contmudtte&or the
control treatments 5 mL of MilliQ water was added to bottles. Then 5 mL of 40’0 L
KNO3-N was added to all bottles giving a final volume of 100 mL. The bottles were
incubated under dark conditions in an incubator at a temperature of 19 + 0.2 °C.

Triplicate bottles were sacrificed for treatments for the demition potential assay
on 0, 2, 5, 20 and 45 days after the chemicals were added to each bottle. Denitrification
potential was measured by quantifying the amount,@f produced under acetylene block
(Tiedje, 1994). Each bottle was spiked with 10 mL of a solution containing 1.0Df) L
KNOs and 2.5 g [! chloramphenicol giving a final concentration of at least 0.10% gfL
KNOs and 0.25 g I* of chloramphenicol. Then the bottles were evacuated with vacuum
manifold and acetylene was added to each bottle with a syringe to produce a 10% v/v
concentration in the headspace, and all bottles were vented to atmospherie pBeitias
were placed on a reciprocating shaker. Ten mL of the gas in the bottlesolleceed after
4, 8, 24 and 48 hours of addition of acetylene and stored in evacuated 6-mL glass vials sealed
with gray butyl septa and aluminum crimp rings. Nitrous oxide concentrations uiats
were measured with gas chromatography (Model GC17A, Shimadzu, Kyoto, Japan)
equipped with &°Ni electron-capture detector and a stainless steel column (0.3175 cm
diameter 3 and 74.54 cm long) with PorapakQ (80-100 mesh). Sample volume used was 10
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mL. The analytical run was 9 minutes long, and the retention time@fWds approximately
4.4 minutes.

During the 45-day incubation nitrate concentrations in the bottles were neahittpr
withdrawing 1 mL of the supernatant with a sterile syringe from the bottlegstntthe
presence of N©-N using nitrate/nitrite test strips. One mL of 40 myKNO5-N was added
to each bottle or each tube (degradation study tubes) when nitrate was about teted.depl
In order to estimate the amount of nitrate consumed per each bottle, 5 mL of suparaatant
removed before and after addition of Kj§dlution, filtered with a 2-um glass fiber filter
and analyzed with ion chromatography with the method described below.

NOs-N concentration measurement followed the EPA method 300.1 and Dionex
Application Note 154 where NON was measured with a Dionex ICS- 2000 Reagent-free
lon Chromatography (RFIC) System (Sunnyvale, CA). The column used was an lon Pac
AS18 (4 x 250 mm) analytical column while the detector was a digital conductetigtor.
Eluent used for the ion chromatography was 22 mM KOH with a flow rate of 1.0 mt. min
Injection volume of the sample was 25 pL. Data acquisition was performed with a
Chromeleon 6.5 software. Stock solutions of 1000 m@fLnitrate-N, nitrite-N, phosphate-
P, chloride, fluoride, sulfate and bromide were purchased from Dionex and were used to

prepare standards.

4.4 Results and Discussion

4.4.1 Degradation of atrazine, enrofloxacin and sulfamethazine

The results of the degradation experiments for atrazine, enrofloxacin and
sulfamethazine are presented in Figure 4. The control without wood showed that the
chemicals were stable throughout the experiment. More than 90% of aqueous cbogentra
of atrazine and enrofloxacin were found to rapidly disappear within the first 48 hours. F
sulfamethazine, there was a rapid disappearance to about half of the initial icdiwrent
within the first 48 hours which was followed by a slower disappearance over 3¢-days.
atrazine experiments, about 8.4% and 3.6% of initial concentration were measuined for t
sterile and non-sterile experiments, respectively at the end of 45 days cuaghase.

Likewise, following 45 days of incubation, about 11.4% and 8.6% of sulfamethazine were

www.manaraa.com



75

measured in sterile and non-sterile experiments, respectively. Fdiogaoif, about 5.5%
and 1.4% of initial concentration was measured in the aqueous phase in sterile and non-
sterile experiments, respectively. At the end of degradation experiments)dbataof
atrazine, enrofloxacin and sulfamethazine extracted from wood are presenadtei2 TFor

all three chemicals, there were no statistical difference bet(neeb%) the sterile and the
non-sterile experiments. The percent of chemicals extracted after 4&elay$6.8% for
atrazine, 14.2% and for sulfamethazine, 5.3% for enrofloxacin. The extracteonfsaauti
adsorbed chemicals after 8 days of incubation in Chapter 3 were generallythaghthe
extracted recoveries for Chapter 4 such as 24.3% for atrazine, 22.4% foresiéaime, and
7.8% for enrofloxacin. In general lower recoveries were attainedréiag, enrofloxacin or
sulfamethazine compared to the sorption experiments. The difference inesktessiveries

of the adsorbed chemicals between sorption and degradation experiments may beedue to t
longer equilibration time in the degradation experiments, which may hautecem greater
transfer of the chemicals into the inner pores of the wood. In general 7@f36&chemical
was accounted for by sorption and degradation.

The loss of chemicals from solution was described with the adjusted first-orde
model. The availability-adjusted dissipation rate constants of atrazine ostafl and
sulfamethazine for sterile and non-sterile wood chips are shown in Table 3.8 benstiant
for atrazine was 0.80°d While the rate constant for atrazine was higher than rate constant
for sulfamethazine (0.13%), it was lower than the rate constant for enrofloxacin (452 d
Similar to rate constants, the highest unavailability coefficenivas estimated for
enrofloxacin (1.02 d) and the lowest for sulfamethazine (0.05 dnda was less than the
value for enrofloxacin and higher than sulfamethazine for atrazine (8)25 d

A comparison of sterilized and non-sterilized treatments shows littleethtfe for all
chemicals, except for atrazine which showed greater loss of chemaralsvater at 2 days
in the non-sterile treatment than sterile treatment. One possible readom $onitlar results
in sterile and non-sterile treatments was that the sterile vials whiehau®claved three
times did not fully sterilize the wood chips (Wolf et al., 1989). Aqueous phase sdrptes
sterile vials at the end of the experiment inoculated onto agar plates showaoiahgrowth

which indicated that autoclaving did not sterilize the wood chips. Based on the disappea
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of the aqueous concentration of the chemicals, it was probable that sorption wasthe m
mechanism of loss but biological degradation cannot be entirely eliminated

Previous studies have shown that atrazine can be degraded by microorganisms under
denitrifying conditions (Katz et al., 2000, Herzberg et al., 2004, Shapir et al., 1998). In a
recent study by Hunter and Shaner (2010), a denitrifier barrier was shown to remow€& 98%
nitrate and 30% of atrazine in contaminated ground water, although the removat iofeat
may be due to sorption. These studies suggested that, atrazine degradatiohlés yroesi
anoxic conditions and disappearance of atrazine in wood chip bioreactors may be due to not
only sorption but also biodegradation.

The rate of sulfamethazine disappearance was lower than atrazine, probably due
less sorption of sulfamethazine. Yang et al. (2009) showed sulfadiazine degradanhoxic
soils with degradation rate constants of 0.0026-0.012fod non-sterile soils and 0.0029-
0.0104 d'for sterile soils, where after 24 hours of equilibratiorvKlues ranged between
0.09-0.24 L kgfsuggesting sulfadiazine was persistent in anoxic soils. There are not many
studies on sulfamethazine degradation under anoxic conditions. However, degradation of
sulfamethazine under aerobic conditions and anaerobic conditions were shown by Henderson
et al. (2008) and Lerpaitoonpan (2008) where the main mechanism was irreversiohg
to soil.

Fluoroquinolones on the other hand, bind to soils or organic matter strongly and their
bioavailability is relatively lower than sulfonamides which may delay thentegradation
(Hektoen et al., 1995). The higher availability-adjusted dissipation satéaent for
enrofloxacin than for atrazine and sulfamethazine may be due to this strong binding to
organic matter property of enrofloxacin. Degradation of fluoroquinolones has not been
showed under anoxic conditions but, biodegradation of enrofloxacin was shown under
aerobic conditions by wood rotting fungGsoephyllum striatunfMartens et al., 1996,

Wetzstein et al., 1997).

Assuming that all the atrazine loss from the aqueous phase was due to sorption, the
estimated K values for atrazine after 48 hours of equilibration were 690+240'lakd
246+117 L kg for non-sterile and sterile wood chips, respectively. Thigafue for sterile

wood chips in the degradation experiment was lower than tlpeeiously estimated for the
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sorption experiments (66+12 L Ry whereas Kfor atrazine non-sterile treatment was
comparatively higher (see Chapter 3)vélues for sulfamethazine in the degradation
experiments after 48 hours of equilibration were found to be 26.3+6.8 hrkd)19.2+8.2 L
kg, for sterile and non-sterile experiments, respectively which were inne rsage of i
calculated during the sorption experiment (35.7+7.9 £)ki4 values for enrofloxacin
estimated from degradation experiments, for sterile and non-sterile wood\veng594+99
L kg™ and 899+453 L kg which were higher than theyKalue (232 L k) previously
estimated in Chapter 3.

The differences in the Jalues from the previous sorption experiments and these
experiments can be attributed to the differences in the experimental psoidomd chips
used in degradation and sorption experiments were taken from the bioreactor in 2009 and
2006, respectively. The wood chips used in the sorption experiments were also prepared
differently than wood chips in the degradation experiment. The wood chips were diiodrie
the sorption experiment, while the wood chips used in degradation experiment were
relatively fresh and wet. The wood chips were sterilized withdNlmNorption experiments
while they were autoclaved 3 times for the degradation experiment. DuringBorpti
experiments the tubes were mixed with a reciprocal shaker for 48 hours, whereas i
degradation studies the tubes were not mixed.

Although sorption may be the main cause for the disappearance of the chemicals
tested, the possibility of biodegradation cannot be ruled out based on the estimatedhighe
values for the degradation experiments as compared to the sorption experimenais. iOge
probable that both biotic/abiotic degradation and sorption of atrazine, enrofloxacin and
sulfamethazine may be occurring under denitrifying conditions with sorption floe ma

mechanism.

4.4.2 Denitrifying enzyme assays

Potential denitrification was determined by measurip@ b the presence of
acetylene. BO production rate over the 45-day period for each chemical and control are
presented in Figure 5a. The rates were calculated based on the dry weighvobd chips.

The NO production rate for the control reached a maximum at 20 days at 4.57Hg'N g

www.manaraa.com



78

with a fairly similar production rate for the 48lay sampling event. The observed rate for the
control was comparable to the rates reported by Greenan et al. (2006) at about 17¢/9 pg N
'h for ground cornstalks and about 2.75 pgMfor wood chips over 180-day incubation
period. The denitrification rate observed for the control was also less thaetloé 27.5-

36.4 pg N gh for shredded newspaper reported by Volokita et al. (1996).

After treatment with atrazine, the maximurgONproduction rate was reached within
the 5" day, with the 48 day NO production rate statistically similar to that of the control
(2.74%0.25 ug N gh for control and 4.52+5.13 pg N'g*for atrazine) indicating
denitrification in wood chips was not inhibited by the presence of 5 fragriazine. Work
done by others showed that a pure culturesgudomonasp strain ADP was capable of
both atrazine degradation and denitrification at a rate of 90.8 mgNN@'cell*h™ (Katz et
al., 2000). However, denitrification activity &t autotrophicusCECT 7064 was found to be
inhibited in the presence of 10 mg bf atrazine $aez et al., 2006n this study, an aqueous
concentration of 32fg L™ of atrazine was measured after 48 hours of equilibration, but the
denitrification activity was not inhibited in the wood chips.

An initial concentration of 5 mg tenrofloxacin did not appear to have an effect on
denitrification throughout the 45 days of incubation. This may be due to the reduced
availability of enrofloxacin since there was a rapid decrease of enroifioxesolution (see
Figure 4c).

Sulfamethazine reduced theiproduction rate 2 days after treatment, (P = 0.0405)
compared to the control, bub@ production gradually increased with time with th&©N
production rates at 20 days and 45 days statistically similar to that of thel ¢Br40.354 for
day 20 and P=0.847 for day 45). There are no prior studies on the effect of sulfamethazine
and enrofloxacin on denitrification and therefore their effects were unknown. Howeaser
study showed that there was an initial inhibition of denitrification by sulfaezee,
followed by recovery of both potential activities compared to the contrslplssible that
with time, sulfamethazine becomes less may available due to sorption onto the wood,
reflected by the slow decreases of sulfamethazine (see Figure 4b).

www.manaraa.com



79

4.4.3 Most probable number-denitrifiers

Denitrifier populations on wood, measured by MPN are presented in Figure 5b. The
MPN for the untreated control showed a similar trend as that forABeoMduction rate
with an increase in MPN to a maximum in 5 days and then remaining a fairlyrdoredtae
of 1x10 cells per g wood chips up to 45 days. The MPN for the vials with atrazine showed a
slightly lower MPN than the control for the first 5 days, but showed a simifat &re the
control with MPN statistically similar for the 20 and 45-day sampling event

Both vials for sulfamethazine and enrofloxacin showed a statistically seymifi
decrease (P=0.0002) in the MPN on day 2, with an increase in MPN on day 5, followed by
MPNSs statistically similar to the control for 20 days (P=0.827). At day 45, thé fdiP
sulfamethazine and the control were statistically similar (P =0.599), MM for
enrofloxacin was higher than the control (P=0.0023). One possible reason for the reduction in
MPN on day 2 and similar MPN for sulfamethazine and control treatments at day #tewas
change in sulfamethazine bioavailability over time. Schauss et al. (2009) defhaittby the
presence of sulfadiazine in the manure, number of denitrifiers declined whildnevith t
reduction in the bioavailability of sulfadiazine, the abundance of denitrifiers sette@here

are no studies indicating impact of enrofloxacin on denitrifiers.

4.4.4 nosZl gene abundance

ThenosZl1copy numbers are shown in Figure 5c. Over the 45 days of incubation a
gradual increase in copy number was observed in control group, but was not dkatistica
significant (P=0.760). A similar increment over time was observed for both atilNosZ1
gene copy number, although the numbers obtained fromoi&lcopy number were an
order of magnitude higher than the MPN of denitrifiers. MPN populations were loarer t
the qPCR assay, possibly due to the limitation of cultural methods. Additionally, thre lowe
and upper confidence limits (LCL and UCL) of the calculated MPN value covetea wi
range. For example, at day 0, MPN was 2% tile LCL and UCL were 7 x T@and 3 x
10®, respectively. On the other hand, non-specific amplification with SYBRnGra® cause
over estimation ofiosZ1copy number by gPCR. In this study, various concentratiois of

coli DNA were also run at each assay and no amplification was observed.
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In atrazine-treated wood chips, thesZ1lgene copy number increased over time with
the copy number on day 2 not significantly different from the copy number in the control (P
= 0.543) while it was significantly higher than the control on day 5 (P=0.01) and day 20
(P=0.012). At the end of the experiment at day 45, the copy number in the atrazine
experiment and control experiment were not different (P=0.06).

For enrofloxacin-treated wood chips, copy numbensosZ 1was similar to the control
over 45 days of incubation. The significant reduction in MPN at 2 days for enrofloxasin w
not observed with g°PCR. However,Mproduction rates over time under enrofloxacin
treatment supported the changeasZXTopy number.

In contrast to enrofloxacin treatment, the number of denitrifiers at 5 dag/seduced
in the presence of sulfamethazine in comparison to the control (P = 0.0049). Eventually, afte
day 20, the copy numbers in sulfamethazine treatment, atrazine, enrofloxacin aold contr
were similar; suggesting the impact of antibiotics on denitrifiersaNlagiated within 20
days of chemical addition. Sulfonamides were found to be impacting denitojfigmumber
by Kotzerke et al. (2010) and Schauss et al. (2009) suggesting sulfamethazine may have
inhibited denitrifiers during the 5 days of incubation.

4.5 Conclusion

Disappearance of atrazine, enrofloxacin and sulfamethazine in wood chips taken from
an in situ reactor may be primarily due to sorption and to limited degyadahe rapid
disappearance observed for atrazine and enrofloxacin during the first 48 hours dfoncuba
was mainly due to sorption which reduces the bioavailability of the cherSidéamethazine
disappearance was slower than atrazine and enrofloxacin, which could be dsestopéion
onto wood chips. Denitrification rates on wood chips and denitrifier numbers estingated b
MPN and gPCR were not inhibited by the concentration of 5 Yhaf Atrazine. At the same
concentration, enrofloxacin only inhibited MPN at 48 hours but did not imp&r N
production rate onosZ1copy number. However that concentration of sulfamethazine
impaired both NO production rate and growth of denitrifiers during the first 5 days of
incubation. With a reduction in the aqueous concentrations of sulfamethazine overn@ime, N
production rate and denitrifier populations recovered and were similar to the cotiel at
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end of 45 days of incubation. The results of this study suggested wood chip bioreagtors ma
remove agrochemicals by sorption and degradation. The presence of agratsheraic

impact denitrification potential of wood chip bioreactors by temporarily inhdptienitrifier
populations.
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Table 1. Selected properties of synthesized oligasosZ 1F andnosZ 1 R.

Oligo Name nosZ1F nosZ1R
Sequence 5WCSYTGTTCMTC 5 ATG TCG ATC ARC
GAC AGC CAG 3’ TGVKCRTTYTC 3
Oligo Length 21 23
Concentration 1.25uM 1.25uM
per well
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Table 2. Recoveries of atrazine, enrofloxacin and sulfamethazine in aqueousage and
the recoveries of adsorbed chemicals with solvent extraction from stk and non—
sterile wood chips incubated at 19 °C under denitrifying conditions atte end of 45

days.
% Recovery (+ 95%ClI)
Initial Aqueous :
_ _ Aqueous phase Wood chips
Chemicals Concentrations : : : :
4 Sterile Non-Sterile Sterile  Non-Sterile
(mg L")

Atrazine 4.1-4.8 8.4 3.6 22553 16.8+1.9

Enrofloxacin 5.2-6.0 5.5 1.4 8.2+2.6 5.3+4.6
Sulfamethazine 5.0-5.4 11.4 8.6 16.9+2.1 14.2+3.6

" ClI = Confidence Interval
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Table 3. Degradation rate constants and availability coefficients of atrazine,
enrofloxacin and sulfamethazine (means reported with 95% CI).

Chemical / Rate Constank()  Availability g
Treatment Type Coefficient @)
Atrazine
Sterile 0.81+0.27 0.25+0.09 0.97
Non-sterile 0.80+0.25 0.25+0.09 0.98
Enrofloxacin
Sterile 3.95+2.72 1.25+0.90 0.98
Non-sterile 452+1.12 1.02+0.09 0.99
Sulfamethazine
Sterile 0.24+0.12 0.12+0.06 0.97
Non-sterile 0.13+0.08 0.05+0.05 0.94
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Figure 1. Gel eletrophoresis of gradient gPCR products of nosZ1 gene anfjgations,
annealing temperatures varying between 50 C° and 75 C°.
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Figure 2. Standard curve for nosZ1 showing initial copy number of P. stu&zi against
threshold cycle number (CT).
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Fluorescence

Fluorescence

Figure 3. Melting curve analysis for amplicons of P. stutzeri (a) and wood ghs DNA
templates (b) obtained by nosZ1 primers.
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Figur 4. Loss of (a) atrazine, (b) sulfamethazine, (c) enrofloxacin from wat incubated
with wood chips. The control treatment is water amended with chemats without wood

chips.
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Figure 5. (a) Denitrification rate, (b) most-probable-number, (c)hosZ1 gene copy
number for control, atrazine, enrofloxacin and sulfamethazine. Denitrifcation activity
was measured as pD production in the presence of acetylene.
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CHAPTER 5 CONCLUSION

Agrochemicals entering the environment via direct application of pesticides and
manure amendments (mostly veterinary antibiotics) may impact and iatestd the
environmental quality. Contamination of groundwater with pesticides and veterinary
antibiotics is of concern due to their potential health effects and potential deeakopim
resistant microorganisms. Wood chip reactors are used to remove nitratddrdrainage
water and these reactors may also reduce the transport of pesticides aratphtcals.

Sorption-desorption of atrazine, enrofloxacin, monensin and sulfamethazine were
investigated in Chapter 3, and sorption of atrazine, enrofloxacin and sulfametbazoed
chips was found to be higher than their sorption to soils. This may be due to macro porosity,
hydrophobic groups and organic C content of wood chips as compared to the soils used in
this research. Freundlich isotherms were better for modeling the sorpsorptien data of
the four chemicals than a linear model since partitioning of the seldwtadaals onto
woodchips was not linear. Of the four chemicals tested, sulfamethazine, witighsthi
water solubility, partitioned less onto the wood chips than the other three chemisisasy
enrofloxacin partitioned the most. Desorption hysteresis was more notableafmegnd
sulfamethazine than enrofloxacin and suggests less tendency to desorb. Sosatiptiete
hysteresis also increased for higher solute loads for sulfamethazineaw/itedecreased for
atrazine and enrofloxacin. On the other hand, the first desorption experiments fasmone
with water suggests that a fraction of monensin was sorbed onto the wood chipsslue to it
large molecular structure.

For the degradation studies, disappearance of atrazine, enrofloxacin and
sulfamethazine in wood chips over 45 days was described in Chapter 4. Monitoring with
HPLC showed that the disappearance of all three chemicals was due to winbnsand
limited degradation. During the first 2 days of incubation about more than 90% ohatrazi
and enrofloxacin disappeared, while about half of the sulfamethazine added cemainmee
vials, indicating bioavailability of sulfamethazine was higher than iagand enrofloxacin.

At the end of the 45-day incubation period extractable percentages for gteszofeoxacin

and sulfamethazine were lower than extractable percentages at the engfd@ thee
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sorption experiment which suggested that long-term incubations caused thedselec
chemicals to be degraded or to become unavailable. Disappearance of sufm@etha
slower than disappearance of atrazine and enrofloxacin.

Chapter 4 provides information on the effect of atrazine, enrofloxacin and
sulfamethazine on denitrification potential and denitrifier community sizeomd whips.
Atrazine added at an initial concentration of 5 mygdid not inhibit denitrification enzyme
activity or the denitrifier population on wood chips; however sulfamethazinenat sa
concentration reduced denitrification rate and population of denitrifiersagstiroy MPN
and gPCR during the first 5 days of incubation. However, after 45 days the dendnificat
rate and denitrifier populations were similar to rates and populations of thetethizeatrol.
In a similar manner enrofloxacin did not interfere with denitrificatida,iaut the MPN was
reduced compared to the first two days of incubation althangdlcopy number did not
decline. The results of this study indicate that these antibiotics are unbketpact the

performance of wood-chip reactors used for nitrate removal from drainage wa
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APPENDIX A.WOOD CHIP DENITRIFYING REACTOR

Wood chips were collected from lowa State University Research Farm, Myesd the
collection site is shown in Figure 1a, 1b, and 1c. The reactor is located in aiffettbm-

soybean rotation. It was set up 10 years ago.

Figure A.1.(a) Wood chips collection site, (b) excavating wood chips and (c) cotkd
wood chips.
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APPENDIX B. ORGANIC SOLVENT EXTRACTION SET UP
Selected chemicals were extracted from wood chips as described ieiChapt

Chapter 4. Prior to extraction of the chemicals from wood chips with HLB SRifigas,
the organic solvent was evaporated with an analytical evaporator (Figure B.1hemand t
cleaned up and concentrated with HLB SPE cartridges using the vacuurolch@Rifyjure
B.2.)

Figure B.1. Evaporation of organic solvent (acetonitrile) from samples undex2 gas
flow at 40 C°.

Figure B2. Cleaning and concentrating extracted chemicals with HLB caridges with
selected SPE methods
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APPENDIX C. HPLC CHROMATOGRAMS

DADL B, Sig=220,4 Ref=360,40 (APR42309\A4230908.D)
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Figure C.1. Chromatogram of (a) atrazine standard (1 mg L), (b) supernatant 48

hours after wood chips spiked with 1 mg Catrazine.
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Figure C.2. (a) Sulfamethazine standard (5 mgt), (b) wood chips spiked with
sulfamethazine (5 mg [Y)at day 5.
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FLD1 A, Ex=278, Em=445 (FB272009\FB270006.D)
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Figure C.3. (a) enrofloxacin standard (1 mg [) (b) enrofloxacin chromatogram after
48 hours of application onto woodchips
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APPENDIX D. DATA FOR CHAPTER 3

Table D.1. Atrazine Sorption — Desorption Isotherms Data

E Cinitial Caq—sorp Caq—desorbl Caq—desorbz CWood—sorp CWOOd_ CWOOd_
Q desorbl desorb2
mgL* mgL' mglL* mgL* mgkg® mgkg' mgkg
0.55 0.08 - - 4.66 - -
1.17 0.10 0.02 0.04 10.54 10.22 9.95
.% 1.71 0.16 0.09 0.06 15.07 13.57 13.24
g 2.30 0.23 0.13 0.08 20.31 19.03 18.55
2.88 0.31 0.18 0.10 25.19 23.61 22.96
5.65 0.71 0.30 0.19 48.87 46.31 45.03
1.17 0.01 32.28
% 2.08 0.04 0.04 0.02 39.89 38.89 38.30
g 2.90 0.09 0.04 0.03 54.41 53.21 52.35
S 3.70 0.11 0.07 0.05 69.98 68.81 67.70
15 4.52 0.15 0.09 0.07 84.92 82.68 80.98
7.84 0.23 0.22 0.11 109.9 103.78 100.15
0.77 0.05 - - 7.09 - -
c 1.74 0.06 0.12 0.06 16.42 15.48 14.96
% 2.22 0.04 0.26 0.06 21.32 19.01 18.52
5 2.52 0.06 0.34 0.03 24.17 21.08 20.80
= 3.66 0.08 0.40 0.12 35.12 31.74 30.67
4.23 0.16. 0.66 0.22 40.48 34.62 32.62
o 0.52 0.08 - 4.38 - -
'§ 0.93 0.17 0.03 0.07 7.45 7.04 6.22
% 1.42 0.20 0.12 0.08 12.00 10.69 9.96
% 1.93 0.34 0.13 0.11 15.01 13.64 12.77
;5 2.36 0.43 0.15 0.12 18.72 17.12 16.04
4.20 0.82 0.32 0.22 21.17 27.76 25.80
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Table D.2. Desorption and Organic Solvent Extractions

Chemical 3V, Desorb Desorb Solvent Chemical M Desorb Desorb  Solvent

1 2 Extraction 1 2 Extraction
mg b0 % % mg % % %

ATRAZ 11.57 2.06 2.76 - ENRO 20.44 0.04 2.96 1.27
ATRAZ 11.41 - - 17.09 ENRO 20.46 0.05 2.35 0.27
ATRAZ 11.58 - - - ENRO 20.31 0.07 1.56 1.12
ATRAZ 16.71  5.47 1.99 16.11 ENRO 28.12 0.38 1.62 1.33
ATRAZ 16.44 18.78 2.82 - ENRO 28.45 0.84 1.41 1.53
ATRAZ 16.61 5.10 2.99 26.41 ENRO 28.44 2.86 2.30 0.62
ATRAZ 2239 4.70 2.53 15.98 ENRO 33.63 0.38 2.43 1.59
ATRAZ 22.63 - - - ENRO 36.61 2.01 - -
ATRAZ 22.66 7.20 1.71 16.73 ENRO 36.22 0.24 2.08 1.24
ATRAZ 28.17  8.87 2.71 13.80 ENRO 44.12 0.89 2.64 1.44
ATRAZ 28.24 521 2.11 - ENRO 44.68 1.38 2.07 1.43
ATRAZ 28.24  4.54 1.78 18.61 ENRO 44.46 1.42 2.08 1.63
ATRAZ 55.22  6.29 3.18 8.46 ENRO 77.49 2.38 2.97 1.83
ATRAZ 56.55 3.36 2.67 - ENRO 68.96 2.10 3.93 1.52
ATRAZ 55.77 5.48 2.36 15.80 ENRO 75.13 2.56 4.82 1.43
SMz 9.14 1.30 1.11 15.39 MON  17.09 7.24 1.54 0.67
SMzZ 9.13 4.90 - - MON  17.13 4.99 2.63 0.01
SMz 9.19 10.56 - - MON 17.14 4.84 5.50

SMzZ 14.03 9.49 0.71 11.41 MON 2181 8.1 2.93 0.13
SMz 13.94 14.08 0.74 11.32 MON  21.89 10.70 1.58 0.44
SMz 13.94  9.67 0.68 10.12 MON  21.86 12.99 2.42 0.36
SMzZ 17.02 10.56 0.96 12.80 MON  24.87 13.00 2.73 1.46
SMz 18.84  9.56 0.76 12.11 MON 2498 11.43 0.94 0.13
SMz 19.10 8.44 0.75 19.12 MON 2489 13.96 -0.22 0.73
SMzZ 23.19 9.84 0.71 12.12 MON  36.27 11.03 2.15 0.19
SMz 23.33 6.26 0.74 12.43 MON 3592 9.38 241 1.12
SMzZ 23.19 10.04 0.67 8.77 MON  36.18 8.47 4.54

SMz 41.13 12.05 0.85 10.28 MON 4405 13.31 3.88 0.14
SMZ 41.48 10.13 0.71 10.92 MON  41.06 14.85 5.36 0.07

®M; = Initial mass in the aqueous phase
% = Recovery percentage of adsorbed chemical from wood chips
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APPENDIX E DATA FOR CHAPTER 4

Table E.1. Dissipation Assay. Atrazine, Enrofloxacin, Sulfamethazine in agous phase
and solid phase over 45 days.

Sterile Non - Sterile
Chemical Time  Control wood chips wood chips
C‘GC Cac Cac

days mgl mg L~ mgL™”
Atrazine 0 4.23 4.01 4.89
Atrazine 2 4.25 1.55 0.32
Atrazine 5 4.25 0.30 0.26
Atrazine 20 4.23 0.18 0.31
Atrazine 30 4.24 0.19 0.40
Atrazine 45 4.26 0.14 0.41
Enrofloxacin 0 5.29 5.46 5.14
Enrofloxacin 2 5.35 0.30 0.11
Enrofloxacin 5 5.27 0.24 0.07
Enrofloxacin 20 5.33 0.18 0.07
Enrofloxacin 30 - 0.30 0.07
Enrofloxacin 45 5.40 0.30 0.05
Sulfamethazine 0 5.15 6.00 5.26
Sulfamethazine 2 491 3.12 3.48
Sulfamethazine 5 4,79 2.48 2.59
Sulfamethazine 20 5.00 1.13 1.50

Sulfamethazine 30 - - 0.57
Sulfamethazine 45 5.35 0.69 0.63
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Table E2. Nitrous oxide production rate calculations

Treatment Description Sarr_lpling N>O prod. I\/!ea_m of STDEV
Type Time rate triplicates
days ugNghr® ugNghr'
Control  no chemical 0 1.34
Control  no chemical 0 0.86 1.22 0.32
Control  no chemical 0 1.47
Control  no chemical 2 291 253 i
Control  no chemical 2 2.16 '
Control  no chemical 5 2.42
Control  no chemical 5 1.28 1.73 0.60
Control  no chemical 5 1.50
Control no chemical 20 8.04
Control  no chemical 20 2.61 4.57 3.01
Control no chemical 20 3.06
Control  no chemical 45 2.48
Control no chemical 45 2.90 2.74 0.23
Control no chemical 45 2.84
Atrazine 5 mg/L 0 1.34
Atrazine 5 mg/L 0 0.86 1.22 0.32
Atrazine 5 mg/L 0 1.47
Atrazine 5 mg/L 2 4.07
Atrazine 5 mg/L 2 3.31 4.07 032
Atrazine 5 mg/L 5 1.64
Atrazine 5 mg/L 5 7.55 4.90 3.00
Atrazine 5 mg/L 5 5.50
Atrazine 5 mg/L 20 2.01
Atrazine 5 mg/L 20 3.30 3.12 1.03
Atrazine 5 mg/L 20 4.04
Atrazine 5 mg/L 45 10.65
Atrazine 5 mg/L 45 3.62 5.49 4.53
Atrazine 5 mg/L 45 2.19
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Table E.3. Most-probable-number enumarations for denitrifiers urder atrazine,
enrofloxacin and sulfamethazine treatments

Sample Day MPN UCL LCL
Control 0 3.5E+083.11E+08 1.E+08
Control 0 9.5E+073.14E+08 3.E+07
Control 2 7.5E+083.11E+08 2.E+08
Control 2 8E+08 2.63E+09 2.E+08
Control 5 2.1E+093.11E+08 6.E+08
Control 5 1E+08 1.01E+083.E+07
Control 20 2.1E+086.97E+08 6.E+07
Control 20 1.2E+09 3.8E+09 3.E+08
Control 45 9.8E+08 3.5E+09 2.9E+08
Atrazine 0 3.5E+083.11E+08 1.E+08
Atrazine 0 9.5E+073.14E+08 3.E+07
Atrazine 2 7TE+09 2.29E+10 2.E+09
Atrazine 2 2.4E+087.96E+08 7.E+07
Atrazine 5 6.3E+082.08E+09 2.E+08
Atrazine 5 3.5E+081.15E+09 1.E+08
Atrazine 20 2.2E+087.31E+08 7.E+07
Atrazine 20 5.4E+081.77E+09 2.E+08
Atrazine 45 2.4E+09 7.9E+09 7.3E+08
Enrofloxacin 0 3.5E+083.11E+08 1.E+08
Enrofloxacin 0 9.5E+073.14E+08 3.E+07
Enrofloxacin 2 5.8E+071.91E+08 2.E+07
Enrofloxacin 2 1.8E+0760253354 6.E+06
Enrofloxacin 5 2E+08 6.75E+086.E+07
Enrofloxacin 5 2.2E+087.31E+08 7.E+07
Enrofloxacin 20 9.9E+073.26E+08 3.E+07
Enrofloxacin 20 1E+09 3.37E+093.E+08
Enrofloxacin 45 8.3E+09 2.7E+10 2.5E+09
Sulfamethazine 0 3.5E+08 3.11E+08 1.E+08
Sulfamethazine 0 9.5E+07 3.14E+08 3.E+07
Sulfamethazine 2 3E+07 989834569.E+06
Sulfamethazine 2 7.6E+08 2.51E+09 2.E+08
Sulfamethazine 5 1.4E+08 4.77E+08 4.E+07
Sulfamethazine 5 2.2E+08 7.1E+08 7.E+07
Sulfamethazine 20 3.6E+08 1.19E+09 1.E+08
Sulfamethazine 20 1.6E+09 5.17E+09 5.E+08
Sulfamethazine 45 6.3E+08 5.2E+08 4.3E+07
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Table E4.nozl copy numbers based on qPCR threshold cycle numbers

Chemical Time nosZ1 Chemical Time nosZ1i
copy no copy no
Days Days
Enrofloxacin 2 1.04E+08 Control 0 2.29E+08
Enrofloxacin 2 1.02E+08 Control 2 1.84E+08
Enrofloxacin 5 3.14E+08 Control 2 1.06E+08
Enrofloxacin 5 1.94E+08 Control 5 5.24E+08
Enrofloxacin 5 1.11E+08 Control 5 3.34E+09
Enrofloxacin 20 1.9E+09 Control 20 2.48E+09
Enrofloxacin 20 1.88E+09 Control 20 8.4E+09
Enrofloxacin 20 2.32E+09 Control 20 5.11E+08
Enrofloxacin 45 5.88E+08 Control 45 1.06E+10
Enrofloxacin 45 1.66E+09 Control 45 1.78E+08
Enrofloxacin 45 3.34E+09 Control 45 56098017
Sulfamethazine 2 2.92E+08 Atrazine 2 1.32E+08
Sulfamethazine 2 1.37E+08 Atrazine 2 5.57E+08
Sulfamethazine 5 1.66E+08 Atrazine 5 1.35E+09
Sulfamethazine 5 1.7E+08 Atrazine 5 6.91E+08
Sulfamethazine 5 1.3E+08 Atrazine 5 3.28E+08
Sulfamethazine 20 2.37E+08 Atrazine 20 9.85E+09
Sulfamethazine 20 2.5E+08 Atrazine 20 4. 74E+10
Sulfamethazine 20 3.37E+08 Atrazine 45 3.21E+09
Sulfamethazine 45 3.6E+08 Atrazine 45 5.83E+09
Sulfamethazine 45 3.36E+08 Atrazine 45 4.86E+09
Sulfamethazine 45 3.71E+09
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