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ABSTRACT

Agricultural fields, surface waters and ground wa# be contaminated with antibiotics
through the application of antibiotic-contaminasgdne manure. One of the more common
antibiotics used for the swine industry is sulfdmgine (SMZ). The focus of this dissertation is
to investigate the fate and transport of SMZ itssnithe presence of manure when applied to the
fields. Sorption coefficients of SMZ for five Ideoils from lowa with organic carbon (OC)
contents ranging from 0.1 % to 3.8 % and solutide @anging from 5.5 to 9 were determined
using batch sorption experiments. Sorption datdfivell to a linear sorption model but not to a
non-linear Freundlich model. The linear sorptioafticients (k;) were found to decrease with an
increase in soil-solution pH. In addition, thguélues were found to increase with an increase in
% OC of soil at a given pH. At pH 5.54 Kalues were 0.58 L Kgand 3.9 L kg for soils with
0.1 % OC and 3.8 % OC, respectively. Hydrophobipt®n was probably involved for pH < 7.4
due to the unionized form of SMZ while some surfsmgotion was probably involved for pH >
7.4 due to the ionized form of SMZ. A mechanisimdel and a linear regression model
incorporating soil properties and fractions of #mul SMZ were developed and found to estimate
Kq values of other studies.

Inhibitory effects of SMZ on anaerobic microbial respiration were observed at SMZ
concentration of 5éng kg* while inhibition of aerobic microbial respiration was observed at
between 50 and 108g kg®. The availability-adjusted first-order model but not simple first-
order kinetics was found to fit the data well. Half-lives of SMZ ranged from 1.2 to 6.6 days

and 2.3 to 15.1 days under aerobic and anaerobic conditions, respectively. Th&'@te of



Xi

SMZ in soil showed that 70 to 91 %8€-SMZ was bound to soils. Only 0.1 to 1.5 % of
14C-SMZ was completely mineralized YO, with the highest mineralization under aerobic
conditions. The metabolites accounted for 5 to 10 % of SMZ and were fountide be
acetylsulfamethazine and desamino sulfamethazine.

Leaching of SMZ from soils and from manure-amended soils were investigated using
topsoil mixed with SMZ or with SMZ-contaminated manure to a concentration of 7.25 mg
kg™ soil. The first simulated rainfall event applied to soil cores at 1, 4 and 7 derythaft
application of SMZ was followed by a second rain event, three days after thaifirsvent.
Concentrations of SMZ in leachate were found to be the highest for first dasaaifal
with concentration of 432 + 167 pg'L Concentrations of SMZ in the leachate decreased
with longer time duration between application of SMZ and the first rain event. Thisresul
showed that manure in the soils did not impact the leaching of SMZ and that colloid-
facilitated transport of SMZ was unlikely. This study suggested that SMXpiected to
leach from manure-amended soils or manure even though SMZ may be degraded or bound to

the soils.



CHAPTER 1. INTRODUCTION

1.1 General introduction

Pharmaceuticals are used in humans, animals, and aquatic farming for disease
control and for maintenance of health. Certain activities such as disposal eflexpir
medicine in the sewage system, excretions of unmetabolized pharmacexdroals f
humans and animals, discharge of wastewater and surface runoffs to receivintanate
application of biosolids and manure or disposal of biosolids at landfill can result in the
dispersion of these compounds in the environment. Due to concerns of pharmaceutical
compounds in the water and soil environment, research on these compounds in the
environment were initiated in the 1990s in Europe and in the U.S. The risks posed by
these compounds are not well understood and many of these compounds do not have
regulatory standards for surface waters and drinking waters. However, for some
compounds, it has been shown that concentrations as low as in tHelgugLmay result
in serious impacts to aquatic and terrestrial organisms. Of the many pharoaégeut
antibiotics are one class of compounds which are being closely examined.

Antibiotics are used in concentrated animal feeding operations (CAFOs), (USDA,
2002) for the purposes of treating diseases and promoting growth. Approximately 70
percent of the total pharmaceutical use for livestock in the U.S. is administered to
promote growth rate and feed conversion efficiency (Union for Concerned Scientists
Press Release, 2001). The swine industries use more antibiotics as food additive than
other livestock industries (Giguere et al., 2007). Antibiotics administered tolarena

not totally absorbed into body and are excreted through urine and feces (Thiele, 2000;



Tolls, 2001; Thiele-Bruhn and Aust, 2004; Gébel et al., 2005). Antibiotics in animal
manure can persist in tanks, pits, or lagoons (Langhammer, 1989; Kolz et al., 2005) and
can enter the environment when the stored animal manures are applied to land as
agricultural fertilizer. The fate of these antibiotics in soil is dependent dgpbef
antibiotic compounds, soil characteristics, and environmental conditions (Tolls, 2001;
Kumar et al., 2005b; Thiele-Bruhn, 2003). Transport of antibiotics via infiltration and
runoff to subsoil, groundwater, and surface water can occur as shown by many studies
(Christian et al., 2003; Thiele-Bruhn and Aust, 2004; Batt and Aga, 2005).

As reported by USDA, manure produced in the U.S. at CAFOs was approximately
335 million tons (dry matter) per year (USDA-ARS, 2005). Typical concentrations of
antibiotics in manure ranged from 1 to 10 mg kehile concentrations as high as 200
mg kg* can be found (Kumar et al., 2005b). Even though the antibiotic residues in the
environment are at trace levels and below toxic levels to humans, the possibility of
chronic adverse effects, for instance, allergy and chronic toxicity cannot be ruldd out
addition to chronic effects to human health, one of the greatest concerns with regards to
antibiotics is the development and spread of antibiotic resistant bacterias(itdlri
Masterton, 2002; Kumar et al., 2005a; Doyle, 2006).

In order to understand the risks posed by these antibiotics, it is essential to know
the environmental parameters that control the migration of antibiotics from ntaraoi¢
and to water. Not only sorption, a key process, has a direct effect on the fate and
transport of antibiotics, biodegradation of these compounds will also itigéactate
The pH and media properties typically influence the sorption and impact the degradation

of these antibiotics as well, due to their bioavailability in soil media. The gdakof t



research was to determine the fate and transport of SMZ in soils and in manureeamende

soils The specific objectives of this study were to:

1)

2)

3)

4)

Investigate the effect of organic carbon content of soils and soil pH on the
sorption of SMZ and to develop a simple model to estimate the sorption
coefficients of SMZ

Investigate the impact of SMZ concentrations on the inhibition of soill
microbial activities in soils and to determine the degradation rates of SMZ
in soils and manure-amended soils under aerobic conditions and anaerobic
conditions

Investigate the mineralization of SMZ and conduct mass balances of the
distribution of**C-SMZ during the degradation process

Evaluate the mobility of SMZ in soil columns under simulated rain
conditions, the impact of the duration of application of contaminated

swine manure and the presence of manure itself and the first rain event on

the leaching of SMZ through soil columns.

1.2 Dissertation organization

This dissertation is organized into a total of six chapters with three chapters a

individual manuscripts to be published in peer-review journals. Chapter 1 introduces the

background, the research questions and describes the goal of study. Chapter 2 provides

the literature review giving information on usage, risks, concentrations in enviignme

sorption, and degradation of sulfonamides, especially sulfamethazine. Chapter 3

describes the findings from batch sorption experiments using five different shagpte€



4 describes the study on the impact of SMZ concentrations on the soil microbial
respiration, the degradation rates of SMZ for aerobic and anaerobic conditions, and the
mineralization of-“C-SMZ for aerobic and anaerobic conditions. Chapter 5 details the
soil column study to investigate the mobility of SMZ in soils and in manure-amended

soils.
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CHAPTER 2. LITERATURE REVIEW

2.1 Antibiotics usage

Use of antibiotics in agricultural business was estimated to be approxifately
13 million kg in the U.S. annually (Shea, 2003). In Korea, the amount of veterinary
antibiotics used was approximately 1600 tons in 2001, and 1400 tons in 2004 of which
600 tons were used as feed additives (Korea Food and Drug Administration, 2006).
Approximately 100 tons were used in Sweden in 2003 (Johansson and Mollby, 2006), and
700 tons were used in the United Kingdom in 2004 (Veterinary Medicines Directorate,
2005).

Sulfonamides, one of antimicrobial pharmaceuticals, have been used extensively
in livestock farming, especially in swine production (Bajpai et al., 2000; Lindsey et al
2001; Tolls, 2001; Grant et al., 2003). In cattle, sheep, and goats, sulfonamides have been
used to treat bovine interdigitaécrobacillosisandcoccidiosis and to controE.
streptococcalnfections and atrophic rhinitis in swine as well as used as growth
promoting additives (Giguére et al., 2007). Sulfonamide class is the second leogpst g
of antibiotics used in France, Germany, and United Kingdom, between 11 and 23 percent
of total antibiotics used (Thiele-Bruhn, 2003). In the U.S., sulfanomides is the fourth
largest group of antibacterials sold by Animal Health Institute (AHI) anduated for 6
percent of total antibiotics sold in 2000 (AHI, 2001). Among sulfonamide drugs,
sulfamethazine (SMZ) is nontherapeutically administered for cattle aneé pnoduction
in the U.S. (Huang et al., 2001), and has been estimated to be approximately 400 tons of

SMZ per year (Mellon et al., 2001).



2.2 Environmental and human risks

Some of the concerns with the environmental presence and exposure of
pharmaceuticals include anomalous physiological developments, reproductive
destructions, increase of cancer, development and spread of antibiotic resigtara bac
(Davis and Bradlow, 1995; Phillips et al., 2004; Kaniou et al., 2005; Pruden et al., 2006).
The phytotoxicity of antibiotics to plants has been studied and sulfonamide
(sulfadimethoxine) at a concentration of 300 nignlas found to interfere the growth of
roots, stalks, and leaves in millet, pea, corn, and barley (Migliore et al., 1995; 1996;
Jjemba, 2002). Maynard et al. (2003) isolated bacteria from animals that showed
resistance to sulfonamides after being treated with sulfonamides for masy $tadies
from National Center for Toxicological Research (NCTR) revealed thatithygrmors in
mice and rats were associated with high doses of SMZ at 2,200 ppm in their diet for two
years (Littlefield, 1989; Littlefield et al., 1990). The acceptable daily intakd) (of
SMZ based on an evaluation in 1994 is 0.05 mglkmdy weight (JEFCA, 2007). The
maximum residue level (MRL) for SMZ in animal tissues is 0.1 nmih(@&EFCA, 2006)
but there is no MRL for plant-based products.

SMZ, in manure-amended soils, can be accumulated in crop-plant tissoesas
corns, lettuces, and potatoes. The amount of SMZ accumulation in ptarg tfter 45
days of growth was found to be less than 0.1 percent of the amount oB@M&d to
manure-amended soils and approximately 70 percent of the SMZ apphiathed in the
soils (Dollivera et al., 2007). The study also found that the condentiEtSMZ in plant

tissues was directly proportional to the SMZ concentrations in. séigibiotic residues



in plant products are not regulated, and the risks of contaminated arbpsain health

are unknown but there is the possibility that chronic effects may take place.

2.3 Characteristics of sulfamethazine
Sulfonamides, known as sulfa drugs, are derivatives of sulfanilamide and are
synthetic antimicrobials which inhibit the incorporation of para-aminobenzoic acid
(PABA) into the folic (pteroylglutamic) acid molecule by competing with PABAthe
enzyme dihydropteroate synthetase. This results in the cessation of folic acid
biosynthesis in bacterial cells (Giguére et al., 2007; Katzung, 2007), and therefore
restraining bacterial growth and activities. The chemical structures®ARAd

sulfonamide group are presented in Figure 1.

OH

O

para-aminobenzoic acid (PABA)

O R
H g /1
N 7\

R 9] H

sulfonamide group

Figure 1 Chemical structures of PABA and Sulfonamide group
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Because sulfonamides are wide spectrum antimicrobial agents, they caén affec
most gram-positive and many gram-negative organisms, and some protozoa (Ophardt,
2003). They are used to treat bacterial infections, and some fungal and protozoan
infections. However, in recent years, their antibacterial activities hanefta@ad to be
not effective due to the development of drug resistance by the microbes after severa
decades of use of these compounds (Gigueére et al., 2007). There are about a hundred
different compounds in sulfonamide class in the market (Holm at al., 1995) and they
differ in the hydrocarbon (R) at amido group (-:8BIBIR) (see Figure 1). The R groups of
compounds frequently used in sulfonamides are presented in Table 1. Sulfonamides
usually have two dissociation constants {pKThey can be positively charged, neutral,
and negatively charged depending on the pH
of the solution (Ingerslev and Halling-Sgrensen, 2000).

Among the compounds of sulfonamide, sulfamethoxazole is the most popular
sulfonamide used in human therapy, while sulfamethazine is the most frequently used in
livestock (Huang et al., 2001). Other sulfonamide compounds of interest based on their
usage, or their presence in animal manure and water are sulfapyridine, sadfatarad

sulfadiazine.
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Table 1. List of sulfonamides (Merck Index: An Encyclopedia of Chematls, Drugs,
and Biologicals, 2001)

Chemical R group Formula CAS  Mol. Solubility
number  Wt.

Sulfachlorpyridazine N C C1HsCIN,O,S  80-32-0 284.73 na
AT
Sulfadiazine Nﬂ CigH10NLO,S 68-35-9 250.28 200 mg/100 mL
A\N atpH 7.5 at
37°C
Sulfadimethoxine OCHs Ci2H1N,0,S 122-11-2  310.33 5170 mg/100
7 P‘ mL at pH 8.71
N at 37°C
N~ “OCH,
Sulfamerazine /[\lﬂ\ C11H1:NLO,S 127-79-7 264.31 170 mg/100 mL
N atpH 7.5 at
N CHs 37°C
Sulfamethazine CHa C1oH1NLO,S 57-68-1 278.34 150 mg/100 mL
N” at 29°C

Sulfamethizole CHs CoH10N4O5S, 144-82-1  270.34 1 g/4000 mL at
s
Y PH 6.5
— X\
N
Sulfamethomidine )C\Hs C1oH14N,05S 3772-76-7 294.33 na
N Pl
X
OCH;
Sulfamethoxazole N-O C1gH11N305S 723-46-6 253.28 na
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Table 1.List of sulfonamides (Merck Index: An Encyclopedia of Chemicals, Drugs,
and Biologicals, 2001)

Chemical

Sulfamethoxypyridazine

Sulfanilamide

Sulfaperine

Sulfaphenazole

Sulfapyrazine

Sulfapyridine

Sulfasymazine

Sulfathaiazole

R group

N__OCH

7

Formula

C1 lH 12N 403S

CeHgNgOzS

C1 lH 12N 402S

ClSH 14N 402S

C10H10N40,S

C1 lH 1 1N 302S

C13H 17N SOZS

CoHgN30,S,

CAS
number

80-35-3

63-74-1

599-88-2

526-08-9

116-44-9

144-83-2

1984-94-7

72-14-0

Mol. Solubility
Wit.

280.31 147 mg/100 mL
at pH 6.5 at
37°C

172,21 1g/2mL
boiling water

264.31 very sparingly
soluble in water

314.37 0.15 g/100 mL
atpH 7 at 37°C

250.28 5.2 mg/ 100 mL
at 37°C

249.29 1 g/3500 mL

307.38 1 mg/mLin
acetate buffer
pH 5.9

255.32 60 mg/100 mL
at pH 6.03 at
26°C
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As indicated earlier, SMZ is the most frequently used compound within the
sulfonamide group for livestocks. The chemical structure of sulfamethazine and its
dissociated forms are presented in Figure 2. The physical and chemical properties of

sulfamethazine (4-amino-N-[4, 6-dimethyl-2-pyrimidipenzenesulfonamide) are as

follows:
CAS number 57-68-1
Formula G2H14N4OS
Molecular Weight  278.34
log Kow 0.89
PKa1 2.65+0.2
PKa,2 7.4+0.2
Solubility 150 mg/ 100 mL at 29°C

o CHs o) CHj
I I N—
NH;" ﬁ—NH—Q ) PKas HoN ﬁiNH—QN p
CH, —_— CH;
Cationic form
CHj o) CHs

Anionic form

Figure 2 Chemical structures of sulfamethazine and itprotonated and deprotonated
form
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24 Environmental concentrations

Concentrations of SMZ have been found to be as high ag k§" in field soils
in Germany after several months of manure application (Christian et al., 2003). SMZ and
sulfamethoxazole have been found in groundwater samples in Germany and in the U.S. at
concentrations up to 0.4i9 L™ (Hartig et al., 1999; Hirsch et al., 1999; Sacher et al.

2001; Lindsey et al., 2001). Surface water samples analyzed for sulfonamides showed the
presence of sulfamethazine, sulfamethoxazole, sulfadimethoxine, and sulfateetiilz
concentrations ranging from 0.05 to;]@L‘l(Hirsch et al., 1999; Lindsey et al., 2001,

Kolpin et al., 2002). Due to their high solubility, low octanol-water distribution

coefficients (ky), and low chelating ability (Lindsey at al., 2001), the movement of
sulfonamides in groundwater may be as fast as the groundwater. As reported by Holm et
al. (1995), the concentrations of some sulfonamides in groundwater at a distant sampling
point were 50 times less than the concentrations in groundwater under the landfill. Since
the use of a chloride tracer confirmed that it was not due to dilution, the author suggested
that the sulfonamide probably moved with the same velocity as the groundwater in the
aquifer.

The presence of SMZ in the groundwater of agricultural area can be assumed to be
transported from livestock operations since SMZ is not used in humans. The effluents
from sewage treatment plants and surface waters were analyzed andtholtazcde
was found instead of SMZ (Hirsch et al., 1999). Even though sulfamethoxazole is used
mostly in humans, its presence in groundwater was assumed to be transported from
contaminated soils of sewage irrigation fields. The concentrations of sthifatagole in

groundwater at the site far away from sewage irrigation fields was foundltdtbaes
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lower than the concentrations in ground water samples from the sewageimriggds

(0.47 ug [Y) (Hirsch et al., 1999). According to Table 2, sulfonamide compounds such

as sulfamethazine, sulfamethoxazole, sulfadimethoxine, and sulfathiazole have bee
found at concentrations up to 2 pg in sewage effluent and surface water samples. This
indicate that sulfonamides are not totally removed by sewage treatment psoeesk

can be transported to surface water through the discharge of waste waserteffHirsch

et al., 1999; Kaniou et al., 2005). Even though sulfonamides are removed in the range of
0 % to 90 % in regular wastewater treatment processes, Halling-Sgrens€h 398l

reported that sulfonamides are resistant to biodegradation. Besides biodegradation,
photolytic degradation is one of the processes whereby sulfonamides are removed or

eliminated from water.
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Table 2. Concentrations of sulfonamides in manure, soils, and water.

Compound Concentration Conditions Reference
Manure lagoons,
General Sulfonamides >20 L* measured average of 8  Campagnolo et al., 2002

Up to 20 mg kg
(liquid manure)

Sulfamethazine 0.08 — 0.1 L™

0.22ug L*?

0.13-8.7 mg kg
(wet sample)

11 ug kg* soil

Up to 0.05ug L

“N -Acetyl-
sulfamethazine

<0.1-2.6 mg kg
(wet sample)

Sulfamethoxazole ~1 -y L*
0.1-2uglL?
Up to 0.48ug L™

Upto 0.47ug L

0.22pg L

sites in lowa and Ohio

Six grab samples taken in
Switzerland from manure
pits

Haller at al., 2002

Hirsch et al., 1999;

Groundwater Boxall et al., 2001

Lindsey et al., 2001;

Surface water Kolpin et al., 2002

Manure lagoon grab

Haller et al., 2002
samples

Soil fertilized with

Hoper at al., 2002
manure

River

Manure lagoon grab

Haller et al., 2002
samples

Halling-Sgrensen et al., 1998;

River water/surface water Lindsey et al., 2001;

Kolpin et al., 2002

Effluent from sewage
treatment plant

Hirsch et el., 1999;
Andreozzi et al., 2003

Surface water Hirsch et el., 1999

Ground water Hirsch et el., 1999

Groundwater Lindsey et al., 2001

Thiele-Bruhn and Aust, 2004
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Table 2. Concentrations of sulfonamides in manure, soils, and water (Contied)

Compound Concentration

Conditions Reference

Sulfamethoxazole 0.41pg L*

230-570ng !

4N_

1
acetylsulfamethoxazole S°0 1600 N9k

Sulfadimethoxine 0.06 - 159 L*
sulfamethizole 0.1ag L™
sulfapyridine 60-150 ng L
Sulfathiazole 0.08g L™

<0.1-12.4 mg kg
(wet sample)

Groundwater Sacher et al. 2001

Raw influent of the

WWTPs Gobel et al., 2007

Raw influent of the

WWTPs Gobel et al., 2007

Lindsey et al., 2001;

Surface water Kolpin et al., 2002

Stream Kolpin et al., 2002

Raw influent of the

WWTPs Gobel et al., 2007

Surface water Lindsey et al., 2001

Manure lagoon grab

Haller et al., 2002
samples
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2.5 Fate of sulfonamides in the environment

Up to 30 to 95 percent of the administered dose of sulfonamidesiscaeteelxas
the parent compound, and if metabolites of sulfonamides are included, dietedx
amount can be as high as 50 to 100 percent of the administered doss €Kay004;
Thiele-Bruhn and Aust, 2004). Fate of sulfamethazine and other sulfonaimities
environment is influenced by the physical-chemical and biologicatioeacbetween the
compounds and soils and soil microorganisms (Boxall et al., 2002; -Brigften and
Aust, 2004; Kurwadkar et al., 2007). However, sulfonamides are not stramgbdsto
soils and may be relatively mobile in the soil environment (Th2080; Tolls, 2001,
Boxall et al., 2002). This can be seen by the detection of sulfonamidesundwater

and surface water samples collected throughout the U.S. (Lindsey et al., 2001).

2.5.1 Sorption

Sorption of sulfonamides onto soils is dependent on the soil propertiegasuch
amount of soil organic matter, composition of organic matter, soispHsurface area,
concentration and composition of clay minerals, and cation exchangetyadsitdies
on sorption of some important sulfonamides on soils with different dieasdics have
been done and the sorption coefficients from these studies are presented 8 Taihlse
sulfonamides can be ionized, sulfonamides can be sorbed to soil org#teic and soil
minerals. However, work done by others has shown that sorption was mandefepzn
soil organic matter rather than soil minerals (Kaiser arehZ£998). There are several
possible mechanisms for the sorption of sulfonamides. These include hydrophobic

partitioning, cation exchange, cation bridging, surface complexes, hydbogeling, and
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electrostatic interactions (Holten Lutzhgft et al., 2000; Tolls, 200h)ele (2000) found
that the sorption of sulfapyridine on soils was affected by the guamit quality of soil
organic matter. The Freundlich sorption isotherm and thefdt sulfapyridine to
manure-fertilized soils were found to be higher than non-fertilizéld sThiele (2000)
speculated that the reason for increased sulfonamide sorption wheniltlogganic
carbon content increased was that the polar components of soil orgdtec imeracted
with the binding sites of sulfonamides. In contrast to Thiele (2000&leFBruhn and
Aust (2004) investigated the impact of pig manure addition on the sorption of
sulfonamides (sulfadimidine, sulfadiazine and sulfapyridine) to soil, sanption was
found to decrease with the addition of acidic manure at a ratio of 9é.increase in
mobility of sulfonamide (sulfachloropyridazine) due to addition of manuas also
found by Boxall et al. (2002). Manure addition resulted in small changkl @ind total
organic carbon but the dissolved organic carbon increased dramatith#éydecrease in
sorption of sulfonamides (sulfadimidine, sulfadiazine and sulfapyridinay e
explained as the dissolved organic matter in manure competingulfithamides for the
soil sorption sites. Another impact of dissolved organic mattetamune on the mobility
of sulfonamides in soils is an increase in sulfonamides loss franuma-fertilized soil
probably due to colloid-facilitated transport (Tolls, 2001; Burkhardt Iet 2005).
Therefore, an increase in dissolved organic carbon in soil may entment@nsport of

sulfonamides.
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Table 3. Sorption coefficients of sulfonamides at various conditions

Compound Sorption coefficient  Conc.  Condition Reference
(Lkg™ (solution
per kg
soil)
“Ki Ky K  (mgkg)
Sulfachloropyridazine
Kay at al.,
41-82 N/A 2004
1.8 Clay loam, pH 6.5
0.05-20 Boxall et al.,
0.9 Sandy loam, pH 6.8 2002
Tolls et al.
0 L
4 129 Clay loam, 3.1% OC, pH 6.2 2002
Sulfanilamide 1.65 057 354 Unfertilized soil, silt loam,
1.6% OC,pH 7.5 Thiele-Bruhn
0.1-40 and Aust, 2004
0.59 36.6 Soil:slurry 1:50 (w/w), silt
loam, 1.6 % OC, pH7.4
17 0-10 Unfertilized silt loam, 1.6%  Thiele-Bruhn et
' OC,pH 7.0 al., 2004
Sulfamethazine 272 0.79 49.1 Unfertilized soil, silt loam,
0,
1.6% OC, pH 7.5 Thiele-Bruhn
0.1-40 and Aust, 2004
0.74 45.9 Soil:slurry 1:50 (w/w), silt '
loam, 1.6 % OC, pH7.4
1.2 174 Sand, 0.9% OC, pH 5.2
31 125 Loamy sand, 2.3% OC, pH 5.6
0.2-95 Langhammer,
2.0 208 Sandy loam, 1.2% OC, pH 6.31989
1.0 82 Clay silt, 1.1% OC, pH 6.9
. Thiele et al.
0 1
2.4 Soil 1.6 % OC, pH 7 2002
Tolls et al.
0 ’
3 97 Clay loam, 3.1% OC, pH 6.2 2002
- . 0 .
24 0-10 Unfertilized silt loam, 1.6%  Thiele-Bruhn et

OC, pH 7.0

al., 2004
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Table 3. Sorption coefficients of sulfonamides at various conditions (Contied)

Compound Sorption coefficient Conc.  Condition Reference
(Lkg™ (solution
per kg
soil)
"Ki  Ka Koo (mgkgh
Sulfadiazine 3.27 2.0 124 Unfertilized soil, silt loam,
0,
1.6% OC, pH 7.5 Thiele-Bruhn
0.1-40 and Aust, 2004
1.18 73.2 Soil:slurry 1:50 (w/w), silt '
loam, 1.6 % OC, pH7.4
20 0-10 Unfertilized silt loam, 1.6% Thiele-Bruhn et
) OC,pH 7.0 al., 2004
25 81 Clay loam, 3.1% OC, pH 6.2 oIS etal,
: yloam, 5. »PRD-2 5002
Sulfadimethoxine 441 0.73 453 Unfertilized soil, silt loam,
0,
1.6% OC, pH 7.5 Thiele-Bruhn
0.1-40 and Aust, 2004
0.62 384 Soil:slurry 1:50 (w/w), silt '
loam, 1.6 % OC, pH7.4
23 0-10 Unfertilized silt loam, 1.6% Thiele-Bruhn et
) OC,pH 7.0 al., 2004
10 323 Clay loam, 3.1% OC, pH 6.2 1ols etal.,
yloam, 5. ' PHO-2 5002
Sulfapyridine 430 1.02 634 Unfertilized soil, silt loam,
1.6% OC, pH 7.5 Thiele-Bruhn
0.1-40 and Aust, 2004
122 757 Soil:slurry 1:50 (w/w), silt
loam, 1.6 % OC, pH7.4
. . 0 o
35 0-10 Unfertilized silt loam, 1.6% Thiele-Bruhn et
OC,pH 7.0 al., 2004
2.2 101 Silt loam, 1.6% OC, pH 7.0
0 -500 Thiele, 2000
5.5 308 Silt loam, 2.4% OC, pH 6.9
Sulfathiazole
Tolls et al.
0 ,
3 97 Clay loam, 3.1% OC, pH 6.2 2002

** unitless for Freundlich adsorption coefficient K
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2.5.2 Impact of soil pH on sorption of sulfonamides

Sulfonamides, as amphoteric compounds, can be present as positively, neutral,
and negatively charged compounds where sorption can be controlled by pH of the
matrices (Langhammer, 1989; Thiele, 2000; Boxall et al., 2002; Thiele-Bruhn et al.,
2004). Sorption of sulfachloropyridazine to soils was found to decrease as soil pH
increased (Boxall et al., 2002; Thiele-Bruhn et al., 2004). Therefore, the mobility of
sulfonamides in soils via runoff and preferential flow was impacted by soil pHyhere
sulfonamides may be mobile in soil with high pH (Burkhardt et al., 2005). At high soil
pH, the fraction of deprotonated species increased resulting in a decrease in sof@ion. T
degree of sorption of each species to soils will be dependent on the sorption mechanism
and the soil properties. Cationic sulfathiazole were found to be the most important
species for sorption to clay minerals and followed by neutral species (KahBtzamuoh,
2007). Sorption of anionic sulfonamides typically occurs at positively charged surfaces

of pedogenic oxides in the clay minerals.

2.5.3 Degradation

Sulfamethazine is partly metabolized in liver by two different isoenzymes to
metabolic derivatives (Vree et al., 1980) and removed from body in both parent form and
metabolic forms. The majority of SMZ is excreted through urine (Mitchell €1 $86;
Hardman et al., 2001). The major metabolites of SMZ from metabolism in swiNd-are
acetylsulfamethazine, desaminosulfamethazine N#RD-glucosyl sulfamethazine
(Matusik et al., 1982; Nouws et al., 1985; Paulson et al., 1985; Adams, 2001, Grant et al.,

2003).
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Among the metabolite$y4-Acetylsulfamethazine was found to have the highest
percentage in animal excretions. Tie-Acetylsulfamethazine, which is less polar than
SMZ, is no longer an antibacterial compound but may still maintain the toxic propert
the parent compound (Hardman et al., 2001), and can be reconvert to the parent SMZ

(Langhammer, 1989).

Bio-degradation

Sulfamethazine and sulfathiazole in manure slurry have been found to decrease by
60% and 40%, respectively, after five weeks of storage (Langhammer, 1989). Blackwell
(cited in Kay et al., 2004) also suggested that degradation of sulfachloropyrigazine i
soils took place rapidly but the rates were not reported. However, Haller2680#) (
stated that sulfonamides are resistant to degradation, which was also abibgiude
Ingerslev and Halling-Sgrensen (2000). Ingerslev and Halling-Sgrensen (2000) found
that sulfonamides were not easily degradable using a screening test and duwe to the
hydrophilic character, they can be transported to aquatic system. Degradation wa
impacted by soil sorption as the half-lives were found to be longer for SMZ sorbed to soill
than for the compound alone. The half-lives of various sulfonamides in various
conditions were found to range from <1 to 30 days (Ingerslev and Halling-Sgrensen,
2000; Kay et al., 2004; Blackwell et al., 2005; Wang et al., 2006b, Accinelli et al., 2007,
Blackwell et al., 2007). Degradation of twelve different sulfonamides in actiViaidges
reactors conducted by Ingerslev and Halling-Sgrensen (2000) showed that sulfonamides
were degraded after a lag phase of 7 to 10 days, with half-lives (first ordec®ineti

ranging from <1 to 4 days. The inhibiting effect was found to be at a concentration of
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mg L of sulfadiazine using The International Organization for Standardization (1ISO)
15522 protocol. For degradation of sulfonamides in soils, Accinelli et al. (2007) found
that concentrations up to 100 mg'kef SMZ and sulfachloropyridine had no effect on
soil microorganisms (tested by measuring mineralization of glucose and glig)reasa
degradation rates.

The degradation of sulfonamides in manure and in soils was found to be affected
by the initial concentration of sulfonamides, moisture, temperature (Wang et al.,,2006a)
soil type and presence of microbial activity as seen by the half-lives of SMZ and
sulfachloropyridine of approximately 19 days in silt loam and 21 days in sandy loam
(Accinelli et al., 2007). As reported by Wang et al. (2006a), when the initial
concentration of sulfonamides (sulfadimethoxine) in manure increased from 17.8 to 260.5
umol kg, the half-lives decreased from 1.4 to 2.6 days, and this suggested that the
microbial activity was inhibited. The effect of manure slurry addition to s@sfound
to increase the degradation rates of sulfonamides which may be due to an increase in

microbial population (Wang et al., 2006b; Accinelli et al., 2007).

Abiotic degradation

Sulfonamides are resistant to chemical or enzymatic hydrolysis (Koapéihgk,
1999) but not photolysis (Zhou and Moore, 1994). Sulfonamides, like other
pharmaceuticals, are not only biodegraded but subjected to photodegradation as well.
Five different sulfonamides (sulfamethoxazole, sulfisoxazole, sulfameghizol
sulfathiazole, and sulfamoxole) in buffered water were found to degrade via direct

photolysis with the degradation rates ranging from 0.3s'0to 13x10° s* (Boreen et



25

al., 2004). The degradation rate varied with pH but did not follow any trends. Other
study on the photocatalytic degradation of sulfacetamide, sulfathiazole, dhifewawenle,
and sulfadiazine in aqueous solutions with JpBotocatalyst showed the degradation
rate constants of these four compounds ranged from 0.04tm®03 mir. The

toxicity of intermediate products of sulfonamide degradation was tested in aqueous
solution with the green algae and was found to dramatically less toxic than thle initi
compounds (Baran et al., 2006). Photodegradation of 50'h&MZ in aqueous solution
in the presence of three different photocatalysts, {d@gussa, P-25) (anatase/rutile =
3.6/1, surface area 56°mg *, nonporous), TiIQ(A) (L00% anatase, surface area 0 m

g}, and ZnO, showed that the destruction of SMZ after 60 minutes of illumination were
approximately 65 %, 40 % and 90 %, respectively. The kinetics of photodegradation
obeyed pseudo-first-order kinetics of the Langmuir—Hinshelwood model (Kaniou et al.,

2005).

2.6  Transport of sulfonamides

Detection of sulfonamides in surface water and ground water (Table 2) implied
the transport of sulfonamides from sulfonamides-contaminated agricultinlal fidue to
the low Ky values of sulfonamides which are lower than 5 & KEable 3), sulfonamides
are characterized as medium to highly mobile in soils and may contaminate wate
surface runoff, drain flow and leaching. The degree of transport is influenced by many
factors such as sorption, degradation rate, and solubility of sulfonamides (Boxall, 2008).
Transport of strongly adsorbed pharmaceuticals can be enhanced by preferentiadiflow a

dissolved organic matter (DOM)-facilitated transport (Williamsl ¢22800; Thiele-
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Bruhn, 2003; Hoorman et al., 2005), while drain flow is a major route for transport of low
sorptive pharmaceuticals. Boxall et al. (2003) found high concentrations of sulfonamide
(at the same level as tylosin) in drainflow samples from field applied wikkdpig-

slurry and the concentrations of sulfonamide in drainflow declined over time. Although
sulfonamides are not strongly sorbed to soils, Tolls (2001) and Thiele-Bruhn and Aust
(2004) found that the manure-DOM increased mobility of sulfonamides. The colloid-
facilitated transport was proposed by Tolls (2001) to play a major role in the tramisport

sulfonamides.

2.7 Summary

Fate and transport of veterinary antibiotics in agricultural fields are oésgtte
because some of concerns including the antibiotic resistance produced by bacteria.
Sorption and degradation play a major role in transport of these compounds. The soill
carbon content and soil pH were found to impact the sorption of antibiotics on soils.
Among veterinary antibiotics, SMZ is the fourth largest antibiotics used stdigle and
commonly used in swine industries. lowa produced a huge number of swine compared to
other states in the U.S., and the agricultural fields have been applied with samneem
There are some studies on the sorption of SMZ to different soils and the sorption
coefficients have been reported. There are not many studies conducted usingtsails wit
wide range of soil organic carbon content, and soil pH. In addition, a simple model for
the prediction of the sorption coefficient of SMZ is not available.

The degradation of sulfonamides has been studied but there are some

contradiction on the degradability of sulfonamides. Some studies reported that
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sulfonamides are readily degraded while some studies reported their resistanc
biodegradation. There are some studies investigating the degradation of siadésniam
manure, in activated sludge, and in soils. However, no study has focus on the degradation
of SMZ in soils under aerobic and anaerobic conditions. In addition, data on the
concentrations of SMZ that inhibit microbial activities in soils under aerobic and
anaerobic conditions have not been determined. The inhibiting concentration is important
in order to know if the concentrations of SMZ in manure-applied soil inhibit the
microbial activities in the soils.

Vertical transport of SMZ is influenced by the persistence of SMZ in soils, and
sorptive affinity of SMZ. The low Kvalues of SMZ implies that SMZ is not strongly
sorbed to soils and has a tendency to transport via leaching and surface runoff. The time
duration between SMZ applied to soil and rainfall may impact the leaching of SMZ
because the sorption of SMZ to soil was found to be stronger for longer contact time.
Most of studies on the transport of sulfonamides using soil cores were conducted under
saturated condition with the steady flow. Information on the transport of SMZ in soil

columns with simulated scenario of rainfalls are still lacking.
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CHAPTER 3. EFFECT OF ORGANIC CARBON AND PH ON SOIL SORPTION
OF SULFAMETHAZINE

WARISARA LERTPAITOONPAN, SAY KEE ONG, THOMAS B. MOORMAN

'Department of Civil, Construction, and Environméiitagineering, lowa State University, Ames, IA

2 National Soil Tilth Laboratory, USDA-ARS, 2110 ity Blvd., Ames, IA

3.1  Abstract

Batch sorption of sulfamethazine (SMZ) was conaliateng five soils with organic
carbon (OC) contents ranging from 0.1 % to 3.8 &saution pHs ranging from 5.5 to 9.
Sorption of SMZ was found to be impacted by OQ,seface area and soil solution pH, with
Kq values decreasing as the pH increased. Howe@w43 found to be the more dominant
parameter. Linear sorption coefficients at pHveBe found to be 0.58 + 0.12 L képr soil
with 0.1 % OC and 3.91 + 0.26 L kdor soil with 3.8 % OC. At pH 9, thejalues were
found to decreased by more than 50% to 0.23 +lOK#" (soil with 0.1 % OC) and 1.16 +
0.03 L kg" (soil with 3.8 % OC). Hydrophobic sorption waslpably involved for pH < 7.4
(pKa2= 7.4 for SMZ) due to the unionized form of SMZilelsurface sorption was probably
involved for pH> 7.4 due to the ionized form of SMZ. This was aoméd by regressing the
estimated sorption coefficients of cationic, uncharged, and anionic spedies thgesoil
properties. A mechanistic model and a linear s=gpe model incorporating the fraction of
SMZ ionization and soil properties were developadiaere found to estimate thg ¥alues

of other studies using soils of different pH anil mperties.

Keywords:Sorption; Antibiotics; Sulfonamide; Soil pH; Orgarcarbon content
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3.2.  Introduction

The emergence of pharmaceuticals and personal care products in the environment
is of concern in many countries. These compounds have been found in soils, ground
water, and surface water and their environmental risk are not fully understood. Confined
animal feeding operations (CAFOs) are one of the many sources in the release of
antibiotics to soils and surface waters (Moorman et al., 2001; Tolls, 2001). Antibiotics
fed to animals are not fully absorbed into the animal body and are discharged along with
their metabolites through excreta (Thiele, 2000; Tolls, 2001; Thiele-Bruhn and Aust,
2004; Gobel et al., 2005). Swine manure applied to land as fertilizer is one of the many
pathways whereby soils and surface waters are contaminated (Thiele-Bruhn aind Aus
2004) as many of the antibiotics are not completely degraded in the manure (Kolz et al.,
2005).

One of the major antibiotics used in swine industry is sulfamethazine (SMZ), a
commonly used sulfonamide drug (Huang et al., 2001). SMZ is used for therapeutic
purposes, for treatment of infections, and as a growth promoter (Bajpai et al., 2000; Tolls,
2001; Grant et al., 2003). Studies conducted in 1988 by The National Center for
Toxicological Research indicated that SMZ is carcinogenic and that thyroidsumor
developed in rats and mice after receiving 2.4 - 4.8 ppm of sulfamethazine in their diet
over 2 years.

The fate of SMZ in the soils, ground waters or surface waters is dependent on the
sorptive affinity and solubility of SMZ in these media. The partition coefficigffsof
sulfonamides reported previously were found to vary with respect to the types and

properties of the soils (Boxall et al., 2002; Thiele-Bruhn and Aust, 2004; Kurwadkar et
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al., 2007). For example, theKalues for sulfachloropyridazine were 1.8 and 0.9t kg

for clay loam and sandy loam, respectively, agddues were found to decrease with an
increase in the soil pH (Boxall et al., 2002). When manure was added to the soils which
caused an increase in pH, a decreaseyofluies was observed (Boxall et al., 2002).
Thiele-Bruhn and Aust (2004) found similar effects on sorption of sulfonamides due to
pH changes when manure was added. In their study,qthialtes of five different
sulfonamides, ranging from 0.3 to 2.0 Lkipr a silt loam soil, increased when acidic
manure was added to the soil. In another study, the sorption of sulfamethazine and
sulfathiazole to three soils (loamy sand, sandy loam, and loam soil) decreasedas pH w
increased (Kurwadkar et al., 2007). For example, theflsulfamethazine for loamy soll
was 17 L kg at pH 3.1 and decreased to 3.1 ['lag pH 7.3. SMZ which is the focus of
this study has a pk value of 7.4. The objective of this study is to investigate the impact
of pH and soil properties on the sorption of SMZ and to construct a mechanistic sorption
model based on the various species of SMZ and soil properties for the prediction of the
sorption of SMZ onto soils. Experiments were conducted at pH 5.5, 6, 7, 8, and 9 to
cover the pH range typically found in soils. The five soils used had organmmaontent

ranging from 0.1 % to 3.8 %.

3.3. Materials and methods
3.3.1 Soil sampling and analysis

Five soil samples identified as Clarion-1, Clarion-2, Clarion-3, Nicollet, and
Harps series were collected from different agricultural fields in Atoeg. Soils

collected were surface soils at depths of O - 15 cm, except for Clarion-1, whieh was
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subsoil and collected at a depth of 152 - 212 cm. The soils were thoroughly
homogenized, partially-dried at room temperature, sieved using a 2-mm opening sieve,
and stored moist in a refrigerator. The organic carbon (OC) content was measuged usi
a NC Soil Analyzer (Flash EA, 1112 series) (CE Elantech Inc, Lakewood, NJ). Ethylene
glycol monoethyl ether (EGME) sorption was used to measure the specific sudase

of the soils. Soil moisture contents were determined by weight difference by thging

soil in an oven at 105° C for at least 24 hours. The properties of the fsvaregresented

in Table 1.

3.3.2 Chemicals

Sulfamethazine (4-amino-N-[4, 6-dimethyl-2-pyrinmgi]-benzenesulfonamide,
C12H14aN4O,S, CAS number 57-68-1) with a purity of 99 % wascpased from Sigma-
Aldrich (St. Louis, MO). Acetonitrile and HPLC actiromatography grade water for
HPLC analysis were purchased from Burdick & JackKstuskegon, MI). A stock solution
of 50 mg L* of SMZ in 0.01 M CaGlsolution was prepared. For pH adjustment, 0.1fM o
KOH and 1 M of HCI solution were used. To maintiie soil-water ratio in the batch
sorption experiments, 0.01 M CaGblution was used.

The chemical structures of sulfamethazine anaitzéed forms (cationic and
anionic with the negative charge exhibited at the nitrogen of sulfonamide gireup)
presented in the Figure 1. Physical-chemical pt@seof SMZ include: molecular weight
= 278.34, log K, = 0.89 (Tolls, 2001) solubility = 1.5 g‘ll,_pKaJ: 2.65+0.2, and p=

7.4 £ 0.2.The fraction of non-ionized and ionized forms of SMZ as a function of pH may
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affect the sorption of SMZ to soils. For a given pH, the fraction of anionic SMZ can be

estimated by the following (Snoeyink and Jenkins, 1980; Schwarzenbach et al., 1993):

A ] _ 1 (1)

3.3.3 HPLC analysis

SMZ was analyzed using an Agilent HPLC Series 1Ea@an, MN) with diode array
detection. The injection volume used wasib@nd the initial eluent flow rate was 0.5 mL
min™. Mobile phase A was water with 1 mM ammoniumatesand 0.1 % (v/v) glacial
acetic acid while mobile phase B was acetonitrilg @1 % (v/v) glacial acetic acid. The
mobile phase B increased from 10 % to 25 % in I#utes and to 100 % from 12 to 30
minutes at a flow rate of 0.7 nmhin™. Mobile phase B is then reduced to 10 % in 3@to 4
minutes and the flow rate returned to 0.5mib™. Detection wavelength was set at 254 nm.

SMZ calibration curves were prepared for each gkete

3.3.4 Batch sorption experiments

Nine grams (dry weight) of Clarion-1, Clarion-2, ClarigriN&ollet, and Harps soils
were weighed and placed into 50-mL fluorinated letigy propylene (FEP) centrifuge tubes.
The soil-water ratio was maintained at 1: 3 (drgsna&olume of water). For each soil,
different volumes of 0.1 M of KOH or 1 M of HCI smion and 0.01 M of Cagholution
were added to adjust the pH of the solution tddhget pHs of 5.5, 6, 7, 8, and 9. Preliminary
tests were conducted before the batch sorptiorriexgat to estimate the volumes of acid or

base needed for pH adjustment. The tubes weedssdh ethylene-tetrafluoroethylene
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(ETFE) caps and shaken for approximately 24 hauaidw the soil pH to stabilize. Due to

the pH adjustment processes, the ionic strength of the samples ranged from 0.03 to 0.19.
The soil slurries were then spiked with SMZ stock solution to give concentrations of
approximately 1.1, 2.8, 5.6, 11.1, and 22.2 rifgdr 3.3, 8.4, 16.8, 33.3, and 646 g*

soil). The total volume of liquid in each tube, i.e., Gas@lution, acid or base, and SMZ
solution, was maintained at 27 mL. Triplicate samples were prepared. Afteoadditi

SMZ, the tubes were vortexed, and left for 10 minutes to allow the soil particldddo se
The pHs of the supernatants were measured (identified as the initial pH). Saemgles

then shaken for 24 hours at 22. The 24-hour incubation time was selected for batch
equilibrium study because previous studies on sorption of some sulfonamides including
SMZ showed that near equilibrium conditions can be reached in less than 24 hours
(Thiele, 2000; Kurwadkar et al., 2007). The tubes were then centrifuged at 5000 rpm for
20 minutes. The pHs of supernatants were measured (identified as final pH). The
differences between initial pH and final pH were found to be less than 0.2 pH unit for all
sorption experiments (data not shown). The supernatants were filtered with @y2on
membrane filter (13 mm polypropylene encased) (Alltech, Deerfield, IL) and 2 rhe of t
filtrate were transferred to HPLC vials for analysis.

Sorption of chemical onto tubes and caps were investigated before starting the
batch equilibrium experiments and the tests showed 96 % + 2 % recovery (data not
shown). Therefore, the sorption onto tubes and caps were assumed to be negligible.

Linear sorption coefficients, (L kg?) values, and Freundlich sorption constants,

Kt (unitless) values, were estimated for the sorption of SMZ to soil. Sogutadficients
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were normalized with respect to organic carbonesantAll Ky, K¢, and K. values were

reported on an oven-dried weight basis.

3.4. Results and discussion
3.4.1 Sorption Isotherms

The mass of SMZ sorbed per unit mass of s@j| (@&re plotted against the
equilibrium concentrations of SMZ (Cas shown in Figure 2. Linear sorption coeffitsagy
were obtained using linear regression. Nonlineankdlich coefficients (Kand n were
estimated by the linear form of the Freundlichhsains. Linear regressions were found to
best fit the sorption of SMZ for all soils{R 0.91). The I, the estimated &, and Kk and n
values are given in Table 2. Control sorption @rpents were conducted with soils without
added SMZ. No SMZ were detected in the soil suhsti

The estimated Kvalues ranged from 0.23 + 0.04 to 3.91+ 0.26 T étgpending on
the type of soil, soil organic carbon, and soil pH. Thedues obtained in this study were in
the same range as the values reported by other researchers. For instance,hangham
(1989) reported Kvalues of 1.0 to 3.1 L kbfor sulfamethazine at concentrations
between 0.2-25 mg Kg soils with 0.9 - 2.3 % OC and different pHs ranging from 5.2 to
6.9. The K values for sulfadimidine (a synonym of SMZ) were reported to be 2.4'L kg
for a soil with 1.6 % OC and a pH of 7 and (Thiele et al., 2002), and 3 fokgoil with
3.1 % OC and a pH of 6.2 (Tolls et al., 2002).

Except for Clarion-1 soil, the estimated.Kalues ranged from 30.4 to 47.8 L'kg
for pH 9 and from 86.9 to 139.7 for pH 5.5. The lag Kf SMZ (0.89) indicates that

SMZ is not strongly hydrophobic and the ¥alues of 0.2 — 3.9 L kijdenoted that SMZ
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may be mobile with a potential to leach and eventually pollute ground water and surface

water.

3.4.2 Effect of pH

Since the pKs of SMZ are 7.4 £ 0.2 and 2.65 + 0.2, the deprotonated (anionic)
form of SMZ is prevalent at alkaline pH, but for neutral pH and lower, the unionized
SMZ and the cationic SMZ would be dominant. The portions of anionic SMZ at pH 5.5,
6, 7, 8, and 9 according to Eq. 1 were 1.2 %, 3.8 %, 28.5 %, 79.9 %, and 97.6 %,
respectively.

To assess the impact of pH on the sorption of SMZ to various soilsgtheéte
plotted against pH and the fractions of anionic SMZ as shown in Figure 3 (a) and (b). All
five soils showed gradual decrease in sorption as pH increased (for example, at pH 5.5
and pH 9, K values for Clarion-2 were 1.22 + 0.04 and 0.49 + 0.04, respectively) but
except for Clarion-1 soil, all the other soils showed SMZ sorption to be highest at pH 5.5
(see Figure 3 (a)). Essentially, the anionic form of SMZ appeared to sorb ledsethan t
unionized form (see Figure 3 (b)). At pH 8 and pH 9 (3 ptt SMZ), the anionic SMZ
was 80 % of the total SMZ. The trend observed in this study was similar to the study
reported by Boxall et al. (2002) but for another sulfonamide compound,
sulfachloropyridazine, in clay loam and sandy loam for pHs between 4.6 and 7.8. Itis
probable that the anionic SMZ resulted in significantly less hydrophobic interattteons
the unionized form of SMZ. At pH less than the,pKhydrophobic sorption with organic
matter may dominate due to the unionized nature of SMZ. Therefore, at high pH, the

lower sorption may be attributed to the anionic SMZ where hydrophobic sorption would
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be impacted by the polar-polar interactions of the anionic SMZ and the negative nature of
the soil surface at high pH. It is also probable that some sorption may occur by cation
bridging where a polyvalent cation bridges between the anionic SMZ and the negative
charge sites on clay or organic materials.

The impact of soil OC on the sorption of SMZ is plotted as shown in Figure 4.
For the pH used and solls tested, Clarion-1 with the lowest OC gave the lowesisorpti
of SMZ and Harps with an OC of 3.8 % gave the highest sorption. To assess the role of
organic carbon content, the Malues were normalized with OC to obtaig, Ks shown in
Table 2. Ignoring Clarion-1 soil and for pH 9, thg Kalues for the remaining four soils
were fairly similar ranging from 30.4 to 47.8 L'kgnd at pH 5.5, the d{values ranged
from 86.9 to 139.7 L K§ The fairly similar K. values typically indicate the influence of
OC in sorption of organic compounds (Karickhoff et al., 1979). The plot{d (except
for Clarion-1 soil) against pH as in Figure 5 further illustrates and accestiingt impact
of OC and pH on sorption of SMZ.

As shown in Table 2, theKvalues of Clarion-1 soil were considerably higher
than the other four soils. The low OC content in Clarion-1 was probably one of the
reasons for the high values. The clay:OC ratios ranged from 6.7 to 9.1 for the four soils,
but was 180 for Clarion-1 soil. Gao and Pedersen (2005) showed that SMZ speciation
and clay surface charge density were important factors for the sorption of SM¥ to ¢
surfaces. For soils with high clay content and low OC, sorption of SMZ to clay surfaces
may become more important, thereby inflating thgwalues for Clarion-1 soil.
Qualitative differences in the OC of subsoil (Clarion-1) compared to the otheresurfa

soils may also affect sorption and thg.K
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3.4.3 Model Development

The overall sorption of SMZ at a given pH may be assumed to be equal to the sum
of the sorption of each SMZ species meaning that the overall sorption coefficieig (K
equal to the sum of the fraction of the SMZ species multiplied by the sorption coesficie
of the SMZ species (Schwarzenbach et al., 1993). Gao and Pedersen (2005) found the
sorption of zwitterionic did not make a significant difference in the overall sorpfi
SMZ, therefore, the overall sorption coefficient can be expressed for cationic, edioniz

and anionic species as shown below:
Kd: OL+Kd++ OLOKd0+ OL_Kd_ (2)
where

Kd

overall sorption coefficient (L Ry

Ko, Kq© and K& sorption coefficients of cationic, unionized, and

anionic species, respectively

o, o anda” mass fraction of individual species in soltio
Sorption coefficients for each species(K<’, and K) were estimated by fitting the
overall sorption coefficients with Eq. 2 for eadil-pH combination using the statistical
software, SigmaPlot 10.0 (SyStat Software, In@), Bme, CA). The estimated sorption
coefficients for each individual species for alfisoils (R = 0.97) are present in Table 3.
The K4 ‘s for the five soils were found to be highest agthe individual SMZ species
indicating strong sorption of cationic SMZ to negglly charged clays but this sorption may
not play a role in typical soils pH range of 5.®tas the fractions of cationic SMZ present at

this pH range are very small.
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Sorption coefficients of each SMZ specieg' (K, and Ky) were regressed
against the soil properties of the five soils using stepwise regression (8RGSPSS
Inc., Chicago, IL). I was found to be significantly correlated with the soil specific
surface area (Eq. 3) while other dependent variables were excluded indicating the
sorption of cationic SMZ to the negatively charged surface of the soil. £an K,
the stepwise regression showed that the percent OC was the most important dependent

variable that controlled the sorption of both unionized and anionic SMZ (Egs. 4 and 5).

K§ = 009 x SA - 231 R?=0.95 (3)
K3 = 081 x %OC + 038 R*=0.92 (4)
Kg = 029 x %0OC + 020 R*=0.90 (5)

where
% OC = organic carbon of soil (%)

SA = soil specific surface area ')

Figure 6a shows that the above model (Egs. 2 - 5) predicted fairly well the expeiymenta

determined K values.

Another approach is to regress the overall sorption coefficients at different pHs
against the physical-chemical properties of the soils (Table 1) and therfraicthe
anionic form of SMZ using stepwise regression (SPSS 14.0, SPSS Inc., Chicago, IL).

Only the OC and IF were retained as variables in the mpde0(05) while the other soil
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properties were excludef £0.05). The multiple regression model withadR0.831 is

as follows:

Kg=(063 x %0C)-(150x IF)+ 096 (6)
where

IF = fraction of anionic SMZ at given pH

The Pearson correlations betweenakd %0OC, and IF, were 0.728, and -0.549,
respectively, showing that OC was more importaahthr for the prediction of K
When the data of Clarion-1 were excluded sincé@4k¥C of Clarion-1 was very low, the
R? of regression model yielded af & 0.873, an insignificant improvement. Figure 6b
shows that the regression model (Eq. 6) predicety fwell the experimentally
determined I{ values.

To simplify the model (Eq. 6) for quick predictioh SMZ sorption, a regression
model using K. was developed (data for Clarion-1 soil were exet)d The regression
model with a R of 0.81 is given below:

Koc= — ( 69 IF) + 10478 (7)

The predicted K values from Eq. 7 at each pH were compared to the
experimental K usingone-sample t tesdt level of 95% confidence. The sample means
(mean of experimental J{values at a certain pH) were not significantlyeti#nt from
the predicted K (considered as a population mean) for all pH is skudy with the two-
tailedp values ranging from 0.571 to 0.993. Table 4 shihegredicted K and mean

experimental i and two-tailed p value for all phperformed.
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To assess the suitability of the models develofhedKy's of SMZ reported by
other researchers were compared to this gredicted by the model described by Eqgs. 2 —
5 and the model described by Eq. 6 (Table 5). essmne of the previous studies did not
include the solil specific surface area (SA), thecHr surface area was estimated based
on the clay fraction in soil as given by Eq. 8 (@xrg et al., 2005):

SA =5.654+ 3489(Clay Mass Fraction (8)

Both models predicted theyls reported by other researchers except for Kuwadka
et al. (2007) who estimated thg #sing the initial portion of their sorption curetlow
concentration (< 0.5 mg %) instead of the whole range of sorption conceioimnatof

their experiments.

3.5. Conclusion

The sorption behavior of SMZ onto soil is needelrtow the fate and transport
of this compound in soil and to estimate the riskqa by this compound. Linear
sorption isotherms were found to describe the swormif SMZ for the soils tested and for
the concentration range. Linear sorption coeffitsgKy) determined at various pH
conditions, were found to be maximum at the lovpestested, i.e. pH 5.5 but were lower
for higher pH. Based on the experimental respltspf the soil-solution had an impact
on the sorption affinity of SMZ, due to the ionipat fraction of SMZ. At pH less than
7.4, hydrophobic sorption was probably involved tlughe unionized form of SMZ. At
pH greater than 7.4, the lower sorption may betdubke anionic SMZ and the negatively
charged surfaces of the soils at high pH. Thedues were also found to be dependent

on the organic carbon of the soils. This behawiay have an impact on the transport of
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this compound in subsoil due to low organic mattertent. Two models incorporating
mass fraction of SMZ species and various soil gaysthemical properties were
developed to predict thegKalues for various soils for different pHs. Thedels were
found to predict the Ks of other reported studies. It should be noted the models
were developed based on experimentally determiogadisn coefficients for lowa soils
(mollisols) and further verification is needed wusaxperimentally determined sorption
coefficients of soils from other areas. Howevkis model should be highly applicable

for soils in lowa, Southern Minnesota, and Illineieere mollisols are widely distributed.
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Table 1. Physical-chemical properties of soils

Soll
Soil pH (1: 1)
Depth of soil (cm)
Organic Carbon (%)

Inorganic Carbon (%)

Cation Exchange Capacity
(meq/1009)

Specific Surface Area (M g?)
Sand (%)
Silt (%)
Clay (%)

Texture

Clarion-1 Clarion-2 Clarion-3 Nicollet

8.2 7.8
152-212 0-15
0.1 1.4
1.9 0.3
12.1 10.7
45 37
56 68
26 22
18 10
Sandy Sandy
Loam Loam

5.4

0-15

2.2
nd

15.7

66
46
34
20

Loam

Harps
55 8.2
0-15 0-15
2.7 3.8
nd 1.4
20.0 23.3
110 129
44 38
38 36
18 26
Loam Loam

2 not detected



57

Table 2. Estimated sorption coefficients, Kand Kq, with 95 % confidence interval,

and Freundlich sorption coefficients (), nonlinearity constant (n)for five soils for

pH from 5.5t0 9

Linear sorption

+

Freundlich sorption

Soll ocC pH oo
(%) " ﬁg_l) R (ke Eé-l) R?
Clarion-1 0.1 55 0.58 +£0.12 0.89 579 £ 117 0.87 0.98 0.88
6 0.48 +0.12 0.80 481 + 120 0.91 0.90 0.82
7 0.64 +£0.23 0.72 639 + 234 1.62 0.87 0.73
8 0.32 +£0.06 0.94 320 +61 0.14 0.81 1.24
9 0.23+0.04 0.94 228 £ 44 0.03 0.92 1.67
Clarion-2 1.4 55 1.22 £ 0.04 1.00 86.9+3.2 1.06 0.99 1.09
6 1.18 £0.10 0.99 84.1+7.2 1.27 0.97 1.01
7 0.98 +0.08 0.99 70.3+5.8 0.13 0.88 1.94
8 0.55 +0.07 0.98 39.3+5.3 0.05 0.94 2.03
9 0.49 +0.04 0.99 349+28 0.34 0.99 1.11
Clarion-3 2.2 55 2.52 +0.40 0.97 114.5 +18.4 3.81 0.88 0.85
6 2.42 £0.12 1.00 109.9 +5.3 2.29 0.99 1.05
7 1.98 £0.17 0.99 90.1+7.9 0.93 0.93 1.40
8 1.33+0.12 0.99 60.3+x55 0.16 0.90 1.99
9 1.05 +£0.05 1.00 478 +2.4 1.27 1.00 0.93
Nicollet 2.7 55 3.77 £0.09 1.00 139.7 £+ 3.2 3.73 1.00 1.02
6 3.06 £0.22 0.99 113.2 +8.3 3.13 0.98 1.03
7 2.55+0.16 1.00 94.3+6.0 1.31 0.91 1.38
8 1.38 £0.10 0.99 51.3+3.7 0.29 0.87 1.75
9 1.07 £ 0.04 1.00 39.8+1.6 1.32 1.00 0.92
Harps 3.8 55 3.91+0.26 1.00 102.8 + 6.8 4.68 1.00 0.93
6 3.05+0.27 0.99 80.3+x7.0 3.23 0.98 1.02
7 2.84 +£0.22 0.99 74.8+59 1.42 0.94 1.40
8 1.70 £ 0.09 1.00 447+ 2.5 0.80 1.00 1.39
9 1.16 £ 0.03 1.00 30.4+0.9 1.39 0.93 0.93

K4 normalized to organic carbon
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Table 3. Ky*, K¢, and Kd™ for five soils

T 0 -

Soll Lk kg Lk R
Clarion-1 146 +1.27 045 +0.14 0.25+0.06 0.98
Clarion-2 1.50 + 0.88 1.19+0.08 0.44 £ 0.06 0.99
Clarion-3 3.61+0.78 2.39+0.08 1.03 +0.06 1.00
Nicollet 945 +2.74 2.96 £ 0.25 1.03+0.18 1.00
Harps 8.83 +6.62 3.14 +0.61 1.23+0.43 0.97

& values are mean * 95 % confidence interval
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Table 4. Comparison of mean estimated ¥ for four soils (excluding Clarion-1) at
each pH and the K predicted by Eq. 7 using one-sample t test

pH MeE;rt]IriT_lagtg OIO/ng:CI++ predictelleml:)y Eq. 7 Two-tailed sig.
(L kg™ (L kg ®)
55 110.98+21.80 103.92 0.571
6 96.88+ 16.72 102.12 0.582
7 82.38+ 11.39 85.02 0.680
8 48.90+ 8.86 49.31 0.933
9 38.26+ 7.29 37.08 0.779

95 % confidence interval
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Table 5. Comparison of Ky reported by other researchers and predicted Kusing
Egs. 2 -5 and Eq. 6.

Fraction Kg Ky
of Surface Kg predicted predicted
oC o . .
References %) pH anionic area measured using using
0 SMz (m’gY) (Lkg?) Egs.2-5 Eq.6
(%) (Lkg™  (Lkg?)
Langhammer, 23"
1989 09 52 0.63 1.2 0.81 1.52
23 56 156 347 3.1 2.07 2.39
1.2 6.3 736 417 2.0 1.29 1.61
1.1 69 2403 180" 1.0 1.16 1.30
Tollsetal., 2002 3.1 6.2 5.94 128" 3.0 2.96 2.83
Thieleetal., 2002 16 7 28.48 17.9 2.4 1.38 1.54
Thiele-Bruhnand 1.6 7.5 55.73 N/A 0.79 N/A 1.14
Aust, 2004
Kuwadkar et al., 1.0 5.3 0.79 1.8 4.6 0.58 1.58
2007

“Surface area estimated using Eq. 8
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Figure 1. Chemical structure of sulfamethazine and its anionic and cationiforms
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Figure 2. Sorption isotherms of sulfamethazine for five soils at pH 5.5, 6, 7, 8, and 9.
Solid lines show the linear isotherms obtained by least squares regriess
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Figure 3. Sorption (Ky) of sulfamethazine to five soils (Clarion-1, Clarion-2, Clarion-
3, Nicollet, and Harps) as a function of (a) pH, and (b) percent of anionic
sulfamethazine in solution
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Figure 4. Relationship of sulfamethazine sorption and soil organic carbon
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CHAPTER 4. DEGRADATION OF SULFAMETHAZINE IN SOIL
AND MANURE-AMENDED SOIL
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Department of Civil, Construction, and Environmégiagineering, lowa State University, Ames, IA

2 National Soil Tilth Laboratory, USDA-ARS, 2110 ity Blvd., Ames, IA

A paper to be submitted toChemosphere

4.1  Abstract

The impact of initial concentration of SMZ, additiof manure, and aerobic and
anaerobic conditions on degradation of SMZ in se#s studied. Inhibitory effects were
observed at SMZ concentrations of 50 mg kg higher for anaerobic conditions, and
between 50 mg kand 100 mg K for aerobic conditions in soils alone. Disappeeea
of SMZ was modeled using the availability-adjudfiest-order model. Disappearance of
SMZ was faster in manure-amended soils than iis stane, for initial concentrations of
0.5 and 5 mg Kgbut not for concentrations of 50 and 100 mg.kghe fate of SMZ in
soil determined by usinfC-SMZ showed that 70 to 91 % Y-SMZ was bound to
soils. Only 0.1 to 1.5 % dfC-SMZ was completely mineralized Y& O, with the
highest mineralization found in soils without magunder aerobic conditions. Between
5 and 10 % of SMZ were in the form of metabolitésaddition, the results implied that

as initial SMZ concentration increased, the frattiound to soils decreased.
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4.2.  Introduction

Veterinary antibiotics from animal feedlots arecohcern as they may result in an
increase in antimicrobial resistant bacteria (TABOL; Sengelgv et al., 2068)d they
may have an impact on aquatic organisms and hunfaum$&methazine (SM2), a
sulfonamide compound, is a common antibiotic usdtié swine industry (Huang et al.,
2001). Sulfonamide antibiotics cannot be totalig@bed into the animal body and are
excreted as both the parent compound and variotabwléges reaching the environment
via application of manure on arable land (Hallealet2002). N4-acetyl sulfamethazine
(N4-acetyl-SMZ), desamino sulfamethazine (desamin&glsind N-1-methyl
sulfamethazineN-1-methyl —SMZ) are the main metabolic forms of Shfien found.
The acetyl metabolite form of SMZ can be cleavetklia the parent compound
(Langhammer, 1989) especially during manure storddee studies showed that the total
sulfonamide concentrations of up to 20 md kget manure) (Haller et al., 2002), SMZ
concentrations up to 7 mg kgdry matter) were found in liquid manure (Hamsogteal.,
2005) and the concentration of sulfonamides greager 20 pg L' were found in the
manure lagoons in lowa and Ohio (Campagnolo e2@02). Concentrations of SMZ as
high as 11ug kg* were found in soils (Hoper at al., 2002, Hamsehed., 2005).

Data on the sorption and degradation of sulfonarardemportant in
understanding the fate and impact of sulfonamidéerenvironment. Studies have
shown that SMZ and other sulfonamides are not glysorbed to soils (Langhammer,
1989; Tolls, 2001, Sarmah et al., 2006; ter Laadd.eR006) and are potentially mobile.
Degradation experiments, conducted for varioussaliides at various conditions,

showed that the half-lives of sulfonamide rangedinfk1 to 30 days (Ingerslev and
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Halling-Sgrensen, 2000; Kay et al., 2004; Blackwekl., 2005; Wang et al., 2006b,
Accinelli et al., 2007, Blackwell et al., 2007) h& longer the half-lives of the
compounds, the more persistent is the compourttkietivironment. Although
sulfonamides are subjected to photodegradationtjalmlegradation) (Boreen et al.,
2004), sulfonamide-contaminated soils under thiesswface are not exposed to sunlight
and therefore may be subjected to only biodegraddty microorganisms. Aerobic
biodegradation is the main process of veterinagrplaceutical compounds degradation
in soils (Aga, 2008). When sulfonamides migrageper into the solil, the sulfonamides
may be subjected to anaerobic degradation. Gdéydrad degradation of veterinary
pharmaceuticals in soils is impacted by the envitental conditions such as temperature,
soil type, soil pH, organic carbon content, sotiri@nts and density of bacteria
(Kiimmerer, 2004). The degradation of sulfonamidesanure and in soils was found to
be affected by the initial concentratiohsulfonamides, moisture, temperature (Wang et
al., 2006a), soil type and presence of microbialayg (Accinelli et al., 2007). The effect
of manure slurry addition to soils was found tor@ase the degradation rates of
sulfonamides which may be due to an increase inamial population (Wang et al.,
2006b; Accinelli et al., 2007).

Sulfonamides are antibiotics designed to kill baatand, at a certain
concentration, they may have an adverse effecoibivacteria and consequently
biodegradation of sulfonamide. Colinas et al. @)9@ported that the bacteria population
in oxytetracyclins-applied soils were found to reeltio a fifth of the original population.
Doses of sulfapyridine that inhibited microbialigity by 10 % and 50 % (ER and

EDso) in a Fe(lll) reduction test were found to ranger 0.003 to 1.14 mg Kg and from
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6.45 to 86.5 mg k§ respectively (Thiele-Bruhn and Beck, 2005). Ha same study, the
ED;o and EByof oxytetracycline hydrochloride in the Fe (lll)dection test were found
to range from 5.50 to 7.35 mgkand from 9.68 to 156 mg Rgrespectively. There
appeared to be no studies on the inhibiting effée&MZ on soil microbial processes
under aerobic or anaerobic conditions.

This study investigated the degradation of SMZiff¢ient initial concentrations
under aerobic and anaerobic conditions in soilsiamdanure-amended soils, the extent
of SMZ mineralization usin$!C-SMZ and the distribution of SMZ and its metateslitn
soils. In addition, this study investigated thieilniting effect of SMZ on soil microbial

processes.

4.3. Materials and methods
4.3.1 Soil sampling and swine manure

A sample of Clarion soil was collected from a cbehd in Ames, lowa. Soll
collected was surface soil at depths of 0 - 15 ime soil was thoroughly homogenized,
partially dried at room temperature, sieved usi2gram opening sieve, and stored moist
in a refrigerator. Soil moisture content was deieed by weight difference between the
moist soil and dry soil by drying the soil in areovat 105° C for at least 24 hours. The
soil is a loam with: pH (1:1) of 6.4, 2.6 % organarbon content, 44 % sand, 36 % silt,
20 % clay, and a cation exchange capacity of 12§ 100 & (analyzed by Midwest
Laboratories, Omaha, NE). Swine manure slurry eedlected from a deep pit near
Boone, lowa, and stored in a refrigerator until. ube pH of liquid manure was 8.9.

The liquid manure was sent to Swine Odor and MaMaragement Research (USDA,
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Ames, IA) to analyze the carbon content in mangiegiCNS analyzer (Elementar Vario
MAX CNS Analyzer, Germany). Manure has dry matte8.1 %, dried manure carbon
of 36.8 %, ashed manure carbon of 0.1 %, dried neamitrogen of 3.9 %, and ashed

manure nitrogen of 0.01 %.

4.3.2 Chemicals

Sulfamethazine (4-amino-N-[4, 6-dimethyl-2-pyrimmgli]-benzenesulfonamide,
C12H14N4O,S), CAS number 57-68-1, with a purity of 99 % wasghased from Sigma-
Aldrich (St. Louis, MO). The structure of sulfarhatine is presented in the Figure 1.
Other properties of SMZ include a molecular weigh278.34, log K., of 0.89, solubility
of 1.5 g L', pK; of 2.65 + 0.2, and pKof 7.4 + 0.2.A stock solution of 375 mgtof
SMZ in 10 % methanol and 90 % deionized water wapgred. Concentrations of 37.5
mg L* and 3.75 mg Lt of SMZ solutions, were prepared by diluting thé 3ig L*
solution with deionized water.

14C-SMZ was purchased from Sigma-Aldrich Corp. (Stis, MO).
Acetonitrile, HPLC and chromatography grade wabetHPLC analysis, and methanol

were purchased from Burdick & Jackson (Muskegor), Ml

4.3.3 Sulfamethazine effects on microbial respiration

Aerobic and anaerobic respiration experiments ils smd manure-amended soils
treated with SMZ at concentrations of 0, 0.5, 5,500 100, and 150 mg Kgsoil were
prepared by placing 15 g (dry weight) of moist sodl0-mL screw-top amber-glass

tubes. For manure-amended soils, 1 mL of liquitiuma was added into each tube.
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SMZ stock solutions were added to the soil to obtiae initial concentration listed
above. Deionized water was added to achieve argngdture of 25 %. Anaerobic
conditions were obtained by capping the tubesltighith screw caps with rubber septum
and evacuating and purging the tubes five timek iélium gas to flush out all air in the
tubes. As for the aerobic experiments, tubes wapped loosely and weighed. Tubes
were uncapped once every three days to allow fxe#shto tubes and weighed to check if
water was needed to maintain the 25 % moistureiln $he tubes were incubated at
22+1 °C. Soil without addition of SMZ was usedsasontrol. Gas produced from
samples were analyzed for carbon dioxide and methtday 2, 4, 6, 10, 14, 18, 24, 32,
and 40 for aerobic incubations, and day 6, 1432440, 52, 66, and 80 for the anaerobic
incubations.

For each sampling event in the aerobic experintebés were uncapped to
release all gas accumulated previously, and thepechtightly and incubated for exactly
one hour. After the one-hour incubation, 10 minibfogen gas was injected into the
capped tube using a needle and syringe to mixeéhddpace gas. Ten mL of the
headspace was withdrawn and injected back inta tiiging was repeated for three
times, then 10 mL of headspace was collected gadted into an evacuated 8 mL glass
vial with a grey butyl rubber septum and aluminwealgAlltech, Deerfield, IL). The gas
sample vials were prepared before use by evacuatidgpurging the vials five times with
helium gas. For anaerobic incubations, tubes eeaeuated and purged with helium gas
three times to flush out all gas produced eardird incubated exactly for one hour. The
procedures for collecting headspace gas were the aa in aerobic incubations. Gas

samples were analyzed for methane and carbon éasithg SRI1 8610C gas
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chromatograph (SRI Instruments, Torrance, CA) aiffame ionization detector (FID)
and HaySep D column (Alltech, Deerfield, IL) usiag autosampler as described by
Arnold et al. (2001). The oven temperature wassb0 °C. The amounts of carbon
dioxide, and methane (for anaerobic incubationsjlpced were calculated to represent
the hourly rate of gas generation at the particiitae of sampling.

After sampling the headspace for aerobic respmatitbes were uncapped,
weighed, and water was added (if needed) to regiienpisture loss. All tubes were
incubated further as described for aerobic respiaintil the next sampling time. For
anaerobic respiration, tubes were evacuated amgguvith helium gas three times and
incubated further until the next sampling timear#tard curves were established using
SCOTTY”ll standard gases (Scott Specialty Gas, Plumstéadwid). Ten mL of
standard carbon dioxide and methane gas at coatiens ranging from 503 to 100,400

ppmv, and from 2.01 to 107 ppmv, respectively, wesed.

4.3.4 Aerobic degradation of SMZ

Aerobic degradation of SMZ was conducted in a simmhanner as the microbial
respiration experiments. Moist soil was weighesl gldry weight) and placed in 40-mL
screw-top amber-glass tubes. SMZ stock solutionre wdded to the soil to give initial
SMZ concentrations of 0.5, 5, 50, and 100 mg &gil. Deionized water was added to
achieve a soil moisture content of 25 %. For mesaimended solil, 1 g of liquid swine
manure was added to each tube with the SMZ anchideid water added as for the soll
samples without manure. The tubes were cappedheej and incubated at 22+1 °C.

Each tube was weighed every three days intervéddtermine soil moisture, and water
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was added if needed. Triplicate samples for alitments were prepared. To determine
the disappearance of SMZ, tubes were sacrificetlsamples extracted and analyzed
with HPLC for SMZ at various times: 4, 7, 14, 2hd&®8 days after the start of the
experiment.

To prepare sterilized samples, soils and manurezdatkesoils were weighed and
placed in tubes in the same way as mentioned indhesterilized samples. Tubes
containing soils or manure-amended soils were &ated for 30 minutes. To further
ensure inhibition of microbial activities in sodsad manure-amended soils, sodium azide
solution was added into autoclaved soils or maannended soils with a total amount of
700 mg of sodium azide per tube. Sterile soilsewesed as controls for degradation
experiments. Samples in the tubes were extrattegich sampling time and analyzed for

the SMZ using HPLC.

4.3.5 Anaerobic degradation of SMZ

Soil and manure-amended soils for anaerobic detjoadaef SMZ were prepared
in a similar manner as the aerobic treatment lat #fe tubes were capped tightly with
plastic screw caps with rubber septa, the tubes eescuated and purged five times,
with helium gas. The anaerobic experiments wenelgoted over a 63-day period.

Sampling times were at 7, 14, 21, 35, and 63 days.
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4.3.6 Extraction of SMZ

The extractant used was a mixture of 80 % methamd|20 % 0.1 M of KOH.
Potassium hydroxide was added in the extractaadjiost the pH of the soil-solution
system to be higher than the p&f SMZ to increase extractability. To determihe t
mass of SMZ in soil, 10 mL of methanol/KOH mixtwas added to each tube. Samples
were shaken for 3 hours at 22+1 °C, and centrifiegeg000 rpm for 15 minutes. The
supernatants were then transferred to 15 mL glalssnetric tubes. Extraction was
conducted for a total three times for a given saihple. The combined supernatants
were evaporated using nitrogen gas in a N-EVAPyanal evaporator (Organomation
Associates, Berlin, MA) at 41 °C, and the remaimegjduals re-dissolved with 80 %
Phase A and 20 % Phase B of HPLC mobile phasell@ptasented later). The liquid
was filtered with 0.2um nylon membrane filter (13 mm polypropylene-endagAlltech,
Deerfield, IL) and 2 mL of the filtrate were traasfed to HPLC vials for analysis.

Preliminary tests were conducted before the expariato investigate the
recoveries of SMZ. The extraction recoveries fepiked concentration of 5 mgkin
soils alone, manure-amended soil, and sterilizesuregaamended soil were 90 %, 88 %,

and 92 %, respectively.

4.3.7 HPLC analysis

SMZ was analyzed using an Agilent HPLC Series 1EHa@an, MN) with a diode
array detector. The detection wavelength was 254 The mobile phase was made up of
Phase A consisting of water with 1 mM ammoniumateednd 0.1 % (v/v) glacial acetic acid

and phase B consisting of acetonitrile and 0.184 @facial acetic acid. Triplicate injections
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were made and each injection volume used wad 50 he initial eluent flow rate was

0.5 mL min™ and was changed accordingly with different peages of phase A and B as

follows:
Time (min)  %B Flow (mL miff)
0 10 0.5
6 15 0.5
10 15 0.5
12 25 0.55
16 65 0.6
30 100 0.7
35 100 0.7
40 10 0.7
50 10 0.5

4.3.8 Fate of*C- SMZ

Soils were prepared and treated in the same masrerobic and anaerobic
degradation experiments with total SMZ (unlabeled edioactive labeled SMZ)
concentrations of 0.5, 5, and 50 mgkawil with 1.04x18 disintegrations per minute
(dpm) of F“C-phenyl]-SMZ per tube. A 2 mL glass vial contamil mL of 1 M NaOH
was placed in each tube to tr460, evolved. Tubes were then capped and incubated.
At each sampling time, NaOH solution was transtemgo a scintillation vial and 6 mL
of Ultima Gold™ XR cocktail (Perkin Elmer, Waltham, MA) was addethe
radioactivities in the NaOH solutions were courftadb minutes using a Packard
1900TR liquid scintillation analyzer (Perkin EIm&/altham, MA). New vials filled

with fresh NaOH were then placed back into the sube
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At the last sampling event (28 days for aerobiattreent and 77 days for
anaerobic treatment), soils were extracted in #meesmanner as the degradation
experiments except that extracts were evaporatddrtb and were not re-dissolved. One
mL of the extracted liquid was subsampled and teared into scintillation vials, and 6
mL of Ultima Gold™ XR cocktail was added, and then counted for 5 memin a liquid
scintillation counter (identified as the total e@drable**C). The remaining portions of
extracted liquids were analyzed and counted famesdble**C-SMZ using a HPLC
(Hewlett-Packard series 1100, Palo Alto, CA) wittmabile phase of 30 % methanol.
The detection wavelength was 254 nm. The flowwats 1 mL miff and 200 pL injection
volume. The HPLC was connected with a Beta-RAMaactive detector (IN/US
Systems, Tampa, FL) with a 30-second residencedamddN-FLOW® cocktail of 1:1
ratio. After extraction, the soils were air-drigwd ground, and 0.5 g of the soils were
sub-sampled and combusted at 900 °C using a OX&f)odical Oxidizer (R.J. Harvey
Instrument Corporation, Tappan, NY}'C-SMZ bound to soil was determined by the
amount of““CO, generated from the oxidation and liquid scintilatcounting. Mass
balances were conducted by using the extract&Blé*CO, evolved and“C in bound

residue soils.

4.3.9 Degradation kinetics
The kinetics of degradation for SMZ were evaluatsithg the availability-
adjusted first-order model as shown below which wsexl for pesticide and organic

contaminant degradation in soil by Wang et al. @Gnd Wang and Yates (2008)



78

dC

i —k"ce® (1)
_ka-e®)
C,=Ce =@ (2)
where
C = concentration of the target compound at tirfrag kg')
Co = initial concentration of the target compoundy(kg*)
t = time (d)
K™~ = adjusted rate constark’(= k&) (dY)
k = first-order rate constant
¢ = fraction of non-adsorbed amount in the total ammf the
target compound att=0

a = coefficient describing change in availabiligy}

Half-lives (1,2) for SMZ were estimated as follow:

0.693
k”

t,, = - ~In@- 2092, 3)
a

4.4. Results and discussion
4.4.1 SMZ effects on microbial respiration

Using the CQ production rates for each sampling time, the caivé CQ
evolved over time for various concentrations of SMid controls were estimated. The
net cumulative C@evolved for all samples (cumulative €€&volved minus the

cumulative CQ evolved for the control (0 mg Ky were plotted against time for aerobic
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and anaerobic conditions as shown in Figure 2 agat& 3, respectively. For aerobic
degradation of SMZ in soils alone (Figure 2a),.@@s found to be evolved almost
immediately for SMZ treatments with 0.5, 5, 10 &@dmg kg (based on Day 2
measurements) with a decrease i, @@lved relative to the control after days 4 to 6
while there was a lag phase for SMZ treatment6fand 150 mg kfwith a decrease
in CO; evolved after days 14 to 18. The net cumulati@ €volved was the highest for
50 mg kg' treatment at a level of 42 mg but higher SMZ tre=it (100 and 150 mg Ry
resulted in lower net cumulative G@volved € 35 mg).

For the manure-amended soils (Figure 2b), the catimel CQ evolved for 5 and
10 mg kg treatments were initially higher (day 2 and 4) wete then lower than the
cumulative CQ for the control (0 mg K§treatment). The amount of G®&volved for
these two treatments may be due to the slightréifiees in the amount of manure added.
For 50 mg kg treatment, C@evolution exceeded the control almost immediafiesed
on Day 2) while for 100 and 150 mgktreatments, the net cumulative £&volved for
100 and 150 mg Khtreatments were lower than for 0.5, 5 and 10 mytkeptments for
the first six days of incubation. The subsequeataase in respiration in soil treated with
the 100 and 150 mg Kgpf SMZ may be due to activity of SMZ-resistant miarganism.
Eventually, the net cumulative G®volved for 150 mg k{(after 40 days) exceeded that
for 50 and 100 mg Khtreatment. Based on the above results, it appehat microbial
respiration was inhibited when SMZ concentratiors Wwagher than 50 mg Kgfor the
soils alone treatment while in the manure-amendés, snhibition was initial for SMZ
concentration higher than 50 mgKout the microbes eventually become acclimatized to

the SMZ. Another possible reason for the low nehalative CQ in 100 and 150 mg kg
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! treatments during the first ten days incubatioth &as higher after day 10 was that the
SMZ with time became bound to the soils and maancketherefore was rendered
ineffective with time.

Under anaerobic conditions, soil treated with SMAeentrations of 50, 100, and
150 mg kg had cumulative C®evolved that were less than the controL,@@olved for
the whole incubation period (see Figure 3). Fonuna amended-soils, similar trends
were observed as in soils alone, except that theulative CQ evolved from soil treated
with 50 mg kg at day 6 was higher than the control and the meiutative CQ evolved
were less negative than the SMZ treatments of h@l01&0 mg kg. In soils alone, the
net cumulative Chiproduced in 5 mg kitreatment was found to be greater than, CH
produced in 0.5 mg Kbtreatment by 1.6 times, and was about sixty-foehter than the
CH, produced in 50 mg Kgtreatment (data not shown). Similar trends wérseoved
for the manure-amended soils, where the, ftdduced in 5 mg kitreatment was 1.4
times larger than 0.5 mg Rdreatment but the CHproduced in 50 mg Kygtreatment was
less than the control. The results implied thaeftaerobic conditions, SMZ appeared to
inhibit microbial respiration at concentrationd@s as 50 mg kd.

The net maximum cumulative G@volved for all samples and their initial SMZ
concentrations are plotted in Figure 4 (a andThe Figure clearly shows that under
anaerobic conditions, the SMZ concentration of 50k’ or higher resulted in inhibit of
anaerobic microbial respiration in both soils alane manure-amended soils while
under aerobic conditions, the inhibiting effect veéiserved to be at concentrations

between 50 mg kfand 100 mg Kgin soils alone. For manure-amended soils under
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aerobic conditions, the inhibiting concentratiomldonot be conclusively determined,

based on the C{evolved data.

4.4.2 Aerobic and Anaerobic Degradation of SMZ

The persistence of SMZ in soils and manure-amendgsl under aerobic
conditions for different initial concentrations gmesented in Figure 5 (a and b). The
fraction of non-adsorbed amount in the total amafif8MZ at day zerog) were set at 90
% in soil and 88 % in manure-amended soils. Tir@stions were obtained from the
extraction of soils and manure-amended soils imatelyi after spiked with SMZ

In both soils and manure-amended soils experimérgs;oncentrations of SMZ
were found to decrease to close to zeyaj* for 0.5, 5 and 50 mg Kginitial
concentration. For 100 mg Kgnitial concentration, the SMZ concentration weduced
and reached an asymptotic concentration at abo%t d0the initial concentration.

The SMZ concentration in the sterilized soil wasrd to decrease to about 50 %
of the initial concentration indicating that thegdadation of SMZ was caused by both
chemical and biological processes. The loss of $Mierilized control was evidence of
chemical dissipation processes which may be res@MZ being strongly sorbed to the
soils over time making it unavailable.

The results of the anaerobic degradation expersremet presented in Figure 6 (a
and b). The changes in SMZ concentrations weréasito the aerobic experiments with
a fast initial decrease in the concentration atidi@d by a slow decrease. However,
degradation under aerobic conditions, the resi8MZ became fairly constant at about

20 % of the initial concentration. Furthermores #symptotic concentrations for the 100
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mg kg* of initial SMZ concentration were similar to taftthe sterilized manure-
amended soil. The impact of concentration waslaimo that of aerobic conditions with
slower disappearance of SMZ applied at higher autngagons and faster disappearance
of SMZ in manure-amended soil than in soils aldre degradation of SMZ in manure-
amended soil was found to be generally faster ithanils alone except for 100 mgkg
under anaerobic conditions which was similar teeotieports (Wang et al., 2006;
Accinelli et al., 2007). This might be attributedthe higher microbial population in
manure-amended soils as compared to the soils algeximents. Wang et al. (2006b)
reported there were 0.7 — 2.6 times higher batfgolulations in soils amended with 1
and 10 % of manure in soil than that in soil alo&ewprisingly, at a high-level of SMZ
(100 mg kg'), the degradation in manure-amended soil was fooihe slower than in
soils alone. This suggests that the stimulatdisces of manure were overcome by the
inhibitory effect of the SMZ.

Extracts of soils alone and manure-amended soifs &naerobic degradation
experiments at day 63 were analyzed for potenh& $hetabolites, using LC-MS and
MRM MS/MS (analyzed by National Soil Tilth LaboragpAmes, IA). The analysis
confirmedN-4-acetyl-SMZ and desamino SMZ were found in afjrdéation
experiments except for the sterilized samplesttmere was no evidence Nf1-methyl-
SMZ in all degradation experiments (data not shown)

The degradations of SMZ for aerobic and anaereobatinents were modeled
using availability-adjusted first-order model. Téneilability-adjusted first order model
is a pseudo first-order where the availabilitylod target compound for degradation is

incorporated as discussed in Wang et al. (20080)usted degradation rate constants of



83

degradation, k™", andvalues, in soils alone and manure-amended s@ilprasented in
Table 1. Rvalues for all the regressions were found to 0688 for aerobic treatment
and > 0.90 for anaerobic treatment. Similar medpeéfforts using 1st order model for
both aerobic and anaerobic treatments did ndtdidata well.

Table 1 shows that for soils alone under aerobidlitmns, the k™ value was
found to be the highest for 0.5 mgkgeatment and decreased for an increase in
concentration except for 50 and 100 m¢ kgeatments where the rates were not
significantly different. For manure-amended saitsler aerobic conditions, k™ values
were not significantly different between 0.5 anahg kg* treatments< 0.6 d%), and
between 50 and 100 mg kdgreatments¥ 0.2 d*). The impact of manure addition on the
k” values could be observed at 5 and 50 mjtkeatments for aerobic degradation
experiments, but only for 0.5 mgkgreatment under anaerobic treatment. Similadsen
were observed for anaerobic experiments.

The relationships of adjusted rate constant, kd'iaitial concentration of SMZ
for aerobic and anaerobic conditions and for sid®e and manure-amended soils are
plotted in Figure 7. Figure 7 shows that concéintneof SMZ greater than 5 mg kdrad
an inhibitory impact on the aerobic and anaerolmddygradation of SMZ which is in line
with the earlier experiments showing inhibitionS¥Z on microbial respirations (Figure
2 and 3).

Half-lives (t2) of SMZ in soils and manure-amended soils rangeh fL to 7
days, and 2 to 15 days, under aerobic and anaezobditions, respectively. Other
studies reported the half-lives of some sulfonasii@aging from 10 to 30 days (Kay et

al., 2004; Blackwell et al., 2005; Wang et al., @0Accinelli et al., 2007). For a
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concentration of 100 mg Kgunder anaerobic conditions, the half-lives couddve
estimated, but they were roughly known to be mbam 63 days. At a given
concentration, half-lives of SMZ in soils and masvamended soils under aerobic
conditions were shorter than under anaerobic camdit A plot of the half-lives for
aerobic and anaerobic conditions against the Imtiacentrations of SMZ is presented in

Figure 8.

4.4.3 Fate of‘C-sSMz

Mass balances dfC-SMZ are presented in Figure 9 and Figure 10. sbis
alone under aerobic conditions experiments, ab&uta01.5 % of the SMZ was
mineralized to C@while a lower percentage of 0.1 to 0.2 %.were tbiar under
anaerobic conditions. For manure-amended sogspéincent of mineralization ranged
from 0.2 to 0.7 % under aerobic conditions whiclsw@nificantly lower than for soils
alone, and from 0.1 to 0.3 % under anaerobic cmmdit The lower mineralization in
manure-amended soils may be attributed to loweltadoiity of SMZ to microorganisms.
A similar scenario was found in Henderson (2008¢memineralization of*C-SMZ to
“C0, in fresh water sediment was about 1% and was fowmibé higher than in fresh
water sediment with manure addition (0.2%).

Most of the'“C-SMZ was bound to soil and was immobile. Boursidee of*‘C
ranged from 80 to 90 % and 70 to 90 %, in soils@land manure-amended soils,
respectively. The form dfC-compound bound to soil was not investigated aay be
%C-SMZ and/or SMZ metabolites. Unbound residu€'6fSMZ or extractablé’C-

SMZ ranged from 5 % to 25 %. The higher the ihi&IZ concentration, the lower was
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the portion of SMZ bound. This may be due to thetéd reaction sites/bonds of the
soils. There was no differenceftC bound residues between aerobic and anaerobic
treatments. Manure also decreased the amountuoib@sidue at the 5 and 50 mg'kg
concentrations. Even though the sorption of suffidas increased with an increase in
the organic matter content of soils, Thiele-Bruhd Aust (2004) found that when low
concentration (2 %) of pig manure slurry was admoesbils, the sorption of sulfonamides
decreased when compared to soils alone. They steghthat this was due to the
competitive adsorption of dissolved organic matienanure onto the soils. Competition
between commonly found compounds in manure suamaso-N-containing soluble
compounds (Liang et al., 1996) and N-heterocygfidrbcarbons, and sulfonamides for
specific soil exchange site may be another poggibiDrganic matter in manure may be
associated with the soil minerals resulting in aaison of ionic organic chemicals to soil
minerals (Kaiser and Zech, 1998). A probable nedsothe high percentage of
nonextractable SMZ in soil may be due to cross-tngwf SMZ to soil organic matter
by covalent bonds as suggested by Bialk et al.§R00Uhe extent of cross-coupled SMZ
product in soils is dependent on the existencehehploxidase, manganese oxide
surfaces, and natural organic matter.

Table 2 presents the percent of the t6\@lrecovered from the extracts of the
soils and the percent 81C-SMZ found in the extracts. The percent of transftion
products of-*C-SMZ varied from 5 to 10 % which is given by th#fatences between the
percent of total*C recovered and the percent-&-SMZ. The data had a good
agreement with other studies which reported thantin-extractabl&'C-sulfonamides

remained in soils were approximately 90 % and hifitve**C-sulfadiazine (Heise et al.,
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2006; Schmidt et al. 2008) ahtC-sulfamethoxazole (Heise et al., 2006), and orty 2

of *C-sulfadiazine was mineralized (Schmidt et al.,800

4.5. Conclusion

In soils alone under aerobic conditions, the netuative CQ evolved for 100
and 150 mg K{ treatments were found to be lower than for 50 giyjikdicating
inhibitory effects for SMZ concentrations betweénaihid 100 mg k§ Concentrations
of SMZ greater than 50 mg dn soils alone and in manure-amended soils wareddo
have an inhibitory effect on the respiration ofl seicroorganisms under anaerobic
conditions. Degradation of SMZ under aerobic cbods was found to be faster than
under anaerobic conditions. Addition of manureilitesl in faster disappearance of SMZ,
except for concentrations of 50 and 16@ kg'. In addition, the degradation of SMZ in
soils was found to be dependent on the initial eatration. As the initial concentrations
increase, degradation became slower presumabliodhe availability of SMZ and SMZ
inhibition on the microbes present. The kinetitS$®IZ degradation fitted well with the
availability-adjusted first-order model but notstiorder kinetics. Tha values had no
strong relationship with initial concentration.

Less than 2% of'C-SMZ was mineralized for all concentrations andditions,
with the highest mineralization percentage forsalbne under aerobic conditions.
soils alone, bound residue '8€ was about 80% or greater depending on initial
concentration but the percent’8€ bound to soil decreased in manure-amended dbils.
is possible that SMZ was cross-coupled to soil mi@eatter by covalent bonds resulting

in a high portion of“C-bound residuesN-4-acetyl-SMZ and des-amino SMZ were
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found in the extracts indicating that a fractiortloed SMZ was at least biotransformed to

SMZ metabolites.
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Table 1. Degradation rate constants and half-lives of aerobic degradation, and
anaerobic degradation of SMZ in soils alone and manure-amended soils (with 95 %

confidence interval)

Rate constant Ava"?b."'ty Half life
Treatment K" coefficient R2 t
(mg kg™) 1 a .
(d ) (d-l) (dayS)
Aerobic-soils alone
5 (sterilized) 0.06 £ 0.08 0.09+0.14 0.88 36.2
0.5 0.58+£0.14 0.16 £0.08 1.00 1.3
5 0.40£0.04 0.11 +£0.02 1.00 1.9
50 0.23 £0.02 0.05 £0.02 1.00 3.2
100 0.20+0.14 0.19+0.16 0.95 5.9
Aerobic-manure-amended soils
5 (sterilized) 0.11 +0.16 0.15+0.14 0.92 17.1
0.5 0.62 +0.25 0.17 +£0.14 1.00 1.2
5 0.63+0.18 0.17 £0.10 1.00 1.2
50 0.17 £0.00 0.02 +£0.00 1.00 4.1
100 0.17 £ 0.04 0.17 £ 0.04 1.00 6.6
Anaerobic-soils alone
5 (sterilized) 0.06 £0.04 0.16 £ 0.10 0.97 NA™
0.5 0.20 £ 0.06 0.12 +0.04 1.00 4.3
5 0.21 £0.08 0.15+0.04 0.99 4.4
50 0.10£0.04 0.15+0.08 0.98 15.1
100 0.12 £0.08 0.24 +0.16 0.98 NA
Anaerobic-manure-amended
soils 0.05+0.04 0.09 £0.08 0.93 NA
5 (sterilized) 0.37£0.18 0.19+£0.10 0.99 2.3
0.5 0.19 £0.06 0.13+£0.06 0.99 4.9
5 0.12 £0.06 0.11 £0.06 0.97 9.1
50 0.11+0.14 0.21 +0.27 0.90 NA
100

“NA = not applicable
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Table 2. Fraction of total *C, and *“C-SMZ in extracts after 28 and 77 days
incubation under aerobic and anaerobic conditions, respectively (average Wif5 %

confidence interval)

Extractable *C

Treatment Initial Conc.
(mg kg soil)
Total *"C 1c-smz
Aerobic-soils alone 0.5 54+0.6 0.4+0.2
5 10.5+0.4 45+24
50 158+ 1.6 76+1.0
Aerobic-manure-amended soils 0.5 6.0+x04 0.00
5 12.1+6.9 87+14
50 23.9+0.8 18.3+24
Anaerobic-soils alone 0.5 11.3+04 55+37
5 11.1+1.8 42+1.4
50 13.8+3.9 85+25
Anaerobic-manure-amended soils0.5 10.0+2.0 1.3+1.2
5 14.2+2.2 5.3+3.3
50 22.4+8.4 159+47
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Figure 1. Chemical structure of sulfamethazine
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CHAPTER 5. LEACHING OF SULFAMETHAZINE IN SOIL WITH AND
WITHOUT MANURE: EFFECT OF DURATION BETWEEN APPLICATION
AND RAIN

WARISARA LERTPAITOONPAN, THOMAS B. MOORMAN, SAY KEE ONG*

'Department of Civil, Construction, and Environmégiagineering, lowa State University, Ames, IA
2 National Soil Tilth Laboratory, USDA-ARS, 2110 ity Blvd., Ames, IA

A paper to be submitted toChemosphere

5.1  Abstract

Leaching of SMZ from manure-amended soils and sgil®ut liquid manure were
investigated using column studies. Topsoil wasechiwith SMZ or with SMZ-contaminated
manure to a concentration of 7.25 mg kgil. Simulated rainfall was applied at 1, 4 @nd
days after the application of SMZ which was thdloveed by a second rain event, three days
after the first rain event. Concentrations of SMZeachate were highest for first day after
rainfall with average concentrations of 432 jiydnd 393 pg L in the leachate from
soils alone and manure-amended solils, respectiv@ycentrations of SMZ in the
leachate decreased with longer time duration betapelication of SMZ and the first
rain event. SMZ was also detected after the sendevent indicating that SMZ was
mobile and leached from the soils alone and maanvended soils. The results showed
that manure in the soils did not impact the leaghiNeasurement of SMZ in filtered and
non-filtered samples implied that colloid-facilgdttransport may not be a likely process
in the transport of SMZ. Depth distribution of SM¥soils column showed that SMZ

were generally retained in the topmost layer, @-€rh depth of soils.

Keywords:Antibiotics; Sulfonamide; Depth distribution; Léaeg; Manure; Rainfall

*Corresponding author phone: (515) 294 3927; fa&6§5394 8216; e-maikkong@iastate.edu
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5.2. Introduction

The 2002 Market Sales Report of the Animal Heal8titute state that
approximately 4.7 million kg of antibiotics wereaaksin hogs every year for
nontherapeutic purposes (Mellon et al., 2001). dnelng on the antibiotics, as much as
90 % of the administered antibiotics are not mdtaéd in vivo and are released in the
manure of the animals (Boxall et al., 2001, Borakl., 2002). Veterinary antibiotics
have been detected in agricultural fields, surfeaters, and ground waters which most
probably came from the leaching of antibiotics istwface runoffs from animal feedlots
and from land application of digested manure agtdizer (Campagnolo et al., 2002;
Haller at al., 2002; Hamsher et al., 2002; Schlasenal., 2003; Yang and Carlson,
2003). The presence of antibiotics in the envirentihas been of concern as they may
affect human and animals (Wollenberger et al., 2000 may develop antibiotic resistant
microorganisms (Chee-Sanford et al., 2001).

Sulfonamides are one of the antibiotic classes lyigged in the livestock
industries (Bajpai et al., 2000; Lindsey et alQ20Tolls, 2001; Grant et al., 2003).
Sulfonamide concentrations as high as 20 mbjikdiquid manure samples were reported
by Haller at al. (2002) while concentrations u®t47ug L in ground water were
reported by Hirsch et el. (1999). For agricultwgails, sulfamethazine (SMZ)
concentrations of 1jig kg™ in soils was reported by Hoper at al. (2002).f@wmides
have low affinity to soils (Langhammer, 1989; ToR§01; Sarmah et al., 2006; ter Laak
et al., 2006) and, with Kvalues lower than 5 L kijLanghammer, 1989; Thiele, 2000;

Boxall et al., 2002; Tolls et al., 2002; Thiele-Bruand Aust, 2004; Thiele-Bruhn et al.,
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2004), and are expected to have between mediumghiatobility and to leach from the
soil matrix.

For strongly adsorbed organic pollutants, transgamntbe enhanced by
preferential flow through soil macropores and kssdived organic matter (DOM)-
facilitated transport (Williams et al., 2000; ThaeBruhn, 2003; Hoorman et al., 2005).
Although sulfonamides have low to medium sorptiffegy in soils, DOM in manure
may increase the mobility of sulfonamides by redgcheir sorption to soil due to
competition by organic matter for sorption siteki€le-Bruhn and Aust, 2004) or by
colloid-facilitated transport (Tolls, 2001). Aschy it is possible that transport of
sulfonamides may be enhanced when sulfonamide1momiéed manures are applied to
land. In addition, the impact of the frequencyr@nure application to the fields and the
impact of the amount and time periods of irrigatzom rain after the manure is land
applied on the leaching of sulfonamide are not wetlerstood. The fate of sulfonamides
in soils is also impacted by microbial degradatidrere half-lives of sulfonamides have
been found to range from 4 to 30 days (Kay e8l04; Boxall et al., 2006; Wang et al.,
2006, Accinelli et al., 2007, Blackwell et al., 200

The main objective of this study was to investigaeemovement of SMZ in
SMZ-contaminated-manure-amended soils and the ingfaolloidal manure on the
transport of SMZ through the subsoil. The impddtroe between SMZ-contaminated
manure application to land and the commencemeratifor irrigation on the leaching of
SMZ was investigated. Soil column experiments wesed to simulate and study the

movement of SMZ in soils with added SMZ-contamidateanure. The data from this
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study would provide information that may be usegbljcy makers to evaluate manure

management and irrigation strategies to reducé&ansport of sulfonamide antibiotics.

5.3. Materials and methods
5.3.1 Soil and swine manure sampling and analysi

Undisturbed soil cores of Clarion soil were takemf a corn field at the
Agronomy and Agricultural Engineering Research Edoone, lowa using hydraulic
soil probes (Giddings Machinery Co., Fort Colli@€)) consisting of a sharp edge steel
cylinder with a 10.16 cm inner diameter containngs cm long polyvinyl chloride
(PVC) tube insert. The soil probe was pulled oot ground and the PVC tube
containing the soil core was removed. The botdthe PVC tube was capped with a
PVC cap while the upper end of tube was wrappel avlastic wrap to minimize
moisture loss.

To measure the soil properties, a soil core wadamauty picked, cut into 5 pieces
with 10 cm increments. Each 10 cm section wadréad, homogenized thoroughly,
sieved using a 2-mm opening sieve, and sent to kktlwaboratories, Inc. (Omaha, NE)
for their soil properties analysis. The propertiésoil for each depth increment are
presented in Table 1.

Swine manure slurry was collected from a deepgair iBBoone, lowa, and stored
in a refrigerator until use. The pH of liquid maawvas 8.9. The liquid manure was sent
to Swine Odor and Manure Management Research (U3D®&s, |1A) to analyze the
carbon content in manure using CNS analyzer (Eléané&fario MAX CNS Analyzer,

Germany). Manure has dry matter of 8.1 %, driedum&carbon of 36.8 %, ashed
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manure carbon of 0.1 %, dried manure nitrogen ®£8,. and ashed manure nitrogen of

0.01 %.

5.3.2 Chemicals

Sulfamethazine (4-amino-N-[4, 6-dimethyl-2-pyrinmgli]-benzenesulfonamide,
C12H14aN4O,S, CAS number 57-68-1) with a purity of 99 % wascpased from Sigma-
Aldrich (St. Louis, MO). The chemical structuresofifamethazine is presented in the
Figure 1. Physical-chemical properties of SMZudid: molecular weight = 278.34, log
Kow = 0.89 (Tolls, 2001) solubility = 1.5 Y pKa1= 2.65 + 0.2, and pk= 7.4+ 0.2. A
stock solution of 250 mgt.of SMZ in deionized water was prepared. Acetdeiand
HPLC and chromatography grade water for HPLC arsalysre purchased from Burdick &
Jackson (Muskegon, MI). Calcium sulfate soluticaswprepared at a concentration of

0.01 M for irrigating the soil columns.

5.3.3 Soil column preparation

The PVC cap for the soil cores were replaced watli RVC caps for conducting
column studies. The new PVC caps were preparefilbgg a 0.64 cm hole at the center
of the cap. Inside the cap, a circular piece dfgroide (PA) monofilament fabric mesh
with a 100 pm opening (Sefar Filtration Inc., Depdi¥) was placed in the inner side of
cap to cover the hole. Silica sand (Granusil 40BOMIN Corporation, Portage, WI) was
then placed inside the PVC cap to serve as a duigpdine soil core and to prevent
clogging of the drainage hole. For drainage a 0B2nner diameter HDPE plastic tubing

was inserted through the hole and was glued todheaising silicone. The new PVC cap
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was then attached to the PVC tube containing tihe@@ and the joints were sealed with

silicone.

5.3.4 Leaching study

To reduce trapped air in the soil columns, the sulere immersed in 0.01 M
CaSQ solution at a depth of about 30 cm from the botfonapproximately 24 hours.
The tubes were then removed from solution and exe@ser allowed to drip for about 12
hours.

The leaching of sulfamethazine in soil alone anchanure-amended soil was
compared. About 800 g of soil (7 — 8 cm depth)enemoved from the top of the soill
core, and treated with 20 mL of 250 mg &f SMZ stock solution to give a concentration
of 6.25 mg kg (wet) soil or equivalent to 7.25 mgkgven dried soil. The SMzZ-
contaminated soil was placed in a fume hood fas@to allow excess moisture to
evaporate. When the SMZ-contaminated soil wasdldack into tube, bentonite clay was
applied to the side of the tube to fill any gapnmestn tube and the soil to prevent any flow
of water between PVC column and the soil core.

To determine the effect of manure on leaching o#Z3Mough the soil columns,
manure-amended soils contaminated with SMZ werngoegl in the same way as the
SMZ-contaminated soils described above exceptSN&E solution was added to 140 mL
of liquid swine manure and the manure was thorougitked with the soil. It was
assumed that application of manure in the field weals mixed with the top 5 to 8 cm of
soil. The rate of manure added to the 800 g dfvems equivalent to swine manure

application rate of 18,000 gal acréor corn grain crop (College of Agricultural Scees,
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The Pennsylvania State University, 1997). Thd totee from adding the SMZ to the soils
or manure and placing them in the soil column vpgs@imately 7 hours and this was
included in the incubation time

The soil columns were treated with simulated rdirsiparately on day 1, 4 and 7
after the application of SMZ-contaminated mediattaly the impact of time duration
between the application of the SMZ-contaminatedienadd the commencement of rain
on the leaching of SMZ. Three days after the fistulated rain, a second simulated rain
was applied at same rate as the first simulated faach time duration experiment had
four replicates. To simulate rainfall for the stolumns, 0.01 M CaSGolution was
applied for one hour at the rate of 9.5%amin™ using a peristaltic pump and plastic
manifold with 60 needles that dripped liquid on sod surface. The amount of
simulated rainfall was equivalent to a total ralind 2.76 inches for a storm period of 1
hour (Center for Transportation Research and Educdbwa State University, 2007).

Leachates from the soil columns were collected W& mL mason jars. Each
mason jar was weighed and placed under the saihuoko collect the leachate on an
hourly basis. Since most of the applied wateriedmut in the first hour, the first
sample collected was for 1 hour and the second Isatnflected was from 1 to 3.5 hours.
Leachates from the second rain were collectedsimdar manner. The jars containing
the leachate were weighed and the mass of thedtaulas estimated. The leachate was

immediately stored in the refrigerator until it wasalyzed.
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5.3.5 Samples clean up using SPE

Leachates were cleaned using Oasis® HLB 6-mL glake extraction (SPE)
cartridges (Waters Corporation, Milford, MA) whigrere initially equilibrated with 3
mL of methanol, 3 mL of 0.5 N HCI, and 3 mL of disd water. The cartridges were
then loaded with 60 mL sample, washed with 3 mtildid water, and eluted with 3 mL
methanol. The eluate was collected in a 15 mLmelnic conical tube, then evaporated
using nitrogen gas until about 0.5 mL at 40 + 2rf@n N-EVAP analytical evaporator
(Organomation Associates, Berlin, MA). The rem@agnsolution was then, re-dissolved
with HPLC mobile phase solution. The liquid wdtefied with 0.2um nylon membrane
filter (Alltech, Deerfield, IL) (13 mm polypropylenencased) and 2 mL of the filtrate
were transferred to HPLC vials for analysis.

To determine colloidal-facilitated effect, 60 mLleachates from all experiments
were filtered using 25-mm encased cellulose acstatege filters (filter opening - 0.8
um) (Sterlitech Corporation, Kent, WA). Filterechgales were then loaded through SPE
cartridges as mentioned above. The recoverie$/d $ing this SPE method from

samples spiked with 0.Q8y SMZ mL* were 95 + 4 %.

5.3.6 Soil extraction

After collecting the leachate from the second miant, soil columns were
immediately cut into 5 sections of 10 cm each ae@jined. Each 10 cm section was
partial air-dried, homogenized thoroughly, weighaa subsampled to analyze for
moisture content and SMZ. Soil moisture conterg determined by weight difference

by drying the soil in an oven at 105 °C for at teakshours.
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The concentration of SMZ in each section was mesaishy placing 150 g of
partially air-dried soil for each section in a 2%0-fluorinated ethylene propylene (FEP)
centrifuge bottle and 100 mL of a mixture of 80 %thanol and 20 % of 0.1 M of KOH
added as an extractant. Potassium hydroxide wiedad adjust the pH of the soil-
solution to be higher than the pKf SMZ to increase the extraction of SMZ in itscenc
form. The bottles were sealed with ethylene-tieioabethylene (ETFE) caps. Duplicates
were prepared. Samples were shaken for 3 ho@ atl °C, and centrifuged at 1680 x
g for 15 minutes. Extractions of the soils wengeaed for a total of three times. Twenty
five mL of each extraction were transferred to @ . graduated cylinder. The
combined supernatant was gradually transferredlte mL conical volumetric tube and
then evaporated to about 0.5 mL using nitrogeratjd® + 2 °C in an N-EVAP analytical
evaporator. The remaining liquid was then re-dissbwith HPLC mobile phase
solution. The liquid was filtered with Oign nylon membrane filter (Alltech, Deerfield,
IL) (13 mm polypropylene encased) and 2 mL of iheafe were transferred to HPLC
vials for analysis.The extraction recoveries for a spiked concentnatics mg kg were

90 % and 88 % for soils alone and manure-amendédespectively.

5.3.7 HPLC analysis

SMZ was analyzed using an Agilent HPLC Series IEa@an, MN) with diode array
detection. The injection volume used wasiP%nd the initial eluent flow rate was 0.5 mL
min™. Mobile phase A was water with 1 mM ammoniumatesand 0.1 % (v/v) glacial
acetic acid while mobile phase B was acetonitrilg @1 % (v/v) glacial acetic acid. The

mobile phase B increased from 10 % to 25 % ofdta liow over the first 12 minutes and to
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100 % from 12 to 30 minutes at a flow rate of Ol7min™. Mobile phase B was then
reduced to 10 % from 30 to 40 minutes at a tata¥ fiate of 0.5 mL min. The detection
wavelength was set at 254 nm. Calibration cureeSIMZ were developed using external

standards with concentrations ranging from 0.@riag L.

5.4. Results and discussion
5.4.1 Effect of time duration and manure on SMZhéazy

SMZ concentrations measured in the leachate dth@first hour of leaching and
during the 1 — 3.5 hours of leaching after the fiisiulated rain event were not significantly
different >0.05, data not shown). Therefore, the weightechr84Z concentrations for 0 —
1 hour and for 1 — 3.5 hour were used as the SMZearudrations in leachate from a single rain
event (Figure 2).

The average SMZ concentrations (+ standard demjatiche leachate after the first
simulated rain event were 432 + 167, 156 + 29,1&1d+ 64 pg [ for experiments with
SMZ applied alone and with time durations of Jaa 7 days between application of SMZ
and the first rain event (the number of days batviee application of SMZ and the first rain
event will be referred later as DBFR), respectiviely the second rain event which occurred
three days after the first rain event, the SMZ eairations in the leachate for soils alone were
found to be lower at 91 + 20, 60 + 15, and 82 189" for experiments with time durations
of 1, 4, and 7 DBFR.

For manure-amended soils with SMZ, the averageetdrations of SMZ in the
leachate after the first rain event were 393 + 2a%: 33, and 79 + 32 pg'ifor experiments

with time duration of 1, 4, and 7 DBFR, respectivelThe SMZ concentrations decreased in
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the second rain event to 224 + 61, 64 + 23, and Bbg L for experiments with time
durations of 1, 4, and 7 DBFR.

For both SMZ-amended and for manure-amended siiisSMZ, the highest
concentrations, as expected, were for the shd@®&SR. With 4 and 7 DBFR, the
concentrations of SMZ in leachate decreased signiiy and were about only one third of the
concentrations in the leachate for 1 DBFR. Howether SMZ concentrations for the 4 and 7
DBFR were of same magnitude and in the hundreds’udimilar patterns in reduction of
SMZ concentrations were observed for the manurexdetkesoils with SMZ. The data
showed the same trend as for the transport ofdideisi (Isensee and Sadeghi, 1995; Neurath
et al., 2004) in soils where lower concentrationgachate were found with longer contact
time and time between rainfall events. Theset®aido showed that SMZ is mobile and can
rapidly move through soils to groundwater. Simfiladings reported in the studies on
sulfachloropyridazine leaching (Boxall et al., 20Bfackwell et al., 2007) and the detection
of sulfonamides in ground water (Hirsch et el., 9;99ndsey at al., 2001).

However, the volume of simulated rain applied cheaolumn was approximately 25
% to 30 % of pore volume of soil column (data rraiven). SMZ found in leachate with this
amount of water applied indicated that the leachiag due to macropores in soils which were
also observed when soil cores were collected.

The effects of manure addition and DBFR on the entnations of SMZ in leachate
from soil alone and manure-amended soils with SMzeviested using Two-way ANOVA
(SPSS 14.0, SPSS Inc., Chicago, IL) at 95 % caméelentervals. The statistical analysis
showed that manure addition to soils had no effe€.05) on the SMZ concentrations in the

leachate, while DBFR had an effgot(.05) on the concentrations in the leachate ffsir fain
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fall, and second rain fall events. As such, tlselte implied that the presence of manure in
the soils did not impact the leaching of SMZ framit solumns. This was similar to the
column studies conducted by Kay et al. (2005) whayslurry added to soils had no impact
on the leaching of oxytetracycline antibiotics.

To investigate the effect of colloid-facilitatedrisport, leachate from soils alone and
manure-amended soils were filtered throughu®rBcellulose acetate syringe filters to
remove colloidal particles and analyzed for SMAn€entrations of SMZ in non-filtered
leachate and filtered leachate were not signifigaifferent (>0.05) at 95 % confidence. For
example, concentrations of SMZ in non-filtered keie and filtered leachate from first rain
fall event and 1-DBFR treatment were 432 + 1674i@l+ 53 g L}, respectively. The
results demonstrated that colloid-facilitated tpamsof SMZ in this study was unlikely to
contribute towards the mobility of SMZ.

Total masses of SMZ leached from each soil columrewstimated by summing the
SMZ mass leached from the first rain and secomoenant. For soils with SMZ, the mass of
SMZ leached were 4.7 £1.9, 1.9 +£ 0.6, and 1.8*4 of SMZ added for 1, 4, and 7 DBFR,
respectively. In the case of SNZ-manure-amendis] 8t masses leached were 5.3 + 2.4,

1.6+£0.7,and 1.2 £ 0.5 % of SMZ added for 14, @ DBFR, respectively.

5.4.2 Depth distribution of SMZ

The depth distribution of SMZ in soils alone andn@-amended soils are
presented in Figure 3. For soils alone and 1 DBR®& SMZ concentration were 293 ug
kg soil (oven-dried basis) in the 0 — 10 cm depth édecteased sharply to 112, 39, 37

and 18 pg kg for 10 — 20, 20 — 30, 30 — 40 and 40 — 50 cm depéspectively. The soil
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concentration of SMZ in the 40 — 50 cm section alasut 0.2 % of the initial
concentration (7.25 mg Ky of the SMZ-contaminated soils added. Assumirag the
mass sorbed to the 40 - 50 cm soil was in equilbrwith the leachate concentration, the
sorption of SMZ to soil was estimated (using equafl — 5 and 8 of Chapter 3) resulting
in an estimated leachate SMZ concentration of 432 g " in the leachate. This
estimated SMZ concentration is close to the medsBMZ concentration of 432 + 170

ng Lt in the leachate from soils treated with SMZ alonthe 1 DBFR treatment.

For SMZ-manure-amended soils and 1 DBFR, the cdrat@ns of SMZ were
found for 0 =10 cm depth was 391 pg'kepil and decreased to 40, 31, 23 and 16 |1 kg
for the 10 — 20, 20 — 30, 30 — 40 and 40 — 50 arhiwes, respectively. The
concentrations of SMZ in each depth from columgireng SMZ alone were not
significantly different than the SMZ concentratiafsnanure-amended soil columns,
except for the 0 — 10 cm depth of 1-DBFR and feri — 20 cm depth. The results of
this study showed a similar pattern as other stu@ay at al., 2005; Blackwell et al.,
2007) where the highest concentration was at {ost layer and declined with depth.
The results also indicate that SMZ was mobile, mgvo the lowest depths of the soil
column (50 cm) within the time period for the sisuigld rain to move through the
column.

The mass balances for SMZ in soil columns afterrawofall events are presented
in Figure 4. For soil columns treated with SMZradothe total SMZ mass recovered
from 1, 4 and 7 DBFR treatments were 14.1 + 2461.1 and 6.2 + 2.3 %, respectively.
The masses recovered from manure-amended-soil oslurare not significantly

different from columns without manure for all tnesints. SMZ recovered from 1 DBFR
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treatment was the highest while SMZ recovered fdoamd 7 DBFR treatments were not
significantly different. Assuming that the remaigiSMZ in application -soil layer (0 — 8
cm) was the same as in the topmost section (OcA)Pthe SMZ remaining in
application layer was 4.0 £ 0.8, 2.7 = 0.2 and22®6 % for 1, 4 and 7 DBFR,
respectively.

The degradation of SMZ in soils treated with SMdre and manure-amended
soils under aerobic condition in Chapter 4 shovad the extractable SMZ remaining in
soil matrix at the initial concentration of 5 mgksoil was about 10 % at day 7. This is
comparable with the percentage of recoverable SM#Bis study from the 7 DBFR
treatment, which was about 6 %. The data showetdltle disappearance of SMZ in soil
columns was not only due to sorption. Degradatsoil columns is expected: our
results in Chapter 4 show that the half-lives ofZSiM sterilized soils and manure-

amended soils at initial concentration of 5 mg keere 36 and 17 days, respectively.

5.5. Conclusion

The experiments showed that SMZ leached from tthedomns and the SMZ
concentrations in the leachate for the first hoareasimilar to the SMZ concentrations in
the leachate flow for 1 to 3.5 hours. With longere between the application of SMZ
alone or SMZ with swine manure and the first raiarg, the amounts of SMZ leached
were significantly reduced. Also, the presenc8M# in the leachate after the second
rain event 3 days after the first rain event furitenfirmed the mobility of SMZ. Based
on data from this study, it suggested that appboadf pig manure to soil should be done

not less than 7 days before rain fall to avoid nmoeet of SMZ from contaminated-
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manure-amended soils down to deeper soil layereaatual movement to tile drains.
There was no evidence to show that the presencandire in the soils impacted the
leaching of SMZ from the soils. Similarly, SMZ aantrations in non-filtered leachate
and filtered leachate were not significantly diéfiet implying that colloid-facilitated
transport may not be an important factor in transpbSMZ. Measurements of SMZ
concentrations in the soil columns indicate thastod the SMZ remained in the 0 — 10
cm depth of soil. Mass balances showing only #4t66 of SMZ were recovered. The
SMZ remaining in the soil layer where it was irllfiaapplied ranged from 2 to 5 %.
When disappearance of SMZ from soil columns waspayed to the degradation of SMZ

in Chapter 4, it appears that degradation accdantbe unrecoverable SMZ.
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Table 1. Physical-chemical characteristics of soil for each depth incremt

Organic Cation
Depth Soil pH Ca?bona Exchange Sand Silt Clay Texture
(cm) (1: 1) (%) Capacity (%) (%) (%)

® (meqg/100 g)

0-10 6.0 2.6 13.3 56 28 16 Sandy loam
10-20 5.4 2.1 15.1 56 26 18 Sandy loam
20-30 6.0 1.8 14.4 52 28 20 Sandy clay loam
30-40 6.3 1.5 14.6 50 32 18 loam
40-50 6.1 1.4 13.0 54 26 20 Sandy clay loam

#Walkley-Black method
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CHAPTER 6. CONCLUSION

Release of antibiotics from animal manure to therenment can take place by
application of animal manure to agricultural larsdoaganic fertilizer. The impact of
antibiotics on the environment especially the depeient of antibiotic resistant bacteria has
been of concern. SMZ is one of the common anitsaidministered to swine in intensive
swine production. The persistence of SMZ andatptson to soils are the two most
important factors controlling the movement of SMa@nh soils to surface water or
groundwater. This research provides importantrimédgion on these two processes for the
estimation of risk posed by SMZ.

The effect of soil organic carbon content (OC) aai pH on the sorption of SMZ to
soils were investigated and the data are pres@m@bapter 3. Linear sorption isotherms
described the sorption of SMZ to soils for theiatitoncentrations ranging from 3.3 to 66.6
mg kg* soil. Linear sorption coefficients gKdetermined at various pH conditions, were
greatest at the lowest pH tested (pH 5.5) but \Wever for higher pH. For examplegK
values for soil with 3.8 % OC were 3.91 + 0.26 arth + 0.03 L kg at pH 5.5 and 9,
respectively. The pH of the soil-solution had mpact on the sorption of SMZ, due to the
ionization of SMZ. At pH less than 7.4, hydrophoborption was probably involved due to
the unionized form of SMZ. At pH greater than Th& lower sorption may be due to the
anionic SMZ and the negatively charged surfaceébetoils at high pH. Thegalues were
also found to be dependent on the organic carbdimea$oils. For example qKalues at pH

5.5 were found to be 0.58 + 0.12 Lkfpr soil with 0.1 % OC and 3.91 + 0.26 L képr soil
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with 3.8 % OC. Two models incorporating mass faacbf SMZ species and various soill
physical-chemical properties were developed toiptélde Ky values for various soils. To
evaluate the models, reported Walues of other studies were compared §ov&ues

predicted using these two models and the compasisowed that percent difference ranged
from 1 to 54 %. It should be noted that the moudadse developed based on experimentally
determined sorption coefficients for lowa soils (isols) and further verification is needed
using experimentally determined sorption coeffitsenf soils from other areas. However,
this model should be highly applicable for soildawa, Southern Minnesota, and lllinois
where mollisols are widely distributed.

The results obtained from Chapter 4 provide infaromeon the concentration of SMZ
that inhibits soil-microbial activities, degradati&inetics, half-lives and fate of SMZ in soils.
Concentrations of SMZ greater than 50 mg kysoils with and without manure were found
to have an inhibitory effect on the respiratiorsoil microorganisms under anaerobic
conditions. Degradation of SMZ under aerobic cbods was found to be faster than under
anaerobic conditions. The half-lives under aerabitdition were approximately 2 to 5 times
shorter than anaerobic conditions. The degradati®@MZ in soils was found to be
dependent on the initial concentration. As th#ahconcentrations increase, degradation
rate constant decreased due to the availabili§\Z and SMZ inhibition on the microbes
present. The kinetics of SMZ degradation fittedl we&h the availability-adjusted first-order
model but not first-order kinetics.

The fate of SMZ under aerobic and anaerobic catitivas determined usintC-

SMZ and the results showed that less than 2 #®mBMZ was mineralized for all
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treatments with the highest percentage mineratinati soils without manure addition under
aerobic conditions. In soils without manure, botft@residuavas about 80 % or greater,
depending on initial concentration but the peraénfC bound to soil decreased in manure-
amended soils compared to soils treated with SMAeal It is possible that SMZ was cross-
coupled to soil organic matter by covalent bongsilténg in a high portion ofC-bound
residues.N-4-acetyl-SMZ and des-amino SMZ were found in tkieaets indicating that a
small fraction of the SMZ was biotransformed tostn&MZ metabolites.

The effect of duration between application of SM&dils and rainfall on the leaching of
SMZ from soil was the goal of the study descrilre@hapter 5. The SMZ concentrations in the
leachate obtained in the first hour of leachingengmilar to the SMZ concentrations in the
leachate flow for 1 to 3.5 hours. With longer tibeween the application of SMZ and the
first rain event, the amounts of SMZ leached wegeiicantly reduced. The presence of
SMZ in the leachate after the second rain eveniroog 3 days after the first rain event
further confirmed the mobility of SMZ. The impaxftmanure addition and the colloid-
facilitated transport on the leaching of SMZ inisevere not confirmed in this study. Mass
balances showed that only 4 to 14 % of SMZ wereveied. The SMZ remaining in the soil
layer where it was initially applied ranged fromio2s %. Data from this study suggested that
application of pig manure to soil should be doneless than 7 days before rain fall to avoid
movement of SMZ from contaminated-manure-amend#sl down to deeper soil layers and
eventual movement to tile drains.

The results of this study can be applied to therenmental risk assessment of

sulfamethazine including estimation of the persisteof sulfamethazine in the environment.
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The results from Chapter 5 also can suggest theftimmanure application on agricultural

fields to avoid transport of sulfamethazine fromnuna.
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