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ABSTRACT 

 

Veterinary antibiotics (VAs) such as oxytetracycline (OTC), sulfadimethoxine 

(SDT) and sulfamethazine (SMZ) may adversely impact human health and environmental 

quality. Understanding sorption and transport of VAs is important for assessing the risk 

of VAs reaching surface or groundwater resources. Vegetative buffer strips (VBS) affect 

soil properties that enhance removal of organic pollutants and thus may be a useful tool 

for mitigating veterinary antibiotic transport from agricultural lands. Therefore, the 

objectives of this study were: (1) measure the sorption and retention of veterinary 

antibiotics to soils collected from three different soils series each planted to agroforestry 

buffer (AGF), grass buffer (GBS), and row crops (RC), and determine the soil physical 

and chemical properties governing antibiotic sorption to these soils; (2) investigate 

changes in VA sorption and retention to VBS and cropland soils in the presence of 

manure-derived dissolved organic matter (DOM); (3) and study and model VA transport 

through soil columns repacked with VBS and cropland soils in presence and absence of 

manure-derived DOM. Sorption experiment results show that OTC was strongly 

adsorbed by all soils and was not readily extractable, whereas SDT and SMZ sorption to 

soils were weak and therefore highly mobile in soils. The sorption isotherms for OTC and 

SMZ were well fitted by the Freundlich isotherm model. Further investigation of solid-to-

solution partition coefficients (Kd) revealed that vegetative management had a significant 

(P < 0.01) influence on SMZ sorption and followed the order AGF > GBS > RC, and for 

OTC sorption VBS > RC. Significant differences in Kd values for these VAs were also 

noted among the soil series studied.  Linear regression analyses indicate that clay content 

and pH were the most important soil properties controlling OTC and SDT adsorption, 
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respectively.  For SMZ, organic carbon content, pH, initial SMZ concentration, and clay 

content were the most important factors controlling sorption. Study of the two most 

contrasting soils revealed that increasing solution pH from 6.0 to 7.5 greatly reduced 

SMZ sorption to the Armstrong GBS soil, but little pH effect was observed for the 

Huntington GBS soil. Although the presence of DOM (150 mg L
-1

 C) had little effect on 

Freundlich model parameters, DOM resulted in slightly lower SMZ Kd values, 

presumably, due to competitive interactions between the VA and DOM for sorption sites. 

Transport study including 
14

C-labeled SMZ or SMZ plus DOM (150 mg L
-1

 OC) and 

non-reactive tracer bromide was conducted in saturated columns packed with Huntington 

soil (silt loam) planted to AGF and RC. Bromide breakthrough curves were fitted with an 

equilibrium model within the CXTFIT software, whereas SMZ breakthrough was fitted 

with the HYDRUS-1D software using two-site and three-site models with linear or 

Freundlich sorption components. Results indicate that the three-site model containing two 

reversible sites and one irreversible site coupled with the Freundlich sorption component 

(3S2R-Freu-irrev model) best describes SMZ transport through the columns with model 

efficiencies of 0.998, 0.994, and 0.991 for AGF, AGF + DOM and cropland soils, 

respectively. Fitted sorption parameters such as Kd, Kf and N are in the same range of 

those obtained from equilibrium sorption experiments. DOM effects were not observed 

due to diluted DOM concentration. Data from equilibrium sorption experiments and 

column transport experiments suggest that the AGF soil has a larger capacity to retain 

SMZ than the cropland soil. Overall, this research facilitates our understanding of VA 

sorption and transport in the environment and supports the use of vegetative buffers to 

mitigate VA loss from agroecosystems.
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Chapter 1 . Introduction 

 

 

 

1.1 Introduction 

Veterinary antibiotics (VAs), such as oxytetracycline, sulfadimethoxine, 

sulfamethazine, and tylosin are commonly administered to animals via feed to treat 

infectious diseases and enhance animal growth. Only a small portion of antibiotics fed to 

animals is absorbed in the gastrointestinal (GI) tract ; thus, a large portion of VAs 

administered pass though the animal body as parent compounds or metabolites (Thiele-

Bruhn, 2003). Application of VA-containing manure to farmland may be an 

environmental hazard due to VA migration to water resources, subsequently altering the 

quality and quantity of the native microbial communities and enhancing the development 

and spread of antibiotic-resistant bacteria (Herron et al., 1998; Kolpin et al., 2002; 

Nygaard et al., 1992). 

Establishment of vegetative buffer strips (VBS) around agricultural fields or in 

riparian areas is a cost-effective conservation technique that can mitigate non-point 

source pollutant entry into surface water resources (Lowrance et al., 1997; Schultz et al., 

1995). Agroforestry VBS (a combination of trees, shrubs and grass species) and grass 

VBS can improve soil hydraulic properties and decrease soil surface runoff (Udawatta et 

al., 2002). Vegetative buffer strips may reduce organic agrichemical pollution by 

enhancing the following processes: infiltration of surface water runoff, thereby, 

improving pollutant soil interactions; sediment-bound pollutant deposition via physical 

filtration; microbial degradation of pollutants in the rhizosphere; pollutant uptake by 
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plants; and pollutant sorption to soil (Barling and Moore, 1994; Burken and Schnoor, 

1997; Kumar et al., 2005; Mandelbaum et al., 1995). Due to the utility of VBS for 

retaining herbicides on the landscape, it is postulated that VBS may also be an effective 

conservation technique for controlling VA entry into surface water resources. 

A number of factors impact VA interactions with soil solids. Physiochemical 

properties of the VA, soil chemical and physical properties (e.g., soil particle size 

distribution, soil organic matter (SOM) content, pH, clay mineralogy, and soil solution 

chemistry), and temperature all play a role in determining to what extent VAs sorb to soil 

solids (Tolls, 2001). The transport and mobility of organic pollutants in soil environments 

is largely dependent on sorption processes, as well as soil pore structure, degree of water 

saturation, pollutant degradation, and the presence of dissolved organic matter (DOM) 

(Jarvis, 2007; Thiele-Bruhn, 2003).  However, knowledge of VA sorption and transport 

within soils planted to VBS is limited, and such work is necessary to initially test the 

hypothesis that VBS may be suitable for controlling VA loss from agroecosystems where 

manure is land applied as a fertilizer. 
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1.2 Objectives 

The overall objective of this research is to enhance our understanding of VA 

sorption and transport in soils planted to VBS and elucidate the feasibility of using VBS 

to control VA transport from agricultural fields. 

The specific objectives of this research are as follows: 

1. Measure the sorption and retention of veterinary antibiotics to soils collected from 

three different soils series each planted to agroforestry VBS, grass VBS, and row 

crops, and determine the soil physical and chemical properties governing 

antibiotic sorption to these soils. 

2. Investigate changes in VA sorption and retention to VBS and cropland soils in the 

presence of manure-derived DOM. 

3. Study and model VA transport through soil columns repacked with VBS and 

cropland soils in presence and absence of manure-derived DOM.   
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1.3 Studies 

Three separate studies conducted to meet the objectives of this research are briefly 

outlined below and objectives associated with each study are noted. 

Study 1: This study investigates the sorption of oxytetracycline (OTC) and 

sulfadimethoxine (SDT) to grass and agroforestry VBS and cropland soils. 

Differences in OTC and SDT sorption are compared between the different 

soil series and vegetative treatments studied. Also investigated are 

relationships between soil properties and VA sorption. (Objective #1) 

Study 2: In this set of experiments, sorption of sulfamethazine (SMZ) to grass and 

agroforestry VBS and cropland soils in presence and absence of manure-

derived DOM is investigated. Differences in SMZ sorption are compared 

between the different soil series and vegetative treatments investigated.  

More detailed studies of SMZ desorption and pH effects on SMZ sorption 

are presented, as are relationships between soil properties, including 

mineralogy, and SMZ sorption. (Objectives #1 and 2)  

Study 3: This study investigates the transport of SMZ through VBS and cropland 

soils repacked into columns. Solute transport of the conservative tracer 

bromide (Br
-
) and SMZ were examined under saturated conditions and 

SMZ transport was studied in presence and absence of manure-derived 

DOM. The computer software packages CXTFIT and HYDRUS-1D were 

used to estimate solute transport parameters for Br
-
 and SMZ, respectively, 

under conditions imposed in this study. (Objective #3).     
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Chapter 2 . Literature Review 

 

 

 

2.1 Use of Antibiotics in Animal Agriculture 

Antibiotics were first discovered and produced for treatment of infectious diseases 

in humans, but it was soon discovered antibiotics could be used to treat animal diseases 

as well. Furthermore, scientists found that small amounts of antibiotics could control 

epidemic disease in large groups of animals and the antibiotics were found to promote the 

growth of livestock and poultry (Schwarz et al., 2001). Currently, veterinary antibiotics 

(VAs) are frequently used in livestock industry and administered to animals through feed 

and drinking water additives and injection (Gustafson and Bowen, 1997). The most 

macrolides, penicillins, ionophores, arsenicals, aminoglycosides, fluoroquinolones, and 

cephalosporins (Sarmah et al., 2006; Thiele-Bruhn, 2003).  

Approximately 90% of antibiotics used in animal agriculture are used for disease 

prevention and growth promotion, and VA concentrations in feed have increased 10- to 

20-fold since the 1950's (Khachatourians, 1998). Additionally, Khachatourinas (1998) 

reports that up to 25% of feeds amended with VAs contain dosages greater than 

recommended levels. In the USA, the annual usage of antibiotics in animal agriculture is 

estimated to be 9-16 million kg (Mellon et al 2001). Depending on VA type, animal 

species and size, the dose of antibiotics fed to animals varies from 1 to 100 g Mg
-1 

(Kumar et al., 2004). It has been reported that 30-80% of VAs added to feed to animals 

are excreted in urine and feces as the parent compound (Thiele-Bruhn, 2003), thus, 

manure from livestock operations may contain significant VA concentrations.   
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2.2 Presence of Antibiotics in the Environment and Potential Environmental 

Hazards 

In many parts of the U.S, it is common to land apply manure to provide nutrients 

for crop growth and increase soil organic matter content. However, manure-amended 

lands may serve as a non-point source for VAs that enter surface and ground waters via 

runoff and leaching (Burkhardt et al., 2005; Davis et al., 2006). It has been reported that 

various levels of pharmaceuticals, including VAs, have been detected in different 

environmental compartments, such as animal manure and urine, sewage effluent, river 

water, marine sediment, soil, groundwater, animal tissues, milk and drinking water 

(Halling-Sørensen et al., 1998; Thiele-Bruhn, 2003). The presence of VAs in the 

environment may adversely impact soil microbial communities, contaminate crops, 

increase the spread of antibiotic resistant bacteria, and diminish water quality (Aga, 

2008). 

Typical concentrations of VAs in animal manure range from 1 to 10 mg kg
-1

, 

however concentrations up to >200 mg kg
-1

 have been reported (Kumar et al., 2005a). 

For example, the concentration of sulfadimethoxine (SDT) in fresh feces from treated 

calves has been found to be as high as 300-900 mg kg
-1 

(Migliore et al., 1997).  In a 

separate study, cattle feces were found to contain 872 mg kg
-1

 of oxytetracycline (OTC) 

five days after the animals were fed 60 mg OTC kg 
-1

 d
-1

. Additionally, OTC was found 

at a concentration of 820 μg kg
-1 

in this manure after 5 months maturation (De Liguoro et 

al., 2003).  

A survey conducted by the United States Geological Survey (USGS) reported on 

139 rivers in the U.S. showed that a number of antibiotics were found in up to 27% of the 
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rivers investigated and concentrations ranged from 0.02 to 0.73 µg L
-1

 (Kolpin et al., 

2002). In soil, the concentration of VAs ranges from 0.5 µg kg
-1

 to 900 µg kg
-1

(Kemper, 

2008). In most soils, antibiotic concentrations do not reach therapeutic levels that inhibit 

bacterial growth and population, but they may still have an influence on the selection of 

antibiotic resistant bacteria in the environment (Kümmerer, 2003; Nygaard et al., 1992). 

Land application of antibiotic containing manure is one of the main reasons for the 

development of hard-to-treat antibiotic resistant bacteria (Herron et al., 1998; Jørgensen 

and Halling-Sørensen, 2000).  

However, in particular terrestrial circumstances, it is possible that antibiotics can 

affect the quantity and quality of the native microbial communities (Kotzerke et al., 2008; 

Nygaard et al., 1992; Westergaard et al., 2001). The influences of antibiotics on microbial 

communities include decreasing microbial activity, and selectively changing microbial 

diversity in soil for short or long periods of time (Hammesfahr et al., 2008; Thiele-Bruhn 

and Beck, 2005; Westergaard et al., 2001). Studies (Chee-Sanford et al., 2001; Ghosh and 

LaPara, 2007; Sengeløv et al., 2003) have shown that excessive amounts of manure 

containing antibiotics applied to soil are responsible for spread of antibiotic resistant 

genes (ARGs) due to lateral gene transfer. Heuer and Smalla (2007) found that 

sulfadiazine and manure synergistically increase bacterial sulfadiazine resistance in soil 

and such synergistic effects were still detectable over two months. The consequences of 

ARGs spreading include development of pathogens that cannot be treated by current 

antibiotics, and the related medical expenses and efforts to deal with them. 



8 

 

2.3 Utilizing Vegetative Buffers to Mitigate Pollutant Transport 

A well-designed vegetative buffer strip can be a cost-effective method to mitigate 

non-point sources of agricultural pollutants from cropland (Lowrance et al., 1997; 

Schultz et al., 1995). These buffers include trees, shrubs, grasses, or a combination of 

species grown on the edges of fields or along stream banks in riparian zones. Various 

pollutant removal mechanisms including physical, chemical and biological processes are 

believed to act synergistically within VBS to mitigate pollutant transport from 

agroecosystems.  

Vegetative buffer strips can change flow hydraulics, and thus enhance water 

infiltration, deposition of suspended solids, physical filtration of solid particles by 

vegetation, and pollutant absorption to roots (Barling and Moore, 1994). Microorganisms 

growing in the root zone may metabolize organic pollutants through various biochemical 

mechanisms rendering them harmless (Mandelbaum et al., 1995). Direct plant uptake 

may also help to eliminate agrochemicals in sub-surface flow (Burken and Schnoor, 

1997). With respect to VAs, Kumar et al. (2005b) documented the uptake (2-17 ng g
-1

 

fresh weight) of chlortetracycline in corn (Zea mays L.), green onion (Allium cepa L.), 

and cabbage (Brassica oleracea L.), but tylosin was not found in the plant tissues 

analyzed. Additionally, vegetation may improve soil characteristics (e.g., increased SOM 

content and improved porosity), and enhance sorption and abiotic pollutant 

transformation in the rhizosphere (Mandelbaum et al., 1995).  
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2.4 Previous Studies Investigating Veterinary Antibiotic Sorption 

2.4.1 Factors affecting veterinary antibiotic persistence in soil 

 

Contaminant interactions with soil solids strongly affect environmental fate and 

transport. Most VAs entering the soil environment are biodegradable; however, the 

persistence of VAs varies greatly depending on the drug of interest and environmental 

factors. For example, the half-lives of VAs in soil can be as long as 173 days for 

virginiamycin (Weerasinghe and Towner, 1997), and as short as 8 days for tylosin and 5 

days for salinomycin (Schlüsener and Bester, 2006). The half-life for oxytetracycline is 

33 days in manure-amended soil and 56 days in non-amended soil; whereas, the half-lives 

of sulfadimethoxine and sulfamethazine in soil are 2.3 and 18.6 days, respectively (Wang 

and Yates, 2008).  Loftin et al. (1997) found that temperature and pH increased 

hydrolysis rates and thus decreased the persistence of VAs such as chlortetracycline, 

oxytetracycline, tetracycline, lincomycin, sulfachloropyridazine, sulfadimethoxine, 

sulfathiazole, trimethoprim, and tylosin. Presence of liquid manure was found to decrease 

sulfonamide persistence which is likely due to higher microbial activity (Accinelli et al., 

2007).  

Many VAs tend to bind rather strongly to soil particles (Kumar et al., 2005a; 

Tolls, 2001). Thus, fixation of VA compounds on soil surfaces or within pores may make 

them inaccessible for biodegradation, and the soil-bound portion of VAs may be more 

persistent in soil (Thiele-Bruhn, 2003). If the application rate of VA-containing manure 

to soil is faster than VA degradation rate, accumulation of a VA in soil will occur. A 

multitude of factors including soil type, climate, and class of VA can also affect VA 
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persistence in soil (Boxall et al., 2004); however, sorption of VAs to soil solids is perhaps 

the most important factor governing persistence of these compounds in the environment. 

2.4.2 Sorption concepts and terminology  

 

Batch techniques are often used to study sorption of pollutants. It involves 

reacting a known amount of compound with a fixed soil mass in a fixed volume of 

solution for a fixed time at a specified constant temperature. After reaction, the analyte of 

interest in solution is measured and compared to blank samples (i.e., no soil). The amount 

of compound sorbed can be calculated using the following equation: 

                                                                                                                                  [2.1]                     

where qads is the surface excess of antibiotic (i.e., amount adsorbed) after the reaction 

period (mmol kg
-1

), Cads,B and Cads,S  are the equilibrium antibiotic concentrations (mmol 

L
-1

) in blank (B) and samples (S) after reaction, VB and VS are the volume of solution (L) 

added to blanks and samples, and mS is mass of soil (kg) added to the reaction vessel 

(Essington, 2004). The solid to solution partition coefficient, Kd, is measured in a similar 

manner as described above, but Kd values are calculated using the concentration of 

analyte sorbed to soil (qads) and concentration of analyte remaining in solution (Cads,S): 

                                                                                                   [2.2] 

                                                   

Often, Kd values are indicative of the mobility and availability of a substance in the 

environment. As a consequence, the Kd value standardized to the soil organic carbon 

fraction, the Koc value, serves as an important input parameter for computer models to 

predict a chemical’s environmental behavior (Essington, 2004). 
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Sorption isotherms are often used to elucidate the relationship between the 

concentration on soil solids and the liquid phase at sorption equilibrium. A sorption 

isotherm is a graph of the amount of a compound adsorbed on solid surface at 

equilibrium plotted against the equilibrium solution concentration of the compound at 

fixed temperature, pressure and solution chemistry. There are four commonly observed 

isotherms: the L-shape isotherm, which exhibits relatively high compound affinity to soil 

at low surface coverage and lower affinity at higher surface coverage; the H-shape 

isotherm, which is an extreme version of the L-shape isotherm; the S-shape isotherm, 

which has a small slope at low surface coverage that increases with equilibrium 

adsorptive concentration remaining in solution; and the C-shape isotherm, which has a 

slope that is not affected by surface coverage (Essington, 2004). These types of sorption 

isotherms can be fitted with adsorption models such as empirically-based Freundlich or 

theoretically-based Langmuir type models.  

Sorption coefficients measured in adsorption experiments are often smaller than 

those measured in desorption experiments. The apparent increase of the sorption constant 

when equilibrium is approached from the desorption direction is called hysteresis. 

Hysteresis can often indicate irreversible adsorption, although, such phenomenon might 

also be explained by reaction kinetics, experimental artifacts or degradation (Pignatello 

and Xing, 1995). Although published sorption isotherms employ shorter reaction times 

(hours, days or weeks) to reach pseudo- or apparent equilibrium, achieving true 

equilibrium usually requires longer time periods. The slow approach to equilibrium is 

attributed to diffusion into soil particles (Pignatello and Xing, 1995; Streek et al., 1995). 
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2.4.3 Sorption of Tetracyclines to soil  

 

The potential of a compound leaching to surface water or groundwater systems is 

largely determined by its sorption to soil. Soil solution chemistry, such as pH, ionic 

strength, and presence of co-solutes can have a significant impact on VA sorption to soil. 

Tetracyclines have multiple pKa values that determine changes in ionic nature (cationic, 

zwitterionic, anionic) of the compounds as a function of pH.  At low pH, cationic 

tetracycline species are dominant. When pH is between pKa1 and pKa2, zwitterionic 

tetracycline species are dominant.  When pH is above pKa2, anionic species are 

dominant. Many studies agree that OTC sorption is mostly due to cation exchange 

reactions and OTC can enter the interlayer of 2:1 clay minerals (Essington et al., 2010; 

MacKay and Canterbury, 2005), and sorption by ternary complex formation
 
with humic 

acid is also important (MacKay and Canterbury, 2005). Oxytetracycline binding with soil 

was found to be strong in most previous studies of OTC sorption to soil (ter Laak et al., 

2006; Sassman and Lee 2005). The reported Kd values for OTC sorption are between 417 

L kg
-1

 in sandy soil and 1026 L kg
-1

 in sandy loam textured soil, 898-1530 L kg
-1

 in silt 

loam textured soils, 2737 L kg
-1

 in iron oxide-rich loam soil and 327 L kg
-1 

in iron oxide-

rich sandy clay loam (Chu et al., 2010; Figueroa and MacKay, 2005; Rabølle and Spliid, 

2000) Because OTC is strongly adsorbed to soil, desorption is usually insignificant  (Chu 

et al., 2010; Rabølle and Spliid, 2000).  

Figueroa et al. (2003) studied the sorption of three tetracycline antibiotics to 

montmorillonite and kaolinite at pH 4 to 10. They found that within this pH range, even 

after normalizing for cation exchange capacity, OTC sorption to montmorillonite was 

greater than kaolinite at an ionic strength of 10 mM. They also found that the sorption 
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edge data could be described by a cation exchange model with surface complexation of 

zwitterions.  The spectroscopic results further proved that the cationic species adsorption 

and the sorption of zwitterions was accompanied by protonation of the zwitterion, and it 

was the fully protonated cation that adsorbed on the soil. The sorption of zwitterions was 

more favorable on acidic clay, and was relatively insensitive to ionic strength effects. 

Increasing ionic strength resulted in decreased sorption. They attribute this effect to 

positively charged OTC species competition for sorption sites with the monovalent cation 

present in the background electrolyte solution; however, calcium salts promoted OTC 

sorption at higher pH due to cation-bridging. Such effects of pH and ionic strength on 

antibiotic sorption have also been reported by other studies (Gao and Pedersen, 2005; ter 

Laak et al., 2006)   

A spectroscopic study by Aristilde et al. (2010) investigated interaction of OTC 

with a Na-montmorillonite clay. The XRD patterns indicated that OTC can be adsorbed 

in the interlayer of the clay at acidic pH, and that OTC complexation by external basal 

and edge sites occurs at pH 8. A binding mechanism which involves the protonated 

dimethylamino group of OTC was confirmed by collection of infrared (IR) spectra.
23

Na 

NMR and 
1
H−

13
C NMR data indicate that OTC adsorption mechanisms include cation 

exchange and cation complexation reactions at different adsorption sitesand that adsorbed 

OTC species have restricted mobility.  

Essington et al. (2010) found that chlortetracycline sorption to montmorillonite 

and kaolinite decreased with the addition of dairy manure-derived DOC. They concluded 

competition existed between chlortetracycline and DOC for adsorption sites on the clay 

minerals. Pils and Laird (2007) studied sorption of two tetracycline antibiotics to soil 
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clays and humic substance-clay complexes. The data indicate that humic substances can 

reduce tetracycline adsorption to montmorillonite by masking adsorption sites or by 

inhibiting VA diffusion into the clay interlayer. Kulshrestha et al. (2004) examined the 

effects of humic acid on OTC adsorption to Na-saturated montmorillonite. They observed 

that a low concentration of 1 mg L
-1

 DOC resulted in increased OTC adsorption, and a 

high concentration of DOC (10 mg L
-1

) resulted in OTC desorption by complexation. 

Research by Figueroa and MacKay (2005) shows that OTC sorption to iron 

oxides, such as goethite and hematite, increases with pH up to pH 8 where sorption 

maximum is reached.  Because adsorbed OTC was more readily desorbed in 1 M MgCl2, 

compared to methanol, 3 M NaCl and EDTA, they hypothesized that iron oxide interacts 

with divalent anionic OTC via an inner-sphere complexation mechanism, and this 

sorption is stronger than EDTA complexation with iron oxide. 

 

2.4.4 Sorption of Sulfonamides to soil  

 

Because sulfonamides are weak organic acids with pKa values in the same range 

as of soil solution pH (pH 4.5–7.5), it is expected that solution pH will influence the 

extent of sulfonamide sorption. Sulfonamide sorption can also be influenced by factors 

including molecular structure and physicochemical properties of sulfonamides, organic–

mineral surfaces accessible functional groups, and the accessibility of voids and cavities 

in the three-dimensional structure of SOM and its combinations with the mineral matrix 

forming organic–mineral complexes. Additionally, the high degree of nonlinearity 
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observed in sulfonamide sorption isotherms indicates specific sorption mechanisms 

(Thiele-Bruhn et al., 2004).  

Environmental factors such as pH and soil organic matter are important to 

sulfonamide sorption. Kurwardkar et al. (2007) found that sulfonamides are converted to 

anionic species as pH increases, resulting in sorption coefficient decreases. Additionally, 

they found that the effect of speciation on sorption is a function of soil pH and pKa values 

of the sulfonamides. Lertpaitoonpan et al. (2009) examined sorption of sulfamethazine to 

five soils under solution pH values ranging from pH 5.5 to 9. They found that sorption of 

SMZ decreased with increasing pH in all soils. The authors attributed sorption at pH > 

7.4 to hydrophobic partitioning and for pH < 7.4 to surface sorption.  

Lertpaitoonpan et al. (2009) also found that soil organic matter content is a more 

important factor than pH for SMZ sorption. They used a multiple regression model to 

predict soil sorption coefficients using soil physical and chemical properties. In this 

model, Kd is positively correlated with organic carbon content and negatively correlated 

to the fraction of anionic SMZ species at a given pH. Richter et al. (2009) conducted 

sorption experiments on sulfathiazole and three structural analogs to Leonardite humic 

acid in single and binary solute systems. They found that cation binding of sulfathiazole 

cationic species to anionic sites in humic acid governed sorption up to circumneutral pH. 

They attributed the sorption of polar sulfonamides in agricultural soils and the strong 

dependence of sorption on SOM content and pH to high affinity cation binding. 

In an investigation of sulfonamide interactions with clay minerals, Gao et al. 

(2005) found that pH, ionic strength and type of exchangeable cation had little effect on 



16 

 

sulfonamide sorption to montmorillonite, while ionic strength was a highly important 

factor affecting sulfonamide sorption to kaolinite.  They showed that SMZ speciation and 

surface charge density were both important factors for SMZ sorption to clay surfaces. 

They also found that surface area normalized Kd values for kaolinite were larger than 

those for montmorillonite in the pH range where zwitterionic SMZ species are 

predominant. Such findings agree with the concept that kaolinite siloxane surfaces have 

lower negative charge density and this property provided larger domains for SMZ
0
 

sorption. Gao et al. (2010) studied the interaction of sulfonamides with different charge 

density smectite clay minerals and humic acid-clay complexes, and they found that humic 

acid coatings on smectite clay minerals enhanced SMZ sorption to a modest extent. Such 

a trend was most obvious at the greatest humic acid to clay ratio. Sorption nonlinearity 

was greatest at high humic to clay ratio as well, which indicates that the mechanism of 

sulfonamide sorption to organic matter is different from linear partitioning. 

By reacting sulfathiazole with clay minerals and ferrihydrite at varying pH values, 

Kahle et al. (2007) found that the decreasing trend of sulfathiazole sorption with 

increasing pH was weaker for montmorillonite than illite, and that sorption to organic 

sorbents such as compost, manure and humic acid was more than one order of magnitude 

greater than to inorganic sorbents. They also concluded that ferrihydrite was a specific 

anion sorbent as it exhibited significant sulfathiazole sorption only between pH 5.5-7. 

Boxall et al. (2002) performed laboratory and field studies to investigate the 

sorption behavior of sulfachloropyridazine to assess its mobility from soil to water 

systems. They found that the Kd values for sulfachloropyridazine were low and therefore 

the VA should be highly mobile. It was also determined that the addition of manure can 
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increase soil pH and therefore decrease the Kd values. Their leaching data at a sandy site 

indicated that the compound had a low potential to leach to groundwater, possibly due to 

dilution and rapid degradation. They also found that the currently available models for 

predicting concentrations of VAsentering surface water are reasonable. However, 

Blackwell et al. (2009) performed a series of lysimeter studies on the fate of OTC, 

sulfachloropyridazine and tylosin, and found extreme irrigation conditions significantly 

enhance sulfachloropyridazine concentration in leachate. They also concluded that the 

pesticide fate model PEARL underestimated VA transport to groundwater. Kay et al. 

(2005) performed a lysimeter study to investigate the same compounds in a clay soil. 

Among these compounds, only sulfachloropyridazine was detected in leachate and soil 

analysis showed that no VA residues remained. Field data showed that soil tillage 

significantly breaks the connectivity of macropores and reduces chemical mobility. 

 

2.4.5 Influence of dissolved organic matter on organic pollutant sorption  

 

The behavior and fate of organic pollutants in the environment depends on a 

number of processes such as sorption, degradation and transport. Environmental factors 

affecting these processes may affect the degree of severity of pollution. Dissolved 

organic matter has been demonstrated to enhance the mobility and transport of various 

organic compounds in soils (Flores-Céspedes et al., 2002; Gao et al., 1997; Seol and Lee, 

2000). However, studies have demonstrated that no clear relationship exists between the 

logarithm of the octanol-water partition coefficient (log Kow) and log Kd, DOM (Tolls, 

2001). Sithole et al. (1987) hypothesized that the association of veterinary 
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pharmaceuticals to DOM is much stronger than predicted from hydrophobic interactions 

due to additional hydrogen bonding. 

Few studies have investigated the influence of DOM on VA sorption and 

transport in soils. Thiele-Bruhn et al. (2004) compared the sorption of SDT to soil and 

pig slurry manure and they determined that sorption of this antibiotic to pig slurry is 

much greater, relative to soil, and a portion of SDT was non-desorbable. The results 

suggest that DOM may be important for SDT mobility in soils. However, the Kd values of 

sulfonamides are low, especially under basic conditions, indicating high SDT mobility in 

soil. Therefore, manure-derived DOM is unlikely to contribute significantly to SDT 

mobility in alkaline soils. However, fertilized soils in temperate climates are typically 

maintained at soil pH 6 to 7.5; thus, a potential exists for manure-derived DOM to 

enhance SDT transport in slightly acidic soils (Boxall et al., 2002). It should also be 

noted that a kinetic study showed the rate of SDT degradation to be lower in soils 

receiving a lower application of manure, which indicates that SDT may become more 

persistent once leached from manure into the soil (Wang et al., 2005). Therefore, studies 

of conditions that may increase VA transport (e.g., high concentrations of DOM) are 

necessary to understanding the fate and transport of these compounds in the environment. 

Essington et al. (2010) also found that the presence of DOM can decrease tylosin 

sorption to montmorillonite and kaolinite. Although increasing the DOC concentration 

from 21 to 63 mg L
-1

 had relatively little impact on tylosin sorption by montmorillonite, 

DOC decreased tylosin sorption to kaolinite, probably due to competition for sorption 

sites. Sulfamethazine adsorption was not affected much by ionic strength and background 

electrolyte type. However, SMZ sorption increased in the presence of DOC and the 
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sorption isotherm was Langmuirian in shape. The adsorption of SMZ (nmol m
-2

 basis) by 

kaolinite far exceeded that of montmorillonite within the range of SMZ concentration 

examined, regardless of DOM presence. They postulated that the ionized phenolic amine 

group of SMZ is involved in cation exchange at low pH and hydrophobic interaction at 

high pH. 

 

2.5 Column Transport Experiments and Non-Equilibrium Modeling  

2.5.1 Column transport methodology 

 

In addition to sorption experiments, column leaching experiments are often 

employed to assess the leaching potential of pollutants from soil to groundwater and 

surface waters. To simplify the problem, column experiments are often operated under 

steady-state flow conditions using intact or repacked columns. Intact soil columns can 

better represent field conditions, because they preserve the natural soil structure 

(McMahon and Thomas, 1974). However, intact soil columns can also be problematic 

because the soil is less homogeneous and preferential flow may mask chemical behavior 

of the compounds being studied; thus, repacked soil columns are often used to reduce 

variability and minimize preferential flow paths through the column (Dousset et al., 

2007). Once a column has been prepared, a certain amount of non-reactive tracer and 

solute of interest are leached through the column with irrigation water, and leachate 

fractions are collected for a certain interval of time (Das et al., 2004; Kruger et al., 1993; 

Unold et al., 2009; Wehrhan et al., 2007).  



20 

 

Breakthrough curves (BTCs) are constructed by plotting leachate concentration 

against time. Subsequently, with computer programs such as CXTFIT (Toride et al., 

1995) and HYDRUS-1D (Šimunek et al, 2009), the transport and reaction parameters can 

be estimated using an inverse modeling technique. The best-fit model solutions are 

determined with iterations of model parameters until the non-linear least-squares 

optimization is achieved. Such studies can provide useful information of solute one-

dimensional transport, and give predictions of field situations from laboratory determined 

data. A variety of studies using this technique have been conducted to explore the fate 

and transport of many organic pollutants, such as hormones (Casey et al., 2005; Das et 

al., 2004), naphthalene (Lee et al., 2002), herbicides and pesticides (Chen and Wagenet, 

1997; Fortin et al., 1997; Gaber et al., 1995; Tao et al., 2009), and explosives (Dontsova 

et al., 2006).  

2.5.2 Physical non-equilibrium transport models 

 

Although in batch sorption experiments, the soil can be considered as a 

homogenous material and sorption as a unique and reversible equilibrium process. Such 

assumptions are not always valid in column transport situations. When organic 

compounds move through soil with a fast flow velocity relative to the rate of the 

sorption/desorption process, non-equilibrium usually occurs. Non-equilibrium conditions 

can enhance solute transport and have a large influence on the fate of chemical in soils. 

Both transport-related non-equilibrium and sorption-related non-equilibrium are 

responsible for non-equilibrium during transport. Transport-related non-equilibrium is 

usually caused by physical non-equilibrium, whereas sorption related non-equilibrium 

can be caused by chemical non-equilibrium or rate-limited diffusive mass transfer. The 
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sorption of organic pollutants usually is characterized by a rapid equilibrium component 

and a slower kinetic adsorption component (Karickhoff and Morris, 1985). 

 

The velocity difference between mobile and immobile liquid regions results in 

physical non-equilibrium processes. Sorptive and nonsorptive solutes are both subject to 

physical non-equilibrium, especially in structured soils where heterogeneous pore size 

distributions differentially influence pore water velocities with changes in water flux and 

soil water content. A two-region (dual porosity) model is often used to model physical 

non-equilibrium. The main concept of a two-region model is that the porous medium 

contains two types of regions: a mobile liquid region where the liquid can flow through 

and an immobile liquid region where the liquid is relatively less mobile. Mass transfer 

between the two regions is often modeled as a first-order rate process. (Simunek and van 

Genuchten, 2008) 

If we assume no degradation and production of the solute in the system, the 

governing equations for a two-region model are (van Genuchten and Wagenet, 1989; 

Hendrickx et al., 2002): 
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where C is the solute concentration (M L
-3

); q is the water flux density (L T
-1

); θ is the 

volumetric water content (L
3
 L

-3
), which is equal to porosity for saturated experiments; z 
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is the depth (L); t is time (T); Dm is the dispersion coefficient;  f is the fraction of sorption 

sites in equilibrium with the fluid of the mobile region; ρb is the bulk density (M L
-3

); Kd 

is a distribution coefficient for linear adsorption (M L
-3

); α is a first-order mass transfer 

coefficient (T
-1

). The m and im used in the subscript refer to the mobile and immobile 

liquid regions, respectively, θ=θm+θim, q = vθ = vmθm. M, L, T are units for mass, length 

and time, respectively. 

2.5.3 Chemical non-equilibrium and transport models 

 

There are a number of chemical non-equilibrium models based on different 

sorption processes, and the two-site model is commonly used. The main concept behind 

the two-site model is that the solute adsorbs onto Type 1 sites instantaneously and is 

always in equilibrium. In contrast, the solute follows first-order kinetic adsorption on 

Type 2 sites (van Genuchten and Wagenet, 1989).  

If we assume no degradation and production of the solute in the system, the 

governing equations for two-site model are (van Genuchten and Wagenet, 1989; 

Hendrickx et al., 2002): 
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where C is the solute concentration (M L
-3

); q is the water flux density (L T
-1

); θ is the 

volumetric water content (L
3
 L

-3
), which equal to porosity for saturated experiments; z is 

the depth (L); t is time (T); D is the dispersion coefficient.; ρb is the bulk density (M L
-3

); 

f is the fraction of Type-1 sorption sites (at equilibrium); α is the first-order sorption 

kinetic rate (T
-1

); Kd is the empirical distribution coefficient; and the subscripts 1 and 2 

refer to equilibrium and kinetic adsorption sites, respectively. 

By applying multi-site sorption concepts such as kinetic, irreversible, and 

attachment-detachment based approaches, HYDRUS-1D software can estimate chemical 

non-equilibrium transport parameters for various sorption processes (Wehrhan et al., 

2007). However, mathematically, the BTCs can be fitted with either transport related 

non-equilibrium models or sorption related non-equilibrium models, and they generate 

identical BTC shapes (Nkedi-Kizza et al., 1984). To distinguish between the two 

processes in a BTC study, individually measuring the sorption behavior, reaction kinetics 

and degradation are necessary. For example, Kasteel et al. (2010) performed a two-week 

batch sorption experiments with the sulfadiazine in the plow layer and the subsoil of a 

loamy sand and a silt loam. The sorption process of sulfadiazine was non-linear, time-

dependent, and affected by pH.  The loamy sand soil, which has a lower pH than the silt 

loam soil, has a higher sorption capacity. They used a two-stage, one-rate sorption model 

combined with a first-order transformation model to describe the data.  

2.5.4 Findings from studies investigating VA transport in soil columns 

 

Wehrhan et al. (2007) studied sulfadiazine transport in repacked soil columns 

under constant flow conditions near saturation. Properties of the soil studied were:  23% 

clay, 43% silt and 34% sand, pH 6.1, CEC 17.4 cmolc kg
-1

 and 3.3% organic carbon. The 
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clay mineral composition of the soil was 25% smectite, 25% illite and 50% chlorite.  

Different sulfadiazine concentrations were applied and pulsed through the columns. After 

500 h of leaching, sulfadiazine could still be detected in leachate from all soil columns. 

The authors then used various chemical nonequilibrium models based on different 

sorption concepts to fit the experimental data. They found the best fitted model to be a 

three-site with two reversible sites and one irreversible sorption site. Also, they found 

that even though the total applied mass did not differ between columns, sulfadiazine is 

more likely to leach through a soil if applied in high concentrations than low 

concentrations. 

Unold et al. (2009) investigated the transport of sulfadiazine in soil columns 

packed with silt loam and loamy sand soils. Their experimental conditions were similar to 

those of Wehrhan et al (2007): with sulfadiazine applied as 0.57 mg L
-1

 and constant flow 

rate of 0.25 cm h
-1

 for 68 h. It was determined that a model with a reversible (kinetic) 

sorption site and an irreversible sorption site could describe the BTCs quite well. The 

authors concluded that sorption kinetics are more important than sorption capacity for 

prediction of peak concentration time.  

Fan et al. (2011) studied SMZ in soil-water systems using batch and column 

experiments with a quartz sand and four soils. They found that 33-70% of SMZ in the 

effluent, and 40-100% in the soils were degraded to a polar metabolite, and the linear 

sorption partitioning coefficient for the polar metabolite ranged from 7.5 to 206 L kg
-1

. 

Sorption of the polar metabolite was strongly and positively related to silt, clay and 

organic matter fractions, and negatively related to sand fraction. They recovered 69-99% 
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of SMZ from the soil column, and movement of SMZ and metabolite were well-

described with a two-site chemical nonequilibrium model. 

Srivastava et al. (2007) investigated the fate and transport of two antibiotics, 

sulfadimethoxine and ormetoprim in two soils and a sand column using pulse and step 

input. The mass recovery for SDT from the sand and soil columns was > 90%. A two-site 

chemical nonequilibrium model with degradation being equal in the solid and liquid 

phases was used to estimate the transport parameters of the two antibiotics and their 

mixture. For ormetoprim, the mass recovery was only 56% and 55% in the two soils, 

indicating irreversible sorption or chemical transformation. The mixture’s effect on 

transport of the two compounds was not significant. 

 

2.6 Physicochemical Properties of the Veterinary Antibiotics Studied  

2.6.1 Oxytetracycline 

 

Tetracyclines are polyketides comprised of a naphthacene ring structure, and they 

are amphoteric compounds as characterized by three pKa values (Thiele-Bruhn, 2003). 

Oxytetracycline [2-(amino-hydroxy-methylidene)-4-dimethylamino-5,6,10,11,12a-

pentahydroxy -6-methyl-4,4a,5,5a,6,12a-hexahydrotetracene -1,3,12-trione] is a broad 

spectrum antibiotic that is effective against many bacteria and it is one of the more 

commonly used compounds from this class. Oxytetracycline has a molecular mass of 

460.44 g mol
-1

 and a water solubility of 2.17 mM L
-1

 and an octanol-water partition 

coefficient (log Kow) of -1.22. Oxytetracycline has three ionizable functional groups, and 

the pKas are 3.27, 7.32, and 9.11. At less than pH 3.3 the cationic species is predominate, 
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between pH 3.3 and 9.11 zwitterionic species are predominant, and at greater than pH 9.1 

the anionic species is predominant (Tolls, 2001; Wollenberger et al., 2000). 

2.6.2 Sulfadimethoxine and sulfamethazine 

 

Sulfonamides are weak organic acids characterized by the presence of a sulfonyl-

phenyl-amine core structure with varying functional groups attached to the core (Thiele-

Bruhn et al., 2004).  Sulfadimethoxine [4-amino-N-(2, 6-dimethoxypyrimidin-4-yl) 

benzenesulfonamide] is a broad spectrum antibiotic. It is usually used alone or with 

ormetoprim as a potentiator to treat or prevent bacterial or coccidial infections 

(Furusawa, 2000). Sulfadimethoxine has a molecular mass of 310.33 g mol
-1

, log Kow 

value of 1.63, and water solubility of SDT is 0.46 to 33 mM L
-1 

depending on pH 

(SciFinder, 2011). The pKa values of SDT are 2.13 and 6.08 (Kümmerer, 2004; Thiele-

Bruhn and Aust, 2004). Sulfamethazine [4-amino-N-(4,6-dimethylpyrimidin-2-yl) 

benzenesulfonamide] has a molecular mass of 278.33 g mol
-1 

and a log Kow of 0.89 

(Tolls, 2001), and the reported solubility ranges from 1.57 to 25.15 mM L
-1

 due to 

changes in solubility as a function of pH.  The pKa values of SMZ are 2.07 and 7.49 

(Essington et al., 2010).  
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Chapter 3 . Veterinary Antibiotic Sorption to Agroforestry Buffer, Grass Buffer 

and Cropland Soils 

 

 

 

Abstract 

The potential of veterinary antibiotics (VAs) to impact human and environmental 

health requires the development and evaluation of land management practices that 

mitigate VA loss from manure-treated agroecosystems.  Vegetative buffer strips (VBS) 

are postulated to be one management tool that can reduce VA transport to surface water 

resources. The objectives of this study were to (1) investigate oxytetracycline (OTC) and 

sulfadimethoxine (SDT) sorption to agroforestry buffer, grass buffer, and cropland soils, 

(2) evaluate differences in VA sorption to soils collected from different vegetative 

managements and soil series, and (3) elucidate relationships between soil properties and 

VA sorption.  Sorption/extraction isotherms for OTC were well-fitted by the Freundlich 

isotherm model (r
2 
> 0.86).  Oxytetracycline was strongly adsorbed by all soils and the 

VA was not readily extractable.  Oxytetracycline and SDT solid to solution partition 

coefficients (Kd) values are significantly greater for soils planted to VBS relative to grain 

crops.  Significant differences in OTC and SDT Kd values were also noted among the soil 

series studied.  Linear regression analyses indicate that clay content and pH were the 

most important soil properties controlling OTC and SDT adsorption, respectively.  

Results from this study suggest that agroforestry and grass buffer strips may effectively 

mitigate antibiotic loss from agroecosystems, in part, due to enhanced antibiotic sorption 

properties. 
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3.1 Introduction 

Veterinary antibiotics are used in animal agriculture to treat infectious diseases, 

prevent animal illness (prophylactic use), and improve animal growth rates (Wegener 

2003).  The primary classes of antibiotics used in animal husbandry are tetracyclines, 

sulfonamides, aminoglycosides, fluoroquinolones, penicillins, macrolides, 

cephalosporins, ionophores, and arsenicals (Sarmah et al, 2006).  It is estimated that 9 to 

16 million kg of VAs are used in U.S. animal livestock operations on a yearly basis 

(Mellon et al, 2001; Sarmah et al, 2006), and a significant proportion (30 to 80%) of VAs 

added to feed or otherwise administered to animals is excreted as the parent compound 

(Elmund et al, 1971; Levy 1992; Sarmah et al, 2006).  Concentrations of VAs in animal 

manure range from trace levels to > 200 mg kg
-1

, although concentrations on the order of 

1 – 10 mg kg
-1

 are more typical (Kumar et al, 2005; Dolliver and Gupta, 2008).   

Land application of manure is a common agricultural practice in many parts of the 

U.S., and this practice serves as a means to dispose of unwanted waste and fertilize 

agricultural soils.  However, the spread of manure results in VA release into the 

environment which may be deleterious to human and environmental health.  Manure-

amended lands may serve as a non-point source for antibiotics that enter surface and 

ground waters via runoff and leaching (Meyer et al, 2000; Boxall, 2008; Dolliver and 

Gupta, 2008).  Long-term human health effects associated with consuming small 

quantities of antibiotics via drinking water are unknown at the present time.  Manure 

amendment is generally not expected to result in therapeutic antibiotic concentrations in 

soil (Accinelli et al, 2007), although recent research has documented alteration of soil 

microbial community composition by sulfamethoxazole at a concentration of 20 mg kg
-1
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soil (Demoling et al, 2009).  Veterinary antibiotic use in animal agriculture has also been 

implicated in the development of antibiotic resistant bacteria which have been detected in 

livestock (Alexander et al, 2008; Ma et al, 2009), wildlife (Blanco et al, 2009), soil (Onan 

and LaPara, 2003; Sengeløv et al, 2003) and water resources in close proximity to 

confined animal feed operations (CAFOs) (Chee-Sanford et al, 2001; Koike et al, 2007; 

Sapkota et al, 2007).  The spread of antibiotic resistant bacteria from livestock to humans 

has also been documented (Fey et al, 2000; Angulo et al, 2004). 

Multiple approaches can be used to mitigate or eliminate adverse effects of VAs 

on human health and the environment (e.g., reducing or eliminating non-therapeutic VA 

use, improving drug delivery and assimilation by livestock, enhanced manure treatment 

to remove or degrade VAs).  One technique that has not been explored to reduce VA loss 

from agroecosystems and protect surface water resources is the use of VBS.  Previous 

research has demonstrated that VBS can be a cost-effective technique to reduce non-point 

sources of agrichemicals from agroecosystems (Schultz et al, 1995; Lowrance et al, 1997; 

Krutz et al, 2005).  Vegetative buffers may be planted to trees, shrubs, grasses, or a 

combination of species (e.g., tree/grass or agroforestry buffers) grown within fields, 

along the edge of fields, and riparian zones.  Mechanisms of pollutant removal within 

VBS include: (1) decreasing surface water runoff velocity, thereby, facilitating deposition 

of sediment and sediment-bound pollutants; (2) enhanced infiltration relative to source 

area, resulting in greater solute-soil interactions; (3) plant uptake of pollutants; (4) greater 

microbial degradation of organic agrichemicals; and (5) improved pollutant sorption 

capacity and retention (Krutz et al, 2005). 
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At various sites in Missouri, USA, a significant amount of research has been 

conducted to investigate the ability of VBS to reduce runoff and agrichemical transport.  

Plot-scale simulated rainfall studies have demonstrated the effectiveness of grass VBS for 

reducing runoff, sediment, and inorganic nutrients when water entered the buffers via 

concentrated flow or sheet flow (Blanco-Canqui et al, 2004a; Blanco-Canqui et al, 

2004b).  Similarly, Udawatta et al, (2002) found that grass and agroforestry buffers 

reduced runoff and nutrient loss in small agricultural watersheds.  Studies have shown 

improved soil physical properties of VBS relative to adjacent croplands and pasture, 

including properties such as greater saturated hydraulic conductivity, macro- and 

mesoporosity, water storage capacity, aggregate stability, and lower bulk density (Seobi 

et al, 2005; Kumar et al, 2008; Udawatta et al, 2008a; Udawatta et al, 2008b).  

Additionally, soil enzymatic activities and soil organic carbon content have been 

observed to be elevated in agroforestry and grass buffers relative to croplands soils 

(Udawatta et al, 2008b; Udawatta et al, 2009).  Considered in combination, the 

aforementioned studies suggest that soil physical, chemical, and biological properties 

within VBS should be amenable for reducing VA loss from agroecosystems.  

Nevertheless, significant scientific efforts are necessary to validate this contention.   

The objectives of this study are to (1) investigate the sorption of VAs from two 

different classes of antibiotics to grass and agroforestry buffer strip and cropland soils, 

(2) evaluate differences in VA sorption among soils collected from differing vegetation 

types and soil series, and (3) investigate relationships between soil properties and VA 

sorption.  The veterinary antibiotics OTC and SDT (Table 3.1) were chosen for study 

because they are widely used in veterinary medicine, and they are representative 
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compounds of the tetracycline and sulfonamide classes of VAs (Thiele-Bruhn 2003).  

Previous studies have also demonstrated differences in the affinity of these compounds to 

soil (Thiele-Bruhn et al, 2004; Sassman and Lee, 2005).  Thus, the use of OTC and SDT 

in our experiments provides an excellent opportunity to elucidate the potential of VBS 

managed soils to adsorb VAs.   

 

 

 

Table 3.1 Selected properties of the veterinary antibiotics studied 
a
. 

 

Chemical 

Molecular 

Weight 

 

SW 
b
 

 

log KOW 
c
 

 

pKa 
d 

 g mol
-1

 mg L
-1

   

Oxytetracycline 460.43 1000 -1.22 3.27 

 

 

 

 

 

 

 

 

 

   7.32 

9.11 

Sulfadimethoxine 310.34 340 1.63 2.13 

 

 

 

 

 

 

 

 

 

 

   6.08 

a
 Data were obtained from Tolls (2001), Qiang and Adams (2004), 

Thiele-Bruhn et al (2004), and Sassman and Lee (2005). 
b
 SW, water solubility. 

c
 KOW, octanol-water partition coefficient. 

d
 pKa, acid dissociation constant. 



39 

 

3.2 Materials and Methods 

3.2.1 Site history, soil sampling, and soil characterization 

 

Soil samples were collected from grass and agroforestry buffer strips and 

croplands located at the University of Missouri (UM) Horticultural and Agroforestry 

Research Center (HARC; 39o01’N, 92o45’W), UM Greenley Memorial Research Center 

(GMRC; 40o01’N, 92o11’W), and UM Agricultural Experiment Station Southwest 

Center (SWC; 37o05’N, 93o52’W).  Soil at the HARC site is a well-drained, Menfro soil 

series (fine-silty, mixed, mesic, Typic Hapludalf) formed from loess parent material.  

Mineralogical analyses conducted by Baker and Scrivner (1985) indicate that mica, likely 

illite, is the dominant mineral in the clay fraction of Menfro surface horizons, although 

substantial amounts of kaolinite and smectite are also present.  During the year 2000, 

pasture and buffer areas were established by seeding with tall fescue (Festuca 

arundinacea Schreb; Kentucky 31).  Eastern cottonwood trees (Populus deltoids 

Bortr.ex. Marsh.) were planted into fescue at the base of several of the experimental 

watersheds in 2001 to create agroforestry buffers (15 m width). At the time of sampling, 

tree height ranged from 4 to 6 m and tall fescue was the primary ground vegetation.  

Grass buffers, primarily planted to tall fescue, were located between the experimental 

units.  Only buffers associated with control pastures (no grazing) were sampled.  The 

cropland sampling site is located ca. 1.5 km from HARC and has a mixed history of use, 

including maize-soybean rotations and pasture.  In the year prior to sampling, the land 

was no-till planted to maize.  Alternating agricultural use of Menfro soil is typical due to 

high erosivity. 
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The GMRC site consists of experimental watersheds planted to a no-till maize-

soybean rotation since 1996.  Grass and agroforestry buffer strips (3 – 4 m width) were 

established at multiple locations along the contour in the west and center watersheds in 

1997.  The grass buffers are planted to redtop (Agrostis gigantean Roth), brome grass 

(Bromus spp.), and birdsfoot trefoil (Lotus corniculatus L.).  Agroforestry buffer strips in 

the center watershed are planted to the same grass-legume species, and include pin oak 

(Quercus palustris), swamp white oak (Quercus bicolor Willd.), and bur oak (Quercus 

macrocarpa Michx.) alternately planted in a single row within the buffer strips.  

Variation in soil series and soil properties are known to occur as a function of landscape 

position at this site, thus samples were collected from the backslope landscape position.  

The soil present in the backslope position is somewhat poorly drained, Armstrong soil 

series (fine, smectitic, mesic, Aquertic Hapludalf) formed from loess over glacial till 

parent material.  Studies of clay mineralogy in the surface horizons of other claypan soils 

commonly found in association with the Armstrong soil series have documented that illite 

is the most predominant mineral (Baer and Anderson, 1997).  Although, kaolinite and 

lesser amounts of smectite, vermiculite, and chlorite are also present. Soil was sampled 

around pin oaks as this tree species demonstrated greater growth relative to other tree 

species; pin oaks were ca. 3 m in height at the time of sampling.  Cropland soil samples 

were collected 3 m upslope of the vegetative buffer edge.  Maize was the previous crop 

planted prior to sampling. 

At the SWC, soil samples were collected from a cropland field, a field of mixed 

grasses, and a walnut orchard.  Although this site does not contain vegetative buffers as 

present at HARC and GMRC, the site does contain vegetation types similar to the other 
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sites (cropland, grass, tree/grass) and the soil has different physical and chemical 

properties than the other soils sampled.  The soil present at SWC is a well-drained, 

Huntington soil series (fine-silty, mixed, mesic, Fluventic Hapludoll) formed from 

alluvium parent material.  Walnut trees (Juglans nigra L.) were planted in the tree/grass 

sampling site (hereafter referred to as agroforestry for simplicity) in 1993.  At the time of 

sampling, tree height was 8 – 10 m and the predominant ground cover included 

orchardgrass (Dactylis glomerata L.), cheatgrass (Bromus tectorum L.), and henbit 

(Lamium amplexicaule L.).  The SWC grass site has remained unmanaged for more than 

5 yr and tall fescue is the predominant species.  The cropland site has been planted to a 

no-till maize-soybean rotation since year 2001, and maize was grown the year prior to 

sampling.   

All soil samples were collected in the year 2006.  Soil (3 - 5 kg) was randomly 

sampled at multiple points in the vegetated areas from a 0 - 10 cm depth.  In the case of 

sampling agroforestry buffer soils, samples were collected from multiple trees (3 or 4) at 

a distance of 30 - 50 cm from the base of the tree.  At each site, samples were bulked by 

vegetation type, thoroughly mixed, air-dried, passed through a 2-mm mesh sieve, and 

stored in plastic bags at room temperature.  Soil samples were analyzed for particle size, 

cation exchange capacity (CEC) as measured using unbuffered NH4Cl, base saturation, 

organic carbon (OC) content, poorly crystalline iron and aluminum oxides (citrate-

bicarbonate-dithionite extractable Al and Fe), and pH in salt and water (Table 3.2).  

3.2.2 Sorption studies 

 

Oxytetracycline sorption experiments were conducted over a range of initial 

aqueous phase concentrations (0.0, 0.005, 0.01, 0.025, 0.05, 0.1, 0.175, 0.25, 0.5 mmol L
-
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1
), and SDT was reacted with soil at a single concentration (0.10 mmol L

-1
).  Air-dried 

soils (0.350 g) were added to 50 mL polypropylene co-polymer (PPCO) centrifuge tubes 

and suspended in CaCl2 background electrolyte solution (I = 0.005 M CaCl2).  Due to a 

lack of SDT adsorption in the presence of 0.350 g of soil (1:100 solid to solution ratio), 

SDT sorption experiments were also conducted by adding 8.000 g of soil to each reaction 

vessel (1:2.5 solid to solution ratio). To inhibit microbial metabolism, samples were 

spiked with concentrated NaN3 to achieve a final concentration of 0.0015 M NaN3 (Wolf 

et al, 1989).  Total solution volume in each reaction vessel was 0.0350 L and 0.0200 L 

for OTC and SDT experiments, respectively.  After solution addition, tubes were 

wrapped in aluminum foil to prevent photo-degradation and agitated for 24 h on an end-

over-end shaker (7 rpm) at 25ºC in a constant temperature room.  Reactions performed at 

each VA concentration consist of individual samples reacted in triplicate and blanks (no 

soil) reacted in duplicate.  After reaction, tubes were centrifuged at 27,000 rcf (g) for 15 

min followed by removal of the supernatant solution and filtration through 0.45 μm 

nominal pore size PTFE membrane filter.  Samples were then analyzed to determine 

antibiotic concentration remaining in solution and solution pH.  

3.2.3 Aqueous phase analyses 

 

Antibiotic concentrations in solution were analyzed using high performance liquid 

chromatography (HPLC) with an ultraviolet (UV) detector (Beckman Corp., San Ramon, 

CA). Analysis of OTC was performed at a column temperature of 40
o
C using a reverse-

phase Phenomenex Luna C8(2) column (250 × 4.6 mm; 5μm particle size; 100 Å pore 

size; Torrance, CA). The mobile phase consisted of 0.1% phosphoric acid (H3PO4) buffer 

in water (pH 2.2) and 100% acetonitrile (solvents A and B, respectively). The initial 
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solvent mixture consists of 95% A : 5% B from 0 - 10 min. The solvent ratio changed to 

75% A : 25% B between 10 and 25 min, and this ratio was kept constant from 25 to 30 

min. For SDT analysis, a silica based Columbus C8 column (4.6 mm x 250 mm; 5 μm; 

110 Å pore size; Phenomenex, Torrance, CA) was employed. The mobile phase for SDT 

analysis consisted of 0.1% H3PO4 buffer (pH 2.2) and 100% acetonitrile (solvents A and 

B, respectively). The gradient started at 90% A : 10% B, ramped linearly to 60% A : 40% 

B at 30 min, 25% A : 75% B at 40 min, 90 % A : 10% B at 45 min, and was held constant 

for 14 min. Oxytetracycline and SDT were detected and quantified by UV absorbance at 

360 and 254 nm, respectively. Calibration standards containing either OTC or SDT 

showed good linearity (r
2
> 0.99). 

3.2.4 Mathematical description of sorption data 

 

The amount of VAs adsorbed to soil after reaction was calculated from, 

                                                                                                                           [3.1] 

where qads is the surface excess of antibiotic (i.e., amount adsorbed) after the reaction 

period (mmol kg
-1

), Cads,B and Cads,S are the equilibrium antibiotic concentrations (mmol 

L
-1

) in blank (B) and samples (S) after reaction, VB and VS are the volume of solution (L) 

added to samples and blanks, and mS is mass of soil (kg) added to the reaction vessel 

(Essington 2004). The partition coefficient, Kd, was determined using Eq. 3.2. 

s

sads,sBads,B

ads
m

))(V(C))(V(C
q






 

 

Table 3.2 Mean soil characterization data for soils collected from three soil series planted to agroforestry and grass buffer 

strips and cropland. 

 

Soil Series 

 

Vegetation 
Clay 

Organic 

Carbon 

 

pHs 
a
 

 

pHw 
b
 

 

CEC 
c
 

Base 

Saturation 

 

AlCBD 
d
 

 

FeCBD 

  g kg
-1

 g kg
-1

   cmol kg
-1

 % g kg
-1

 g kg
-1

 

Armstrong
e
 Crop 223 22 7.1 7.4 23.3  71.4 1.03 15.2 

 Grass 245 30 7.0 7.4 26.8 65.1 1.08 16.0 

 Agroforestry 253 23 6.7 7.2 25.4  63.3 0.97 13.8 

Huntington
f
 Crop 199 13 6.6 7.1 13.8  74.5 0.74 6.84 

 Grass 158 12 5.2 5.7 9.00  57.0 0.62 5.50 

 Agroforestry 190 23 4.7 5.2 15.1  42.3 0.85 5.60 

Menfro
g
 Crop 211 19 6.3 6.7 18.0  49.3 0.68 7.22 

 Grass 247 20 6.2 6.6 22.6  62.5 0.98 8.73 

 Agroforestry 247 22 5.8 6.2 23.5  57.4 0.96 9.28 
a
 pH salt

 

b
 pH water

 

c
 CEC, cation exchange capacity determined in unbuffered NH4Cl solution 

d
 CBD, citrate-bicarbonate-dithionite extracted element 

e
: 33.07% illite, 0% clorite, 0% vermiculite, 63.2% smectite, 3.74% kaolinite 

f
: 45.05% illite, 0% clorite, 8.69% vermiculite,  0% smectite, 46.25% kaolinite 

g
: 39.41% illite, 0% clorite, 0% vermiculite,  43.88% smectite, 16.7% kaolinite 

4
4
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                                                                                                                        [3.2] 

As a means to investigate the retention of VAs on soil, desorption or extraction 

experiments were initiated immediately after the adsorption step. Due to no desorption 

was observed using CaCl2 solusion, a volume of methanol equivalent to the volume of 

supernatant removed (Thiele-Bruhn et al, 2004).  Adsorbate retention was calculated 

from, 

                                                                                                                   [3.3] 

where qextr is the surface excess of antibiotic remaining on the soil after the extraction 

period (mmol kg
-1

), Cextr,S is the equilibrium antibiotic concentration in methanol after the 

extraction reaction period, Vextr is the volume of solvent in the reaction vessel during 

extraction phase, and Vent is the volume of entrained solution remaining in the soil pellet 

after removal of adsorption phase supernatant (Goyne et al, 2004). 

Adsorption and extraction data were fitted by the Freundlich isotherm model to 

provide a concise set of parameters for comparison between the soils, 

                                                                                                                   [3.4] 

where Kf (Freundlich sorption capacity coefficient) and N (isotherm nonlinearity) are 

positive-value adjustable fitting parameters.  The parameters were obtained from a log-

log plot of the adsorption or extraction isotherm data; Kf is the intercept and N the slope 

of the resulting line (Essington 2004). 
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To investigate the degree of hysteresis between OTC adsorption and extraction 

isotherms, an equation developed by Huang and Weber (1997) and modified by 

Zimmerman et al, (2004) was employed.  The hysteresis index (HI) was calculated as, 

HI = (q
e
i – q

a
i(F)) (q

a
i(F))

-1
                                                 [3.5] 

where q
e
i represents the amount of OTC remaining on the mineral surface after extraction 

at a particular solution concentration i, q
a

i(F) is the amount of OTC on the mineral surface 

after the adsorption phase estimated by the Freundlich model at solution concentration i.  

Hysteresis index values were calculated for data points resulting from reaction of 0.05, 

0.1, 0.175, 0.25, 0.5 mmol L
-1

 concentrations of OTC with each soil.  Following 

calculation of individual HI values for each extraction data point, the values were 

averaged to provide a mean HI value.   

3.2.5 Statistical analyses 

 

Data were analyzed using analysis of variance (SAS Inst, 1999) assuming a 

completely random design.  Treatments included three soils (Armstrong, Huntington, and 

Menfro) and three vegetative management systems (crop, grass and agroforestry) in a 

factorial design (two factors each with three levels).  Statistical differences were tested at 

the 5% level (p < 0.05).  Prediction equations for Kd of the two antibiotics as a function 

of soil properties were estimated using stepwise multiple regression analysis.  

3.3 Results and Discussion 

3.3.1 Adsorption and extraction isotherms 
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Adsorption and extraction isotherms for oxytetracycline reacted with soils under 

VBS management are shown in Figure 3.1.  The adsorption isotherms can be classified as 

L-shaped isotherms (Sposito, 2004), where OTC exhibits relatively high affinity for the 

soil surface at low initial OTC concentration and reduced affinity at higher solute 

concentrations.  Extraction isotherms indicate that OTC is not readily removed from soil 

surfaces in presence of methanol, thus resulting in nearly identical concentrations of OTC 

in the soils before and after extraction reactions were performed.  Subsequently, 

hysteresis develops between the adsorption and extraction isotherms for all vegetation-

soil series combinations studied.  Due to curvature and lack of sorption maxima, the 

isotherms are not amenable to modeling using a linear model or the Langmuir equation.  

However, the isotherms are well-fitted by the Freundlich equation as indicated by 

correlation coefficients (r
2
) ranging from 0.89 to 0.99 and 0.86 to 0.98 for adsorption and 

extraction isotherms, respectively (Table 3.3).   

The nonlinearity parameter (N) obtained from isotherm modeling indicates that all 

OTC isotherms are nonlinear (N < 1) (Table 3.3).  Adsorption N values (0.56 to 0.75) are 

not significantly different between the various isotherms, based on 95% confidence 

intervals, and the values observed are within the range observed in previous OTC 

adsorption studies (Jones et al, 2005; Sassman and Lee 2005; ter Laak et al, 2006).  

Although mechanisms of adsorption and more detailed processes are not revealed by 

adsorption isotherms, a higher degree of isotherm nonlinearity suggests a greater degree 

of heterogeneous adsorption sites may be present in the soil and specific mechanisms of 

adsorption may be occurring (Essington, 2004; Thiele-Bruhn et Al, 2004).  Therefore, it 

is plausible that the specific OTC adsorption sites are becoming saturated at higher initial  
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Figure 3.1 Oxytetracycline (OTC) adsorption/extraction to (a) Armstrong, (b) 

Huntington, and (c) Menfro soils planted to maize/soybean rotation (Crop), grass buffer 

strips (Grass), and agroforestry (tree/grass) buffer strips (AGF).  Error bars, where 

observed, represent the 95% confidence interval. 
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aqueous OTC concentrations resulting in reduced affinity of OTC for the soil particle 

surfaces and the formation of L-shaped isotherms.   

Freundlich sorption capacity coefficients (log Kf) shown in Table 3.3 range from 

3.26 to 3.50.  This range of values is comparable to a log Kf = 3.26 observed by ter Laak 

et al, (2006) for OTC sorption to a clay loam soil, but our values are substantially greater 

than Kf  values (1.13 and 1.96) reported by Sassman and Lee (2005).  Freundlich 

coefficients presented here are given to indicate that our sorption results can be modeled 

using the Freundlich equation, and to provide a relative comparison between our data and 

previous studies.  However, as discussed in Bowman (1981) and elsewhere (Chen et al, 

1999; Gunasekara and Xing, 2003; Chefetz et al, 2006), it is not possible to directly 

compare Kf values when values of N are not equal.   

Hysteresis index values are also listed in Table 3.3.  A mean HI = 0 indicates no 

hysteresis is present between the adsorption and extraction isotherms and HI > 0 indicates 

that hysteresis is present between the isotherms.  All vegetation-soil series combinations 

exhibit some degree of hysteresis (0.30 to 3.31).  Overall, HI values are greatest for the 

Huntington soil, but there is no clear trend in HI values between vegetative types within 

each soil series.  The presence of hysteresis between the isotherms when methanol is used 

as the extraction solvent suggests that partitioning of OTC into SOM is not a significant 

mechanism for OTC adsorption to soil.  Rather our results are in agreement with previous 

studies indicating OTC adsorption occurs via cation exchange reactions and/or metal-

bridging between the surface and OTC (Figueroa et al, 2004; MacKay and Canterbury 

2005; Sassman and Lee 2005).   



 

Table 3.3 Freundlich model parameters for oxytetracycline adsorption and extraction isotherms and associated hysteresis 

index (HI) values. 

Soil Series Vegetation Phase log Kf ± 95% CI N ± 95% CI r
2
 (n) HI 

Armstrong Crop Adsorption 3.33 ± 0.12 0.70 ± 0.10 0.97 (24) 0.30 

  Extraction 3.48 ± 0.12 0.67 ± 0.12 0.97 (18)  

 Grass Adsorption 3.33 ± 0.10 0.70 ± 0.10 0.97 (24) 0.40 

  Extraction 3.64 ± 0.12 0.57 ± 0.12 0.96 (18)  

 Agroforestry Adsorption 3.42 ± 0.10 0.72 ± 0.10 0.97 (24) 0.31 

  Extraction 3.74 ± 0.12 0.54 ± 0.12 0.96 (18)  

Huntington Crop Adsorption 3.26 ± 0.20 0.61 ± 0.16 0.97 (21) 1.08 

 Grass Adsorption 3.29 ± 0.20 0.56 ± 0.16 0.93 (21) 2.22 

  Extraction 4.02 ± 0.08 0.27 ± 0.08 0.98 (12)  

 Agroforestry Adsorption 3.50 ± 0.20 0.57 ± 0.18 0.89 (21) 3.31 

  Extraction 4.14 ± 0.16 0.30 ± 0.18 0.95 ( 9)  

Menfro Crop Adsorption 3.35 ± 0.16 0.66 ± 0.14 0.95 (21) 0.63 

  Extraction 3.76 ± 0.20 0.49 ± 0.20 0.90 (15)  

 Grass Adsorption 3.49 ± 0.08 0.72 ± 0.08 0.99 (21) 0.52 

  Extraction 3.98 ± 0.08 0.41 ± 0.08 0.98 (12)  

 Agroforestry Adsorption 3.42 ± 0.12 0.75 ± 0.12 0.97 (21) 0.85 

  Extraction 4.03 ± 0.16 0.34 ± 0.16 0.86 (15)  

5
0
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3.3.2 Solid-solution partition coefficients (Kd) 

 

As noted previously, it is not possible to directly compare Freundlich sorption 

capacity coefficients between most of the adsorption/extraction isotherms collected in 

this study.  However, calculation of Kd values at particular initial VA concentrations 

permits comparison among the vegetation-soil series combinations studied and among 

different VAs.   

Analysis of variance results (Table 3.4) show that soil, vegetative management 

and the interaction of these two main factors on Kd values for the range of concentrations 

investigated.  With exception for soil at an initial OTC concentration of 0.025 mM, 

significant main factor and interaction factor effects were observed (p < 0.01).  Figure 3.2 

shows Kd values of OTC and SDT at an initial VA concentration of 0.1 mM.  Mean Kd 

values for OTC adsorption are 898, 402 and 1530 L kg
-1

 for Armstrong, Huntington and 

Menfro soils, respectively.  Additionally, it is observed in Figure 3.2a that VBS 

management generally exhibits higher Kd values than crop management within a soil 

series.  Duncan's multiple range test results demonstrate that Kd values for OTC are 

significantly greater (p < 0.05) for VBS treatments relative to the crop treatment at initial 

concentration of 0.10 mM.  At initial concentrations of 0.025 and 0.175 mM, Kd values 

for agroforestry buffer strips are significantly greater than those in grass buffer strip and 

crop treatments.  Whereas, Kd values for the agroforestry VBS soils are significantly 

greater (p < 0.05) than grass VBS soils at initial OTC concentrations of 0.05, 0.25, and 

0.5 mM, and crop soil  
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Table 3.4 Analysis of variance results indicating the effect of soil and vegetation 

management factors and their interaction on solid to solution partition coefficients (Kd) 

for oxytetracycline (OTC) at varying initial concentrations.  

 p > F 

Initial concentration 
a
 

mM 

Soil Vegetation Soil * Vegetation 

0.025 0.15 <0.01 <0.01 

0.05 <0.01 <0.01 <0.01 

0.1 <0.01 <0.01 <0.01 

0.175 <0.01 <0.01 <0.01 

0.25 <0.01 <0.01 <0.01 

0.5 <0.01 <0.01 <0.01 

a
 Statistical analyses for concentrations less than 0.025 mM were excluded from analysis 

due to concentrations of OTC in solution below the analytical detection limit. 
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Figure 3.2 (a) Oxytetracycline and (b) sulfadimethoxine solid-solution distribution 

coefficients (Kd) for Armstrong, Huntington, and Menfro soils at 0.10 mM initial 

antibiotic concentration.  Error bars, where observed, represent the 95% confidence 

interval. 
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Kd values are significantly less (p < 0.05) than either VBS soil at these concentrations.   

Solid-solution partition coefficients are also significantly different (p < 0.05) among the 

soils studied and the general order from greatest to lowest Kd values as follows: Menfro ≥ 

Armstrong > Huntington.  The exception to this order was found at the 0.025 mM 

concentration where Kd values for the soils were not significantly different.  The 

interaction between soil and vegetation is significant (p < 0.01) due to Kd values being 

much greater for the Menfro soil under VBS management relative to VBS management 

effects on the Armstrong and Huntington soils. 

Single-point adsorption of SDT to soils was investigated at solid to solution ratios 

(w/v) of 1:100 and 1:2.5.  Although OTC adsorption is observed at the 1:100 ratios, we 

were unable to quantify SDT adsorption at this same ratio.  Therefore, data shown in 

Figure 3.2b represent SDT adsorption when a solid to solution ratio of 1:2.5 was 

employed.  The mean Kd values for SDT follows the order of Huntington (4.00 L kg
-1

) > 

Menfro (3.11 L kg
-1

) > Armstrong (1.09 L kg
-1

), and this order deviates from that 

observed for OTC.  Similar to OTC, VBS management induced greater SDT sorption 

than crop management within any particular soil series.  Statistical analysis revealed that 

SDT Kd values are significantly different (p < 0.05) among the vegetation treatments; 

agroforestry buffer strip yielded the greatest Kd values and cropland had the smallest 

values.  Solid to solution partition coefficients were also significantly different (p < 0.05) 

among the soils following the order stated previously.  The vegetation by soil interaction 

is also significant (p < 0.01).  The Kd values for agroforestry buffer strips are much higher 

relative to the crop treatment in the Huntington and Menfro soils compared to the 

Armstrong soil.  
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Cumulatively, the Kd data indicate that soils under VBS management exhibit 

enhanced sorption of OTC and SDT relative to cropland management at environmentally 

relevant concentrations.  This suggests that the sorptive capabilities of VBS soils may 

help reduce the loss of VAs from agroecosystems where manure or swine lagoon 

wastewater is land applied.  To the best of our knowledge, this is the first report 

indicating the potential of VBS treatments to sorb VAs to a greater extent than cropland 

treatment.  However, differences in VA sorption are also dependent upon the soil series 

planted to the three vegetative treatments.  (Soil properties influencing OTC and SDT 

sorption are explored in the following section.)  The results also demonstrate greater 

sorption of OTC to soil relative to SDT, thus the greater potential for SDT to migrate to 

water resources.  The Kd values for OTC are two to three orders of magnitude greater 

than SDT Kd values despite the fact that solid to solution ratio in the SDT experiments 

was 40-fold greater.  This latter finding agrees with results reported by ter Laak et al, 

(2006) where sorption of OTC and a sulfonamide class antibiotic to different soils was 

investigated. 

3.3.3 Correlation of sorption to soil properties 

 

Linear correlation coefficients for log Kd values of OTC and SDT (0.01 mM 

initial concentration) with soil properties are listed in Table 3.5.  For OTC, log Kd 

exhibits strong and significant correlation with clay content and weaker correlations with 

OC content, CEC, percent base saturation, and citrate-bicarbonate-dithionite (CBD) 

extractable Al (AlCBD).  Thus, clay content alone explains 73% of the variance (Figure3.3 

a).  Using stepwise multiple regression analysis to further model the relationships 

between OTC log Kd values and soil properties, we found that inclusion of additional 
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parameters in the model resulted in log Kd = 1.7 + 0.012 Clay – 0.010 OC – 0.20 pH (r
2
 = 

0.91; p < 0.01).  Jones et al, (2005) also observed clay content to explain the greatest 

variance in a study of OTC adsorption to 30 soils when stepwise multiple regression 

analysis was performed.  However, the model developed by Jones et al, (2005) including 

clay content and FeCBD explained only 38.1% of the variance.   

Negative correlation of OC and pH with OTC log Kd values in the multi-

parameter model is in agreement with previous research (Jones et al, 2005; Sassman and 

Lee 2005).  The work of Sassman and Lee (2005) indicates that pH and CEC should be 

major parameters influencing OTC sorption.  Although the soils studied in this research 

contain a moderately wide range of soil pH values (pHs 4.7 to 7.1), final solution pH 

values after reaction exhibited a narrow range of pH values (pH 7.1 to 7.9).  (We 

intentionally did not use pH buffers due to possible competition of OTC and buffers for 

adsorption sites.) Due to changes in pH, CEC may also differ in the reaction vessels as 

compared to natural CEC.  This likely explains the weak correlation of OTC Kd values 

with pH and the failure of CEC to appear in our multi-parameter model.  It should be 

noted, however, that CEC and clay content are typically highly correlated in soils.  Thus, 

inclusion of clay content in our model may be serving as a surrogate for CEC.   

Table 3.5 shows that SDT log Kd values are significantly and inversely correlated 

with salt pH, percent base saturation, and FeCBD, and pHs explains 75% of the variance 

(Figure 3.3b).  Inclusion of CEC in the model (log Kd = 3.06 - 0.552 pHs + 0.0323 CEC) 

improved the model’s ability to account for variance (r
2
 = 0.91; p < 0.01).  Similar to 

OTC sorption experiments, pH increased in the SDT experiments although to a much 

lesser.  Final solution pH values after reaction ranged from pH 5.3 to 8.2.  The use of 
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solution pH after reaction as a variable explaining SDT sorption resulted in a model 

nearly identical to that obtained using pHs (log Kd = 2.8 – 0.36 pH; r
2
 = 0.72; p < 0.01).  

The strong influence of pH on SDT adsorption was expected due the ionic nature of SDT 

(Figure 3.4).  For example at pH 5.3 approximately 0.05% of SDT exists as a cation 

(SDT
+
), 85.5 % as a zwitterion (SDT

O
), and 14% of the compound is anionic (SDT

-
).  At 

pH 8.3, speciation is drastically changed to 1% SDT
O
 and 99% SDT

-
.  Our results suggest 

that SDT
O
 is primarily adsorbing to negatively-charged surface groups in soil via the 

protonated arylamine group.  Increases in pH result in the diminished presence of this 

cationic moiety on SDT, subsequently reducing SDT sorption due to repulsion of the 

SDT
-
 from the soil surface (Kurwadkar et al, 2007).  The inclusion of CEC as a 

secondary, yet positive, variable influencing sorption suggests that increased CEC is 

promoting adsorption of SDT
O
.   

Table 3.5 Linear correlation coefficients between oxytetracycline (OTC) and 

sulfadimethoxine (SDT) solid to solution partition coefficients (log Kd) and soil 

properties
a
. 

  Soil Property 

 
Antibiotic 

 
Statistic 

 
Clay 

Organic  
Carbon 

 
pHs 

b 
 

CEC 
c 

Base  
Saturation 

 
AlCBD 

d 
 

FeCBD 
OTC r 0.854 0.537 0.182 0.759 0.607 0.685 0.355 

 p <0.01 <0.01 0.363 < 0.01 <0.01 <0.01 0.069 

SDT r -0.225 0.068 -0.866 -0.253 -0.491 -0.110 -0.508 

 p 0.26 0.73 <0.01 0.20 <0.01 0.58 <0.01 

a
 Kd values obtained from sorption experiments conducted in the presence of an initial 

antibiotic concentration of 0.10 mM. 
b
 pH salt

 

c
 CEC, cation exchange capacity determined in unbuffered NH4Cl solution 

d
 CBD, citrate-bicarbonate-dithionite extracted element 
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Figure 3.3 Relationships between soil parameters and solid-solution distribution 

coefficients (log Kd) for (a) oxytetracycline and (b) sulfadimethoxine at 0.10 mM initial 

antibiotic concentration.   
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Figure 3.4 (a) Ionization of aqueous sulfadimethoxine and (b) distribution of cationic 

(SDT
+
), zwitterionic (SDT

o
), and anionic (SDT

-
) sulfadimethoxine in aqueous solution as 

a function of pH. 
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Results from the stepwise multiple regression analyses aid in explaining the 

enhanced sorption of OTC and SDT to particular soils and vegetative treatments.  Clay 

content and pH were determined to be soil parameters significantly influencing OTC 

adsorption.  These two parameters differed among the soil series studied, and in two out 

of the three soils studied (Armstrong and Menfro) clay content was greater in the VBS 

than the cropland soils.  These particular soils are located at the two research sites 

containing actual VBS integrated into agroecosystems.  Greater clay content in these 

actual VBS may be due to enhanced protection of the clay fraction from erosion by the 

presence of permanent vegetation and the ability of VBS to trap clay sized particles and 

clay aggregates as runoff from upslope contributing areas flows through VBS (Syversen 

and Borch, 2005).  Previous research at the GRMC site where our Armstrong soil was 

under the agroforestry and grass VBS relative to the row-cropped area (Udawatta et al,, 

2008b; 2009); thus, supporting the enhanced physical protection of clay hypothesis.  With 

respect to SDT sorption, soil pH varied among the three soil series and pH was 

consistently lower in the VBS than the cropland treatments.  The latter may be reflective 

of differences in complex biogeochemical cycling within the buffers relative to the 

cropland soils and differences in soil management (i.e., no liming of buffers).   

Although OC content was a weak or insignificant factor in predicting VA 

sorption, differences in soil organic matter (SOM) fractions and chemical composition 

may also play a significant role in VA adsorption to VBS soils.  Bailey et al (2009) 

observed greater concentrations of particulate organic matter carbon (POM-C) and 

nitrogen (POM-N) in agroforestry and grass VBS at the GRMC site relative to cropland 
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soil, and concentrations of water extractable organic carbon (WEOC) and nitrogen 

(WEON) were also higher in soils planted to VBS.  Thus, differences in pools of SOM 

are present at one of the research sites sampled for this project and it is plausible that 

differences exist at the other two sites.  There are no published studies investigating 

alteration of SOM chemical structure at any of the three sites studied.  However, 

spectroscopic studies have indicated that SOM chemical structure can be influenced by 

changes in land management practices (Condron and Newman, 1998; Alcântara et al, 

2004).  Based on research by Thiele-Bruhn et al (2004) and MacKay and Canterbury 

(2005) on the importance of SOM chemical structure for SDT and OTC adsorption, we 

postulate that changes in SOM may also play a significant role in VA sorption to the VBS 

soils studied.   

3.3.4 Mitigating veterinary antibiotic transport using vegetative buffer strips 

 

Our research illustrates that the sorption of VAs to soil is impacted by land 

management due to differences in physical and chemical properties between VBS and 

cropland soils.  It also shows that it is important to consider soil properties during site 

selection for VBS and how the influence of amendments added to VBS, such as lime, 

may impact VA speciation and, subsequently, sorption. Coupling our results with those 

from previous VBS studies demonstrating improved infiltration and water storage 

capacity (Schmitt et al, 1999; Seobi et al, 2005), reduced surface water runoff and 

sediment loss (Udawatta et al, 2004; Veum et al, 2009), and enhanced organic 

agrichemical degradation in the rhizosphere (Lin et al, 2008), suggests that incorporation 

of VBS into agroecosystems may reduce VA loss to surface water resources.  Future 

research on this topic should focus on elucidating vegetative species effects on SOM 
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pools and chemical structure and how these differences in SOM influence VA sorption, 

identifying vegetative species that promote development of optimal soil physical 

properties and diverse microbial species capable of enhancing VA degradation, field 

trials that rigorously test VBS designs at the plot- and watershed-scale, and ultimately the 

development of management plans and guidelines for practitioners wishing to use VBS to 

mitigate VA loss from agroecosystems.  

3.4 Conclusions 

This study demonstrated the enhanced sorption of two VAs commonly used in 

animal agriculture to soils under VBS management.  Oxytetracycline and SDT Kd values 

were significantly greater for VBS management than corresponding cropland 

management on three differing soil series, and OTC sorption was non-linear to all soils 

studied and well-fitted by the Freundlich equation.  The most significant soil parameter 

influencing OTC sorption was found to be clay content, which was generally found to be 

higher in soils under VBS management. Soil pH explained the greatest variance 

associated with SDT sorption, and greater acidity in soils planted to VBS resulted in 

increased SDT adsorption.  These results should further encourage investigations into the 

use of agroforestry and grass buffer strips to mitigate VA loss from agroecosystems, aid 

in VBS site selection based on soil properties when VBS are intended to reduce VA 

transport, and assist in management of soil properties (e.g., pH) most favorable for 

enhancing VA adsorption.   
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Chapter 4 .  Sulfamethazine Sorption to Soil: Effects of Vegetative Management, pH, 

and Dissolved Organic Matter  

 

 

 

 

Abstract 

Veterinary antibiotics (VAs) are released into nature via land application of manure, 

and understanding VA interactions with soil is important for assessing and mitigating 

possible environmental hazards. To study the effects of vegetative management, soil 

physical and chemical properties, and manure-derived dissolved organic matter (DOM) 

on the behavior of sulfamethazine (SMZ) in soil, a series of sorption experiments were 

conducted. Experiments were performed using samples from three soil series each 

planted to agroforestry buffers strips (ABS), grass buffer strips (GBS), and row-crops 

(RC). Results show that sorption isotherms are well fitted by the Freundlich isotherm 

model (log Kf = -0.04 to 0.78 and N = 0.76 to 1.02). Study of the two most contrasting 

soils revealed that increasing solution pH from 6.0 to 7.5 greatly reduced SMZ sorption 

to the Armstrong GBS soil, but little pH effect was observed for the Huntington GBS 

soil. Further investigation of solid-to-solution partition coefficients (Kd) revealed that 

vegetative management had a significant (P < 0.01) influence on SMZ sorption and 

followed the order ABS > GBS > RC. Multiple linear regression analyses indicate that 

organic carbon content, pH, initial SMZ concentration, and clay content were the most 

important properties controlling SMZ sorption. Although the presence of DOM (150 mg 

L
-1

 OC) had little effect on Freundlich model parameters, DOM resulted in slightly lower 

SMZ Kd values, presumably, due to competitive interactions between the VA and DOM 

for sorption sites. Overall, results from this study support the potential use of vegetative 
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buffers for mitigating SMZ loss from agroecosystems and enhances our understanding of 

SMZ sorption to soil. 

4.1 Introduction 

 

Sulfamethazine (4-amino-N-[4,6-dimethyl-2-pyrimidinyl) benzenesulfonamide) is 

one of the sulfonamide veterinary antibiotics (VAs) commonly used for livestock and 

aquaculture disease treatment, disease prevention, and growth promotion (Sarmah et al., 

2006). In the USA, the annual non-therapeutic usage of antibiotics in animal agriculture 

is estimated to be 1.1 x 10
7
 kg, and approximately 3.63 x 10

5
 kg of sulfamethazine (SMZ) 

is used annually as a feed additive for cattle and swine production (Mellon et al., 2001). 

Like most VAs, SMZ is poorly metabolized after entering a human or animal body, and 

the typical SMZ concentration in manure and slurry is on the order of 0.1 to 10 mg kg
−1

 , 

(Haller et al., 2002; Kumar et al., 2005; Shelver et al., 2010). Sulfamethazine 

concentration in manure fertilized soil ranges from not detectable to several hundred µg 

kg
-1

. For example, Hamscher et al. (2005) reported that 2 µg kg
-1

 SMZ was detected in 

soil fertilized with liquid manure. Aust et al. (2008) detected 10.4 µg kg
-1

 SMZ in soil (0-

10 cm depth) collected from a commercial cattle feedlot and 72 µg kg
-1

 SMZ in the upper 

10 cm of soil underlying a solid layer of manure found within an experimental feedlot 

where 350 mg of SMZ per head was fed to cattle. 

In some cases, VA inputs to soil may affect the quantity and quality of native 

microbial communities (Kotzerke et al., 2008; Kümmerer, 2003; Nygaard et al., 1992; 

Westergaard et al., 2001). Although VA concentrations do not reach therapeutic levels in 

most soils, they may still affect the selection of VA resistant bacteria in the environment 
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(Kümmerer, 2003; Nygaard et al., 1992). Land application of manure is one of the 

primary sources of VA release into the environment resulting, subsequently, in the 

development of antibiotic resistant genes (ARGs) within microorganisms (Aarestrup and 

Wegener, 1999; Herron et al., 1998; Nygaard et al., 1992). For example, multiple 

tetracycline and sulfonamide ARGs were detected in dairy lagoon water, irrigation ditch 

water and urban/agriculturally impacted river sediment samples from northern Colorado 

(Pruden et al., 2006). Spreading of ARGs causes public concern that human pathogens 

will develop antibiotic resistance and be difficult to treat with current antibiotics (Shea, 

2003).  Of additional concern is the observation that SMZ and other sulfonamides can be 

absorbed by vegetable crops produced on manure-amended soils, thereby resulting in the 

entry of VAs into the food chain which raises human health concerns (Dolliver et al., 

2007). 

The environmental fate and transport of organic contaminants is strongly affected 

by compound interactions with soil. Sulfonamides are weak organic acids with pKa 

values in the same range as the pH of most soil solutions (pH 4.5–7.5). Due to their ionic 

nature, sulfonamides convert to anionic species as pH increases, resulting in greater 

repulsion from negatively charged soil surfaces and less sorption (Kurwadkar et al., 

2007). The reported sorption coefficient (Kd) values for sulfonamides range from 0.9 to 

10; therefore, VAs in this class are likely to be highly mobile in soil (Thiele-Bruhn, 2003) 

and it is necessary to find techniques to mitigate transport of sulfonamides and other VAs 

to water resources.  

Vegetative buffer strips (VBS) are a conservation management practice 

commonly employed in agriculture. Agroforestry buffer strips (ABS; a combination of 



72 

 

trees, shrubs, and grasses) and grass buffer strips (GBS) can improve soil hydraulic 

properties and reduce soil surface runoff (Udawatta et al., 2002). These buffers also have 

potential to mitigate agricultural pollutants from cropland, including VAs (Chu et al., 

2010; Lin et al., 2010; Lin et al., 2011). Mechanisms of pollutant removal by VBS 

include improving flow hydraulics, physical filtration by vegetation, pollutant adsorption 

to roots, biodegradation in the root zone, direct plant uptake and enhanced sorption and 

transformation from improved soil properties  (Barling and Moore, 1994; Burken and 

Schnoor, 1997; Mandelbaum et al., 1995). 

Although previous studies investigating sulfonamide sorption to soils (Accinelli et 

al., 2007; Boxall et al., 2002; Chu et al., 2010; Lertpaitoonpan et al., 2009; Thiele-Bruhn 

et al., 2004) have provided useful information on the interactions of these drugs with 

soils, few studies have examined the effects of dissolved organic matter (DOM) on 

sulfonamide sorption to soil (Thiele-Bruhn et al., 2004; Essington et al., 2010). Dissolved 

organic matter has been demonstrated to enhance the transport of various organic 

compounds in soils (Huang and Lee, 2001; Kan and Tomson, 1990; Seol and Lee, 2000). 

In manured agroecosystems, manure-derived DOM and VAs are likely to be present in 

surface water runoff or shallow subsurface solution (e.g., soil solution moving laterally 

over a restrictive subsurface soil horizon) flowing into a VBS. Thus, elucidating DOM 

effects on VA sorption is particularly important when considering VBS use to mitigate 

VA transport.   

The objectives of this study were to (1) measure the sorption and retention of 

SMZ to soils collected from three different soils each planted to ABS, GBS, and row-

crops (RC), (2) determine the soil physical and chemical properties governing antibiotic 
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sorption to these soils; and (3) investigate changes in VA sorption and retention to VBS 

and cropland soils in the presence of manure-derived DOM.  

4.2 Materials and Methods 

4.2.1 Sulfamethazine 

 

Sulfamethazine (> 99% purity) (Figure 4.1) was obtained from Sigma-Aldrich 

(St. Louis, MO), and 
14

C-labeled sulfamethazine [phenyl-ring-
14

C(U)] was purchased 

from American Radiolabeled Chemicals, Inc (St. Louis, MO). Sulfamethazine has a 

molecular mass of 278.33 g mol
-1

, and log octanol-water partitioning coefficient (log Kow) 

of 0.89 (Tolls, 2001). The reported solubility range of SMZ is from 438 to 7000 mg L
-1

 

depending on solution pH, and the pKa values of SMZ are 2.07 and 7.49 (Essington et al., 

2010). The average half-life of SMZ in soil is reported to be 18.6 d (Accinelli et al., 

2007). 
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Figure 4.1 (a) Chemical structure and (b) distribution of cationic (SMZ
+
), zwitterionic 

(SMZ
o
), and anionic (SMZ

-
) sulfamethazine in aqueous solution as a function of pH. 
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4.2.2 Manure-derived dissolved organic matter  

 

Turkey litter (manure and bedding materials) was obtained from an organic turkey 

farm where SMZ was not administered to livestock. Manure-derived DOM was extracted 

by adding 250 g (oven-dry mass) of turkey litter to ultra-pure water. The mixture was 

shaken on a platform shaker at high speed for 2 h in dark, followed by centrifugation at 

34,400 g for 20 min, and filtration through a tandem glass fiber prefilter (Millipore AP20 

and AP15) and a 0.45 µm nominal pore size Durapore membrane filter (Millipore Corp., 

Billerica, MA). After filtration, the DOM solution was placed in dialysis tubing 

(Spectrum Spectra/Por RC 1000 Da molecular weight cutoff) and dialyzed against 

ultrapure water for three days. In order to prevent DOM degradation, dialysis was 

performed at 4°C in dark. The dialyzed DOM solution was freeze-dried, thoroughly 

mixed, and stored in a desiccator. 

The dissolved organic carbon (DOC) and total nitrogen (TN) contents of dialyzed 

DOM solutions were determined using a Shimadzu Corp. TOC-VCSH total organic carbon 

analyzer equipped with a TNM-1 total nitrogen measuring unit and ASI autosampler 

(Kyoto, Japan).  The average DOC and TN contents in the DOM were found to be 380 g 

kg
-1

 and 60 g kg
-1

, respectively. Ultraviolet-visible (UV-VIS) spectroscopy was used to 

determine the E4/E6 ratio (ratio of absorbance at 465 nm to 665 nm) and molar 

absorptivity (ε) measured at wavelength of 280 nm normalized to DOC concentration 

where π-π* electron transition is likely to occur for many aromatic substances (Chin et 

al., 1994; Swift, 1996). Relationship between ε and aromaticity and weight-averaged 

molecular weight (MW) was calculated using equation developed by Chin et al. (1994): 
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Aromaticity = 0.05ε + 6.74      r
2
=0.90                                                              [4.1] 

Mw = 3.99ε + 490                    r
2
=0.97                                                               [4.2] 

The E4/E6 ratio and ε were found to be 6.55 and 315 L mol C
-1

 cm
-1

, respectively. 

Aromaticity was calculated to be 23% and the average molecular weight was estimated to 

be 1746 Da.  

Total acidity and carboxylate acidity of the extracted DOM was measured by 

titration methods described by Swift (1996).  Briefly, 0.36 g freeze-dried DOM was 

dissolved in 0.1 M NaCl. Then the solution was mixed with sufficient 0.05 M HCl to 

lower the pH to 3.0. The solution was titrated with carbonate-free 0.1 M NaOH under a 

nitrogen atmosphere to pH 10. 5. The carboxyl group content was determined as the 

value of charge at pH 8, and the phenolic group content was determined as the charge 

between pH 8 and 10. The carboxyl and phenolic group content was calculated to be 6.26 

and 0.73 mol charge kg
-1

 DOM, respectively. The total acidity, 6.99 mol charge kg
-1

 

DOM, was estimated by the sum of carboxylic and phenolic acidity, 

4.2.3 Site details, soil sampling, and soil characterization 

 

4.2.3.1 Site Details 

 

Soil samples were collected in grass and agroforestry buffer strips and croplands 

from three locations in the year 2006: University of Missouri (UM) Greenley Memorial 

Research Center (GMRC), UM Horticultural and Agroforestry Research Center (HARC), 

and the UM Agricultural Experiment Station Southwest Center (SWC). 
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Soil samples were collected from the backslope landscape position at the GMRC 

site. At this position, the soil is a somewhat poorly drained, Armstrong soil series (fine, 

smectitic, mesic, Aquertic Hapludalf) formed from loess over glacial till parent material, 

with clay minerals consisting of 63.2% smectite, 33.1% illite, and 3.7% kaolinite. The 

site consists of experimental watersheds planted to a no-till maize (Zea may)-soybean 

(Glycine max) rotation since 1996.  In 1997, multiple locations along the west and central 

watersheds were established with 3 to 4 m wide GBS and ABS. Primary species of the 

GBS are redtop (Agrostis gigantean Roth), brome grass (Bromus spp.), and birdsfoot 

trefoil (Lotus corniculatus L.). Agroforestry buffer strips in the center watershed are 

planted to pin oak (Quercus palustris), swamp white oak (Quercus bicolor Willd.), and 

bur oak (Quercus macrocarpa Michx.) alternately planted in a single row within the 

buffer strips. The ground species in ABS consists of the same grass-legume species as 

found in GBS. Pin oaks demonstrated greater growth than relative to other tree species, 

thus soil was sampled around pin oaks; pin oaks were ca. 3 m in height at the time of 

sampling. Row crop soil samples were collected 3 m upslope of the vegetative buffer 

edge and maize was the previous crop planted prior to sampling. 

Soil at the HARC site is a well-drained, Menfro soil series (fine-silty, mixed, 

mesic, Typic Hapludalf) formed from loess parent material, with clay minerals consisting 

of 43.9% smectite, 39.4% illite and 16.7 % kaolinite. Fifteen-meter-wide agroforestry 

VBS locating at the base of several experimental watersheds (footslope) were established 

in year 2001 by planting eastern cottonwood trees (Populus deltoids Bortr.ex. Marsh.) 

into tall fescue (Festuca arundinacea Schreb; Kentucky 31). The trees were 4 to 6 m tall 

at the time of sampling and tall fescue was the primary ground vegetation. Grass buffers 
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were located between experimental units and tall fescue was the primary plant species. 

Only buffers in pastures with no grazing practice were sampled. The row-crop sampling 

location was ca. 1.5 km from HARC. This site has been used for maize-soybean rotation 

and pasture. The land was no-till planted to maize in the summer prior to sampling.  

Alternating agricultural use of Menfro soil is common due to the high erosivity of this 

soil. 

Soil at the SWC site is a well-drained, Huntington soil series (fine-silty, mixed, 

mesic, Fluventic Hapludoll) formed from alluvium parent material, with clay minerals 

consisting of 46.3% kaolinite, 45% illite and 8.7% vermiculite. This site does not have 

vegetative buffers, but contains similar vegetation types (cropland, grass, tree/grass) to 

HARC and GMRC sites. The tree/grass (agroforestry) sampling site was in a walnut 

orchard where walnut trees (Juglans nigra L.) were planted in 1993. The trees were 8-10 

m tall and the primary ground grass species included orchardgrass (Dactylis glomerata 

L.), cheatgrass (Bromus tectorum L.), and henbit (Lamium amplexicaule L.). The grass 

sampling site was a field of mixed grasses unmanaged for more than 5 years, tall fescue 

being the predominant species. The cropland site has been planted to a no-till maize-

soybean rotation since year 2001, and maize was grown the year prior to sampling. 

4.2.3.2 Soil sampling 

 

Top soil samples (0-10 cm) were randomly collected at multiple points from the 

vegetated areas in GBS, ABS and row-cropped areas present at each site.  When 

sampling ABS sub-sites, samples were collected from multiple trees (3 or 4) at a distance 

of 30 - 50 cm from the base of the tree. Samples were bulked by vegetation type at each 

site. Collected soils were thoroughly mixed, air-dried, sieved using a 2-mm mesh sieve 
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and stored in room temperature.  The particle size, cation exchange capacity (CEC)  as 

measured using unbuffered NH4Cl, base saturation, organic carbon content (OC), poorly 

crystalline iron and aluminum oxides (citrate-bicarbonate-dithionite extractable Al and 

Fe), and pH in salt and water were analyzed (Table 4.1). Clay mineralogy was analyzed 

with X-ray diffraction (XRD). Clay samples were prepared based on the procedures of 

Harris and White (2008). Briefly, 35 g of air-dried soils (<2.0 mm) were rinsed with 100 

mL water three times to remove soluble salts. Samples were then treated with 25 mL of 

30% H2O2 at 80
o
C to remove organic matter. Iron oxides were removed by adding 4 g of 

sodium dithionite and 100 mL of citrate buffer (premix 1 M sodium bicarbonate and 0.3 

M sodium citrate at a ratio 1:8) at 80
o
C. The clay fraction (<2μm) was separated by 

centrifugation.  Clay samples from each soil were saturated with either K or Mg. 

Sufficient clay suspension was vacuum filtered through a 47 mm diameter, 0.45 µm 

Millipore membrane filter until a sufficient amount of clay settled on the membrane. The 

filter holder was then disassembled and the moist membrane was placed on a clean glass 

slide with the clay sample contacting the slide. The slides were air-dried and the 

membrane was peeled off with care; a sufficient number of slides containing K-saturated 

clays were prepared to permit air-dried, 300
o
C and 550

o
C heat-treated samples to be 

analyzed using X-ray diffraction (XRD). Magnesium-saturated samples were also treated 

with ethylene glycol vapor. Diffraction patterns of K-saturated (25ºC, 300ºC and 550 ºC) 

samples and Mg-saturated (air-dry and ethylene glycol treated) samples were obtained. 

All XRD patterns were collected using a Scintag Pad V diffractometer equipped with 

spinning stage and EG&G Ortec LN2 SS detector using Ni-filtered CuKα radiation at 40 
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kV and 30 mA. A continuous scan mode was used to collect 2θ data from 3-26.55
o
 with a 

step size of approximately 0.01
o
. The divergent slit size was 0.05 mm. 

4.2.4 Sorption experiments 

 

Sulfamethazine sorption experiments with and without DOM addition were 

conducted over a range of initial aqueous phase concentrations (0.0, 0.0025, 0.01, 0.018, 

0.025, and 0.05 mmol L
-1

).  Eight grams of air-dried soil was placed in 50 mL 

polypropylene co-polymer (PPCO) centrifuge tubes and suspended in CaCl2 background 

electrolyte solution (I = 0.01 M CaCl2). To inhibit microbial degradation of SMZ, 

samples were spiked with concentrated NaN3 to achieve a final concentration of 0.0015 

M (Wolf et al,, 1989). An appropriate amount of HCl or Ca(OH)2 solution (I = 0.01 M) 

was used to achieve a final solution pH after reaction that was equivalent to soil pH in 

salt (± 0.2 pH units). The total solution volume in each reaction vessel was 20 mL (1:2.5 

solid to solution ratio). After additions of solution, tubes were wrapped in aluminum foil 

to prevent photodegradation. The tubes were agitated for 24 h on end-over-end shakers (7 

rpm) at 25ºC in a constant temperature room. Individual samples were reacted in 

triplicate and blanks (no soil) in duplicate. After reaction, tubes were centrifuged at 

27,000 rcf (g) for 15 min followed by removal of the supernatant solution and filtration 

through 0.45 µm nominal pore size PTFE membrane filter. Samples were analyzed for 

SMZ concentration and solution pH. Experiments conducted in the presence of DOM 

(150 mg L
-1

 C) were conducted in a similar manner as described above; however, 

mixtures of 
14

C-labeled SMZ and non-labeled SMZ were utilized. The hot : cold ratio of 

SMZ solutions used in the experiments were 1 : 11.5 (0.0025 mM SMZ),  1 : 49 (0.01 

mM SMZ), 1 : 89 (0.018 mM SMZ) , 1 : 124 (0.025 mM SMZ)  and 1 :249 (0.05 mM  



 

 

Table 4.1 Mean soil characterization data for soils collected from three soils planted to agroforestry (ABS) and grass buffer 

strips (GBS) and row crops (RC). 

 

 

Soil  

 

Vegetation 
Clay 

Organic 

Carbon 

 

pHs 
a
 

 

pHw 
b
 

 

CEC 
c
 

Base 

Saturation 

 

AlCBD 
d
 

 

FeCBD 

  g kg
-1

 g kg
-1

   cmol kg
-1

 % g kg
-1

 g kg
-1

 

Armstrong RC 223 22 7.1 7.4 23.3  71.4 1.03 15.2 

 GBS 245 30 7.0 7.4 26.8 65.1 1.08 16.0 

 ABS 253 23 6.7 7.2 25.4  63.3 0.97 13.8 

Huntington RC 199 13 6.6 7.1 13.8  74.5 0.74 6.84 

 GBS 158 12 5.2 5.7 9.00  57.0 0.62 5.50 

 ABS 190 23 4.7 5.2 15.1  42.3 0.85 5.60 

Menfro RC 211 19 6.3 6.7 18.0  49.3 0.68 7.22 

 GBS 247 20 6.2 6.6 22.6  62.5 0.98 8.73 

 ABS 247 22 5.8 6.2 23.5  57.4 0.96 9.28 
a
 pHs, salt pH (0.01M CaCl2) 

b
 pHw, water pH  

c
 CEC, cation exchange capacity determined using unbuffered NH4Cl extraction technique 

d
 CBD, citrate-bicarbonate-dithionite extracted element 

 

 

 

8
0
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SMZ). Dissolved organic matter was introduced into the system by dissolving freeze-

dried DOM in CaCl2 background electrolyte solution (I = 0.01 M CaCl2) and adding an 

aliquot of DOM solution to each reaction vessel. 

The effect of pH on SMZ sorption was investigated for the two most chemically 

contrasting soils: Huntington GBS and Armstrong GBS. Appropriate amounts of HCl or 

Ca(OH)2 (I = 0.01 M CaCl2) were added to each sample to achieve final solution pH 

values of 6.0, 6.5, 7.0, and 7.5 (±0.2 for each pH level) after reaction. Initial SMZ 

concentrations investigated were 0.0025 and 0.025 mmol L
-1

. Concentrated NaN3 

solution was added to prevent microbial growth.  

High performance liquid chromatography (HPLC) with ultraviolet (UV) detection 

(Beckman Corp., San Ramon, CA) and a silica based Columbus C8 column (4.6 mm x 

250 mm; 5 μm; 110 Å pore size; Phenomenex, Torrance, CA) was used to determine 

SMZ concentration in aqueous samples that did not contain 
14

C-labeled SMZ. The mobile 

phase composition for HPLC analysis consisted of 0.1% H3PO4 buffer (pH 2.2) and 

100% acetonitrile (mobile phase A and B, respectively). The HPLC gradient method 

employed used a flow rate of 1mL min
-1

 and the following mobile phase mixtures: 90% 

A : 10% B at time zero which was ramped linearly to achieve 60% A : 40% B at 30 min, 

followed by step decreases to 25% A : 75% B at 40 min and 90 % A : 10% B at 45 min 

which was held constant for 14 minutes. The UV absorbance at 254 nm was used for 

detection and quantification of SMZ concentration in solution. Sulfamethazine calibration 

curves showed good linearity (r
2
> 0.99). For radio-labeled samples, one milliliter of 

solution was transferred into a 7 mL scintillation vial and mixed with 4 mL scintillation 

cocktail (Ultima Gold
TM

 AB, PerkinElmer). The radioactivity of the samples was 
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analyzed using a Beckman LS 6000SC liquid scintillation counter (Fullerton, CA ) with 

an analysis time of one minute. Comparison between HPLC method and LSC method 

was made by checking known concentration (0.01mM) of SMZ solution in triplicate 

using both instruments.The solution used in LSC method was spiked with 
14

C-labeled 

SMZ, and total SMZ concentration was back calculated. The difference of HPLC and 

LSC on analyzing the same concentration SMZ was less than 10%. 

Desorption experiments were conducted for the Armstrong and Huntington GBS 

soils immediately following sorption reactions conducted with initial SMZ concentrations 

of 0.01 and 0.05 mM in presence and absence of manure-derived DOM. These two soils 

were chosen because they are the most chemically contrasting soils studied. Immediately 

after the sorption reaction period, a volume of background electrolyte solution, equivalent 

to the volume of supernatant removed, was added. Reaction vessels were agitated on an 

end-over-end shaker in dark for 2 h. The samples were centrifuged and supernatant 

solutions were removed for analysis. This procedure was repeated an additional three 

times.  

The sorption of SMZ to manure-derived DOM was also investigated using 

dialysis tube method (Carter and Suffet, 1982).  In brief, freeze-dried DOM was 

dissolved in ultra-pure water to create solutions containing 25 and 150 mg L
-1

 C. Ten 

milliliters of DOM solution was transferred to dialysis tubes 

(Spectrum Spectra/Por RC 1000 Dalton molecular cutoff) with clip closures and dialyzed 

against ultra pure water for 24 h. The dialysis tubes were then placed in 50 mL centrifuge 

tubes. Forty milliliters of radio-labeled and non-labeled SMZ mixture was added to the 

centrifuge tubes with CaCl2 background electrolyte and NaN3 as previously described. 
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The concentration range and ratios of radio-labeled and non-labeled SMZ were the same 

as those used in the sorption experiments. The centrifuge tubes were wrapped in 

aluminum foil, placed on end-over-end shakers and reacted in dark. Preliminary 

experiments examined an equilibrium time up to five days at pH 4.5, 6.0 and 7.5.  

Solutions from inside and outside of the dialysis tubes were transferred into scintillation 

vials to analyze for radioactivity. The leakage of DOM from dialysis tubing was 

determined by placing dialysis tubing containing each examined concentration of DOM 

and dialysis against ultra pure water for 24 h under 4 C. The DOC concentration outside 

the dialysis tubing was less than 5% of the initial concentrations. The concentration of 

bound SMZ (mmol L
-1

) was calculated by subtracting the SMZ concentration outside of 

the dialysis tube from SMZ concentration inside the dialysis tube.  

Sorption of 150 mg L
-1

 C DOM to soil was also studied. Briefly, 20 mL of DOM 

solution (150 mg C L
-1

) in CaCl2 solution (I = 0.01 M CaCl2) and 8 grams of soil (soil to 

solution ratio 1:2.5) were agitated in 50 mL centrifuge tubes. Samples were equilibrated 

for 24 h in dark under room temperature. Sodium azide was used to inhibit microbial 

growth and sample pH was adjusted to soil pH with Ca(OH)2 and HCl. Dissolved organic 

carbon concentration before and after equilibrium were analyzed and changes in DOC 

was assumed to be the amount adsorbed on soil. 
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4.2.5 Mathematical Description of Sorption Data 

 

The amount of VAs adsorbed to each soil sample was calculated from:  

                S

sSadsBBads

ads
m

VCVC
q

))(())(( ,, 
                                                  [4.3] 

where qads is the surface excess of SMZ (i.e., amount adsorbed) after the reaction period 

(mmol kg
-1

), Cads,B and Cads,S are the equilibrium antibiotic concentrations (mmol L
-1

) in 

blank (B) and samples (S) after reaction, VB and VS are the volume of solution (L) added 

to samples and blanks, and mS is mass of soil (kg) added to the reaction vessel (Essington, 

2004). The solid-to-solution partition coefficient, Kd, was determined using Eq. (4.4). 
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Surface excess of SMZ after successive desorption steps (qdes) was calculated as 

follows:  
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where m equals the total number of i (1 to 4) desorption steps and instances where i = 0 

(i=1, and thus 1-1 = 0) the values were obtained from adsorption data, Cdes is equilibrium 

SMZ concentration in solution after the desorption reaction period, Vdes is the volume of 

CaCl2 solution in the reaction vessel during desorption phase, and Vent is the volume of 

entrained solution remaining in the soil pellet after removal of supernatant from the 

vessel. 
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Adsorption and desorption data were fitted by the Freundlich isotherm model to 

provide a concise set of parameters for comparison between the soils, 

                                            N

adsfads CKq                                                            [4.6]                  

where Kf (Freundlich sorption coefficient) and N (measure of isotherm nonlinearity) are 

positive-value adjustable fitting parameters.  The parameters were obtained from a log-

log plot of the adsorption or desorption isotherm data; log Kf is the y-intercept and N the 

slope of the resulting line (Essington, 2004). 

Three different hysteresis indices (HI) were used to investigate the degree of 

hysteresis between SMZ adsorption and desorption isotherms.  The first HI developed by 

Huang and Weber (1997) and modified by Zimmerman et al. (2004) was calculated using 

the following:  

                                          
1

)()(
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a

Fi qqqHI
                                         [4.7] 

where q
d

i is the amount of SMZ remaining on the mineral surface after a single 

desorption reaction at a particular solution concentration i, and q
a

i(F) is the surface excess 

of SMZ after the adsorption phase as estimated by the Freundlich model at solution 

concentration i.   

The second HI developed by O’Connor et al. (1980)  was calculated using the 

following:  

                                                 
ads

des

N

N
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                                                                    [4.8] 
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where N
ads

 and N
des

 are Freundlich exponents of sorption and desorption branches, 

respectively, of an isotherm. 

The third HI developed by Laird et al. (1994) was calculated using Eq [4.9]: 

                                           m

KK

HI

m
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i

d

i

d




 1

1

                                                  [4.9] 

where Kd (L kg
-1

) is the concentration-dependent apparent solid-to-solution distribution 

coefficient, and m is the total number of i desorption steps. 

4.2.6 Statistical Analyses 

 

Analysis of variance with Duncan's multiple range test was used to analyze the 

data using statistical analysis software SAS  (SAS Inst. 1999) assuming a completely 

random design.  Treatments included three soils (Armstrong, Huntington, and Menfro) 

and three vegetative management systems (crop, grass and agroforestry) in a factorial 

design (two factors each with three levels).  Statistical differences were tested at the 5% 

level (p < 0.05).  Prediction equations for log Kd of SMZ as a function of soil properties 

and initial SMZ concentration were estimated using stepwise multiple regression 

analysis.  
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4.3 Results and Discussion 

4.3.1 SMZ Sorption in Absence of DOM 

 

4.3.1.1 Isotherms and Freundlich modeling 

 

Sorption isotherms are shown in Figure 4.3. The adsorption isotherms with and 

without DOM are well fitted by the Freundlich equation as indicated by correlation 

coefficients (r
2
) ranging from 0.90 to 1.00 (Table 4.2).  The Freundlich sorption 

coefficient, log Kf, values range from -0.04 to 0.78. The nonlinearity parameter (N) 

ranges from 0.76 to 1.02, indicating some degree of nonlinearity. However, the N values 

are not statistically significantly different from N = 1 for four out of the nine soils studied 

(Armstrong ABS, Huntington RC, Huntington GBS, and Menfro GBS). Thus, sorption 

isotherms for these soils could be linear or near-linear over the range of initial 

concentration values investigated. In the other five isotherms, slight sorption nonlinearity 

was observed (N = 0.76 - 0.87), and the N values are not significantly different amongst 

these isotherms based on the 95% confidence intervals (Table 4.2). 

The Freundlich parameters from this study are in agreement with previous 

research investigating SMZ sorption to soil. For example, the log Kf values reported by 

Kurwadkar et al. (2007) range from 0.59 to 1.11, and N values range from 0.66 to 1.0 for 

SMZ sorption under various pH in three loamy soils.  Lertpaitoonpan et al.  (2009) 

reported SMZ log Kf values to be -0.89 to 0.63 and N values of 0.6 to 1.2 in five soils 

with differing OC and pH.  The greater degree of isotherm nonlinearity often indicates 

heterogeneity of adsorption sites in a soil as well as specific compound interactions with 

soil organic matter functional groups and mineral surfaces (Essington, 2004; Thiele-
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Bruhn et al., 2004). Thus, it is plausible that SMZ could saturate sorption sites in some 

soils subjected to SMZ inputs at a frequency that does not permit sufficient dissipation. 

4.3.2 Soil and Vegetative Effects on Kd and Correlation Analysis  

 

Some researchers argue that Kf values should not be compared directly when the 

N values are not equal (Chefetz et al., 2006; Chen et al., 1999; Gunasekara and Xing, 

2003), as is the case for sorption isotherms in this study. Therefore, Kd values for SMZ 

sorption are listed in Table 4.3. The calculated Kd values range from 0.66 to 6.73 and 

these values are comparable to previous studies (Boxall et al., 2002; Sukul et al., 2008) 

For example, Thiele-Bruhn et al. (2004) reported that the Kd values for sulfamethazine to 

be 2.4 L kg
−1

 for a soil with 1.6% OC and pH 7. Another study investigating 

sulfachloropyridazine sorption on two agriculture soils determined Kd values range from 

0-16.6 L kg
−1

 (ter Laak et al., 2006) 

Analysis of variance results (Table 4.4) show that soil, vegetative management, 

and the interaction of soil and vegetative management are important factors on Kd values 

for the range of concentrations investigated. The interaction of soil and vegetative 

management are demonstrated in Figure 4.2. For all concentrations studied, vegetation, 

and interaction of soil and vegetation were significant factors affecting Kd values. Soil 

was also a significant factor at all initial SMZ concentration levels except 0.018 mM.  

Duncan's multiple range test results demonstrate that Kd values for SMZ were 

significantly greater (p < 0.05) for ABS soil than GBS soils, and Kd values associated 
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with GBS soils were significantly (p<0.05) greater than RC soils for all initial 
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Figure 4.2 sulfamethazine solid-solution distribution coefficients (Kd) for Armstrong, 

Huntington, and Menfro soils at (a) 0.0025 mM (b) 0.01 mM, (c) 0.018 mM, (d) 0.025 

mM, and (e) 0.05 mM nitial concentration.  Error bars, where observed, represent the 

95% confidence interval. 
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concentrations. Additionally, Kd values for the Huntington soil were significantly greater 

than the Menfro soil.  

The soil by vegetation interaction was also statistically significant (p<0.05), 

indicating that both soil and vegetation type should be used to interpret Kd data. Over the 

range of SMZ concentrations investigated, average Kd values for soils under RC 

vegetative management are lowest for the Huntington soil, whereas similar values were 

observed for Armstrong and Menfro soil. For all GBS soils, average Kd values are 

greatest for the Armstrong soil and lowest for the Huntington soil with exception at 

0.025mM concentration where the average Kd value in the Menfro soil was less than in 

the Armstrong soil. In the case of ABS soils, Kd values follow the order Huntington > 

Menfro > Armstrong soil. Thus, by comparing soil property data in Table 4.1, it appears 

that in RC and GBS soils, soil organic matter content is influencing Kd values to a greater 

extent, whereas pH is more important for the ABS soils. This phenomenon may be 

explained by hydrophobic partitioning of SMZ and increased CEC with higher OC 

content. In the case of three ABS soils, the organic carbon contents are almost identical, 

the Kd values were negatively affected by pH. This indicates that besides hydrophobic 

portioning, cation exchange also exists in SMZ sorption. 

To further explore factors influencing SMZ sorption, stepwise multiple regression 

analysis was used to model the relationship between SMZ log Kd values and initial SMZ 

concentration, clay content, organic carbon content, pHs, CEC, percent base saturation, 
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extractable Al and Fe content, total clay content, and the percent of illite, vermiculite, 

smectite and kaolinite found within the clay fraction. The resulting model indicates that 

that organic carbon (OC) content, pH, initial SMZ concentration (SMZ Conc.), and clay 

content (clay) were the most important variables controlling SMZ adsorption: log Kd = 

0.706 + 0.0316 (OC) – 0.160 (pH) – 4.42 (SMZ Conc.)  r
2
= 0.78. The Pearson 

correlations between log Kd and OC, pH and initial SMZ concentration were 0.590, -

0.338 and −0.343, respectively, indicating that OC was more important than the other 

factors for predicting Kd. Figure 4.4 shows that this regression model can effectively 

predict experimentally determined Kd values. Thiele et al. (2004) and Lertpaitoonpan et 

al. (2009) also observed positive correlation between OC content and negative correlation 

with pH and Kd values using stepwise multiple regression analyses. Linear correlation 

coefficients for log Kd values of SMZ with soil properties are listed in Table 4.5. The 

correlation coefficients showed that SMZ log Kd values are significantly correlated with 

salt pH, OC content, and AlCBD.  

In general, it is observed that OC content is greater in soils planted to VBS which 

can be attributed to the presence of perennial vegetation increasing soil organic matter 

content (McLaughlan et al., 2006; Throop and Archer, 2008). Differences in salt pH 

amongst the samples studied varies as a function of soil (e.g., Huntington soil was most 

acidic and Armstrong was most neutral) and likely differences in management (e.g, VBS 

are more acidic due to lack of liming). The synergistic effect low pH and greater OC 

content on SMZ sorption is illustrated in Kd data obtained for the Huntington ABS soil 

(pH 4.7; 23 g kg
-1

 OC), where Kd values are consistently greater than all other soil 

samples at all initial SMZ concentrations studied. However, elevated OC content 
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associated with establishment of perennial vegetation can be effective in enhancing SMZ 

sorption even under neutral pH conditions which is illustrated in Kd values obtained for 

SMZ sorption to the Armstrong GBS soil (pH 7.0; 30 g kg
-1

 OC). As noted in the Pearson 

correlations for parameters in our stepwise multiple regression model, OC content has a 

greater influence on SMZ sorption than does pH and such an effect is evident when 

comparing Kd values for neutral pH soils with greater OC (Armstrong GBS and ABS) to 

more acidic soils with lesser OC content (Huntington RC). This suggests that within 

higher pH soils where SMZ is more mobile, VBS implementation can improve SMZ 

sorption by enhancing soil organic matter content. 

The dependence of SMZ sorption on OC content and pH fits well with proposed 

mechanisms of SMZ sorption to soil. At lower soil pH values where the compound is 

primarily positively charged (SMZ
+
), cation exchange mechanism would be the 

predominant sorption mechanism. While pH increases, the importance of hydrophobic 

partition also increases. Under basic pH where SMZ is neutral or negatively charged 

(SMZ
o
 and SMZ

-
, respectively), the hydrophobic partitioning is the predominant sorption 

mechanism (Essington et al,2010). The OC content could contribute to both cation 

exchange and hydrophobic partitioning. Although our data do not permit confirmation or 

rejection of this hypothesis due to the macroscopic nature of experiments conducted, we 

do wish to note that our sorption and modeling results illustrating the role of OC content 

and pH in SMZ sorption can be explained via differences in sorption mechanisms 

associated with these two soil parameters. 

 



93 

 

 

0

10

20

30

40

50

60

 SMZ

 SMZ + DOM

a
q

a
d

s
 (

m

o
l 

k
g

-1
)

 

 

 

0

10

20

30

40

50

60

q
a

d
s

 (

m

o
l 

k
g

-1
)

 SMZ

 SMZ  + DOM

d

 

 

 

0 5 10 15 20 25 30 35 40
0

10

20

30

40

50

60

q
a

d
s

 (

m

o
l 

k
g

-1
)

Equilibrium Conc. of SMZ (mol L
-1

)

 SMZ

 SMZ  + DOM

 

 

g

 
 

Figure 4.3 Sulfamethazine (SMZ) sorption to soil in presence and absence of dissolved 

organic matter (DOM; 150 mg L
-1

 OC) to (a) Armstrong row-crop (RC), (b) Armstrong 

grass buffer strip (GBS), (c) Armstrong agroforestry buffer strip (ABS), (d) Huntington 

RC, (e) Huntington GBS, (f) Huntington ABS, (g) Menfro RC, (h) Menfro GBS, and (i) 

Menfro ABS soils.  Error bars, where observed, represent the 95% confidence interval. 
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Figure 4.4 Plot of predicted Kd  using multiple regression model and experimental Kd  

with 95% confidence interval.
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Table 4.2 Mean Freundlich model parameters for sulfamethazine adsorption to row-crop 

(RC), grass buffer strip (GBS), and agroforestry buffer strip (ABS) soils in presence and 

absence of DOM (150 mg L
-1

 OC). The 95% confidence intervals (CI) surrounding the 

mean values are presented as are correlation coefficients (r
2
) and the number of samples 

(n) included in the regression analyses. 

Soil  Vegetation Phase log Kf ± 95% CI N ± 95% CI r
2
 (n) 

 

Armstrong RC SMZ 0.33 ± 0.11 0.87 ± 0.11 0.96 (15) 

  SMZ + DOM 0.35 ± 0.04 0.80 ± 0.04 0.99 (15) 

 GBS SMZ 0.55 ± 0.10 0.87 ± 0.11 0.96 (15) 

  SMZ + DOM 0.51 ± 0.03 0.81 ± 0.03 0.99 (15) 

 ABS SMZ 0.26 ± 0.15 0.97 ± 0.15 0.94 (15) 

  SMZ + DOM 0.39 ± 0.02 0.84 ± 0.02 1.00 (15) 

Huntington RC SMZ -0.04 ± 0.25 1.02 ± 0.23 0.88 (15) 

  SMZ + DOM 0.25 ± 0.03 0.76 ± 0.03 1.00 (15) 

 GBS SMZ 0.33 ± 0.10 0.90 ± 0.10 0.96 (15) 

  SMZ + DOM 0.27 ± 0.03 0.80 ± 0.03 1.00 (15) 

 ABS SMZ 0.78 ± 0.10 0.76 ± 0.11 0.94 (15) 

  SMZ + DOM 0.62 ± 0.02 0.82 ± 0.02 1.00 (15) 

Menfro RC SMZ 0.39 ± 0.08 0.82 ± 0.08 0.98 (15) 

  SMZ + DOM 0.31 ± 0.03 0.85 ± 0.03 1.00 (15) 

 GBS SMZ 0.22 ± 0.16 1.01 ± 0.16 0.93 (15) 

  SMZ + DOM 0.35 ± 0.03 0.86 ± 0.03 1.00 (15) 

 ABS SMZ 0.47 ± 0.16 0.79 ± 0.16 0.90 (15) 

  SMZ + DOM 0.44 ± 0.02 0.86 ± 0.02 1.00 (15) 

 

 

  



 

 

Table 4.3 Adsorption coefficients for sulfamethazine adsorption at multiple initial concentrations to row-crop (RC), grass 

buffer strip (GBS), and agroforestry buffer strip (ABS) soils in presence and absence of DOM (150 mg L
-1

 OC). The 95% 

confidence intervals (CI) surrounding the mean values are presented. 

Soil  Vegetation Phase   Kd  ± 95% CI   

   0.0025 mM 0.01 mM 0.018 mM 0.025 mM 0.05 mM 

Armstrong RC SMZ 1.71 ± 0.18 2.36 ± 0.10 1.52 ± 0.06 1.44 ± 0.03 1.27 ± 0.20 

  SMZ +DOM 1.97 ± 0.05 1.74 ± 0.01 1.59 ± 0.14 1.20 ± 0.06 1.07 ± 0.09 

 GBS SMZ 2.89 ± 0.13 4.23 ± 0.10 2.57 ± 0.06 2.37 ± 0.03 2.26 ± 0.25 

  SMZ +DOM 2.95 ± 0.26 2.62 ± 0.01 2.44 ± 0.14 1.76 ± 0.09 1.69 ± 0.03 

 ABS SMZ 1.35 ± 0.10 2.32 ± 0.61 1.83 ± 0.01 1.73 ± 0.21 1.27 ± 0.01 

  SMZ +DOM 2.27 ± 0.05 2.02 ± 0.01 1.89 ± 0.08 1.56 ± 0.10 1.38 ± 0.04 

Huntington RC SMZ 0.66 ± 0.20 1.82 ± 0.03 0.83 ± 0.12 1.19 ± 0.17 0.74 ± 0.01 

  SMZ +DOM 1.37 ± 0.07 1.26 ± 0.04 1.15 ± 0.05 0.92 ± 0.04 0.74 ± 0.08 

 GBS SMZ 1.69 ± 0.17 1.95 ± 0.05 1.36 ± 0.18 1.36 ± 0.09 0.89 ± 0.01 

  SMZ +DOM 1.63 ± 0.04 1.41 ± 0.05 1.29 ± 0.02 1.05 ± 0.05 0.90 ± 0.03 

 ABS SMZ 5.13 ± 0.21 6.73 ± 0.15 3.28 ± 0.06 3.98 ± 0.39 2.53 ± 0.06 

  SMZ +DOM 3.96 ± 0.05 3.49 ± 0.19 3.33 ± 0.21 2.67 ± 0.04 2.25 ± 0.03 

Menfro RC SMZ 2.03 ± 0.13 2.26 ± 0.03 1.65 ± 0.12 1.54 ± 0.08 1.19 ± 0.04 

  SMZ +DOM 1.87 ± 0.06 1.63 ± 0.05 1.51 ± 0.50 1.25 ± 0.03 1.23 ± 0.13 

 GBS SMZ 1.25 ± 0.06 2.64 ± 0.02 1.77 ± 0.05 1.77 ± 0.22 1.30 ± 0.05 

  SMZ +DOM 2.04 ± 0.02 1.83 ± 0.01 1.83 ± 0.04 1.40 ± 0.01 1.40 ± 0.20 

 ABS SMZ 2.82 ± 0.22 3.50 ± 0.07 2.19 ± 0.06 2.18 ± 0.29 1.71 ± 0.15 

  SMZ +DOM 2.53 ± 0.04 2.30 ± 0.01 2.32 ± 0.06 1.88 ± 0.03 1.67 ± 0.03 

9
5
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4.3.3 Influence of pH of SMZ sorption 

 

While results presented here and in previous studies (Kurwadkar et al., 2007; 

Lertpaitoonpan et al., 2009) clearly demonstrate the effect of pH on SMZ sorption to soil, 

acidic soil conditions are not always favorable for adequate plant growth and nutrition 

(Blevins et al., 1978; Dick et al., 2000). The optimal pH range for plant available 

nutrients generally lies near or slightly below neutral pH, thus excessive acidity may 

diminish biomass production and reduce accumulation of organic matter in soils (Haynes 

and Naidu, 1998; Islam et al., 1980). To investigate the potential effects of liming VBS 

on SMZ sorption, SMZ sorption to the two most contrasting soils in our sample set 

(Armstrong and Huntington GBS) was investigated from pH 6.0 – 7.5. 

In the pH range examined, SMZ sorption by Armstrong GBS soil is greater than 

that of Huntington GBS soil (Figure 4.5). The Armstrong GBS soil Kd values for initial 

SMZ concentrations of 0.0025, and 0.025 mmol L
-1

 range from 2.06-5.34 and 1.65-3.59, 

respectively. For Huntington GBS soil, the Kd values range from 0.90-1.61 (0.0025 mmol 

L
-1

 SMZ) and 0.69-1.04 (0.025 mmol L
-1

 SMZ). Many researchers agree that SMZ
0
, the 

predominant specie in the pH range studied, is absorbed by soil organic matter via 

hydrophobic interactions (Gao and Pedersen, 2005; Lertpaitoonpan et al., 2009).  Also 

some minor adsorption of SMZ
0
 may occur via water and cation bridging mechanisms 

between neutral sulfonamide and negatively charged sorption sites on clay (Essington et 

al., 2010; Gao and Pedersen, 2005). However, greater OC content in Armstrong GBS 

soil, relative to the Huntington GBS soil, is likely the primary reason for enhanced SMZ 

sorption over the pH range investigated. 
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Figure 4.5 Relationships between pH and solid-solution distribution coefficients (Kd) for 

sulfamethazine at (a) 0.0025 mM, and (b) 0.025 mM initial concentrations for the 

Armstrong and Huntington grass buffer strip soils.  Kd values collected from sorption 

isotherm experiments at inherent pHs values are provided for reference. 
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Sorption of SMZ by the Armstrong GBS soil decreased with increasing pH; 

however, variation of pH had little effect on SMZ adsorption by Huntington GBS soil.  

Decreasing SMZ sorption in the Armstrong grass soil with increasing pH agrees findings 

from previous studies (Boxall et al., 2002; Lertpaitoonpan et al., 2009; ter Laak et al., 

2006). The negative correlation between pH and SMZ adsorption was expected due the 

ionic nature of SMZ (Figure 4.1). Between pH 6.0 to 7.5, the dominant SMZ species is 

the zwitterion (SMZ
0
) and the amount of anionic species (SMZ

-
)

 
increases with pH. For 

example, at pH 6.0, 96.1% of SMZ exists as SMZ
0
, 3.8% exists as SMZ

-
, and about 

0.02% exists as ionic species (SMZ
+
). At pH 7.5, 44.3% of SMZ exists as SMZ

0
, and 

55.7% exists as SMZ
- 
and the amount of SMZ

+ 
is negligible. Thus, decreasing SMZ 

sorption was expected due the reduction in SMZ
+
 concentration and increase in SMZ

-
 

concentration resulting in repulsion of SMZ
-
 by negatively charged clay minerals. 

However, pH did not have an effect on SMZ sorption to the Huntington GBS soil. 

Mineralogical analysis of this soil indicates that 46% of the total clay fraction is 

composed of kaolinite. Gao and Pedersen (2005) found SMZ sorption to kaolinite to be 

relatively invariant in the pH 4 to 7 range, and they concluded that SMZ does not interact 

with variable charge edge sites on kaolinite to any great degree.  

With respect to managing VBS to enhance SMZ sorption, it is clear that 

permitting the Armstrong GBS soil to decrease slightly in pH from an inherent pH 7.0 to 

pH 6.0 would enhance SMZ sorption. In contrast, increasing pH of the Huntington GBS 

soil would not substantially alter SMZ sorption, but could increase plant growth resulting 

in greater accumulation of soil organic matter which would enhance SMZ sorption over 

the long-term.  
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4.3.4 Effects of DOM 

 

Sorption experiments were conducted to determine (1) the extent to which SMZ is 

sorbed to DOM extracted from poultry litter and (2) DOM effects on SMZ sorption to 

soil. Using a dialysis bag sorption technique, SMZ sorption to DOM (25 and 150 mg L
-1

 

OC) at pH 4.5, 6 and 7.5 was found to be negligible. With respect to SMZ sorption to soil 

in presence of DOM (150 mg L
-1

 OC), log Kf and N values range from 0.25 to 0.62 and 

0.76 to 0.86, respectively (Table 4.2).  The range for Freundlich parameters obtained in 

presence of DOM fall within the range observed in absence of DOM. Based on the 95% 

confidence intervals, only the Huntington RC soil exhibits significant Freundlich 

parameter differences in presence and absence of DOM.  Additionally, it is interesting to 

note that N parameter range is narrower than studies conducted in absence of DOM and 

all of the isotherms conducted with DOM exhibit significant nonlinearity.   

The Kd values for SMZ sorption conducted in presence of DOM range from 0.74 

to 3.96 (Table 4.3), which is comparable but more narrow than the range observed in 

absence of DOM (i.e., 0.66 – 6.73).  The effect of DOM on SMZ sorption Kd values 

varies depending on the soil and initial concentration. The DOM effect on SMZ Kd values 

is significant except at 0.018 mM (Table 4.4), and overall manure-derived DOM has a 

slight negative effect on SMZ sorption. Considering that SMZ did not sorb to the poultry 

litter extracted from DOM, decreased SMZ sorption in presence of DOM is likely due to 

competitive sorption between SMZ and DOM for sorption sites. Thiele et al. (2004) 

observed a similar effect of DOM resulting in increased mobility of sulfonamides in soil 

when manure was applied, and competitive interactions amongst DOM and other organic 

pollutants, such as 2,4-D, has been used to be explain enhanced pollutant sorption in 



101 

 

other studies (Spark and Swift, 2002). However, Essington et al. (2010) observed 

enhanced SMZ sorption to clay minerals in presence of DOM. The equilibrium pH in 

their experiment was 4.2. Under this pH, 99.2% SMZ exists as zwitterionic species, and 

0.7% SMZ exists as cationic species. Although the cationic SMZ fraction is small, they 

concluded cation exchange is the main adsorption mechanism in strong acidic conditions. 

The DOM interaction with montmorillonite involves cation or water bridging (Chorover 

and Amistadi, 2001) and thus may increase cation exchange sites, resulting in enhanced 

SMZ sorption. Whereas in most of our soils, pH values are higher and hydrophobic 

sorption of zwitterionic SMZ is most important. Moreover, DOM can compete with 

anionic SMZ for available sorption sites such as aluminum and iron oxides. 

The interaction between soil and DOM (Table 4.4) is only significant at the two 

highest concentration levels and the Vegetation× DOM interaction effects only are 

significant at two lowest concentration levels; however, no interaction or only slight 

interaction can be observed from the Kd data. High variation between concentration levels 

is probably the reason why interaction patterns are not clear.  
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Table 4.4 Analysis of variance results indicating the effects of soil, vegetative 

management, DOM, and interactions of these factors on sulfamethazine (SMZ) solid to 

solution partition coefficients (Kd) at varying initial concentrations. 

Initial 

Concentration 

 

 

P>F 

mM Soil Vegetation Soil × 

Vegetation 

DOM Soil×DOM Vegetatio

n× DOM 

0.0025 0.0081 <0.0001 <0.0001 <0.0001 0.0557 0.0088 

0.01 0.0243 <0.0001 <0.0001 <0.0001 0.0742 0.0057 

0.018 0.0770 <0.0001 <0.0001 0.3157 0.5939 0.3259 

 

0.025 0.0085 <0.0001 <0.0001 <0.0001 0.0447 0.0686 

0.05 0.0074 

 

<0.0001 <0.0001 0.0086 

 

0.0449 0.5606 

 

 

 

 

 

 

Table 4.5 Linear correlation coefficients between sulfamethazine (SMZ) solid to solution 

partition coefficients (log Kd) and soil properties obtained at an initial SMZ concentration 

of 0.010 mM. 

  Soil Properties 

 

VA 

 

Statistic 

 

Clay 

content 

Organic 

Carbon 

 

pHs 
a
 

 

CEC 
b
 

Base 

Saturation 

 

AlCBD 
c
 

 

FeCBD 

SMZ R 0.132 0.660 -0.416 0.221 -0.013 0.395 0.033 

 P 0.51 0.0002 0.031 0.268 0.949 0.042 0.871 

a
 pHs, salt pH

 

b
 CEC, cation exchange capacity determined in unbuffered NH4Cl solution 

c
 CBD, citrate-bicarbonate-dithionite extracted element 
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4.3.5 Sulfamethazine desorption studies 

 

Sulfamethazine desorption isotherms are shown in Figure 4.6. It is apparent that 

some of the sorbed SMZ can be desorbed but the amount of SMZ desorbed is less than 

the total amount of SMZ sorbed. This indicates SMZ sorption is partly reversible, 

however all sorption and desorption isotherms exhibit some degree of hysteresis. 

Hysteresis of sulfonamide sorption has also been reported in other studies (Sukul et al., 

2008). Although hysteresis may be caused by short sorption time, it is often caused by 

strong, nearly irreversible, binding.For example,Bialk et al. (2005) reported the formation 

of covalent bond between a sulfonamide and organic matter. 

To quantify the degree of hysteresis between the sorption/desorption isotherms, 

three different hysteresis indices were employed: (1) hysteresis index by Huang and 

Weber’s method (HI-1); (2) hysteresis index by O’connor’s method (HI-2); and (3) 

hysteresis index by Laird’s method (HI-3).  The hysteresis indexes are listed in Table 4.6. 

For HI-1, if HI-1 = 0, it indicates no hysteresis is present between the adsorption and 

extraction isotherms and if HI-1 > 0 indicates that hysteresis is present between the 

isotherms. For HI-2, if HI-2=1, there is no hysteresis; if HI-2<1, there is positive 

hysteresis, and if HI-2>1, there is negative hysteresis (Barriuso et al.; O'Connor and 

Connolly, 1980). For HI-3, a greater value of HI-3indicates greater adsorption-desorption 

hysteresis  (Laird et al., 1994).  

T-test results show significant (p < 0.05) differences between HI values associated 

with experiments conducted in presence and absence of DOM. The mean HI-1 is 5.14 for 

SMZ samples and 3.06 for SMZ+DOM samples. Both HI-1 values are greater than zero. 

Larger HI-1 in SMZ samples indicates greater hysteresis. The mean HI-2 values are 0.65 
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for SMZ samples and 0.78 for SMZ+DOM samples. Both HI-2 values are less than one, 

indicating positive hysteresis exists. HI-2 in SMZ+DOM samples is closer to one in SMZ 

samples, indicating that there is less hysteresis in SMZ+DOM samples.   The mean HI-3 

values are 3.25 and 3.13 for SMZ and SMZ+DOM samples, respectively.  The larger HI-

3 values in SMZ samples indicate greater hysteresis. Hysteresis indices calculated using 

the three methods above all suggest less hysteresis in SMZ+DOM samples. Therefore, 

the addition of DOM appears to make desorption easier. This is in agreement with the 

sorption data, where DOM has a slight negative effect on SMZ sorption. 
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Figure 4.6 Sulfamethazine (SMZ) desorption isotherms for (a) Armstrong  grass soil 

without DOM, (b) Armstrong grass soil with DOM, (c) Huntington grass soil without 

DOM, and (d) Huntington grass soil with DOM at initial concentrations 0.05 mM and 

0.01 mM. 
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Table 4.6 Hysteresis indices (HI) of Armstrong grass soil and Huntington grass soil at 

initial concentrations of 0.05 mM and 0.01 mM with and without dissolved organic 

matter (DOM). 

 

Soil 

 

Phase 

 

HI-1
a
 

 

HI-2
b
 

 

HI-3
c
 

  0.05 

mM 

0.01 

mM 

0.05 

mM 

0.01 

mM 

0.05 

mM 

0.01 

mM 

Armstrong 

grass 

SMZ 3.69 4.06 0.47 0.46 3.40 

 

3.83 

 

 SMZ + DOM 3.58 3.29 0.50 0.50 

 

3.67 

 

3.54 

 

Huntington 

grass 

SMZ 7.12 5.68 0.47 1.21 

 

3.99 

 

1.76 

 

 SMZ + DOM 2.43 2.98 0.80 1.33 3.23 

 

2.06 

 
a
 HI calculated using method from Huang and Weber (1997) 

b
 HI calculated using method from O’connor et al (1980) 

c
 HI calculated using method from Laird et al (1994) 
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4.4 Conclusions 

 

 This study demonstrated that SMZ is highly mobile in environment. The measured low 

Kd values indicate that SMZ can be readily transport to groundwater and surface water systems. 

Agroforestry buffer soils have a better ability to retain SMZ in soil than cropland. The most 

important factors affecting SMZ sorption were OC, pH and initial SMZ concentration. Soil 

organic carbon content has a positive effect on SMZ sorption, and pH has a negative effect on 

SMZ sorption, suggesting hydrophobic partitioning and cation exchange sorption mechanisms 

are important. Manure derived DOM has a slight negative effect on SMZ sorption and reduced 

sorption hysteresis, probably due to sorption competition. A fraction of adsorbed SMZ is 

immobile for the time period used in this study. These data suggest that planting VBS along the 

edge of cropland receiving animal manure can assist in management for reducing sulfonamide 

release to surface water systems, especially at locations where soil pH is high and where soil 

containing large amount of kaolinite and SMZ does not respond well to pH changes.  Soil series, 

soil properties, soil management and manure application should be accounted in further studying 

sulfonamide sorption and transport in soils.   
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Chapter 5 . Sulfamethazine Transport in Agroforestry and Cropland Soils 

 

 

 

Abstract 

 

Sulfamethazine (SMZ) is one of the sulfonamide veterinary antibiotics found in 

animal manure that is highly mobile and may adversely affect environmental quality. 

Understanding transport of this veterinary antibiotic (VA) is important for assessing the 

risk of SMZ reaching surface or groundwater resources, and vegetative buffer strips have 

been demonstrated to effectively reduce VA loss from the landscape. Therefore, the 

objectives of this study were to (1) examine SMZ sorption to soils under differing 

vegetative treatments in presence and absence of manure-derived dissolved organic 

matter; (2) investigate SMZ vertical transport and fate in soils collected from differing 

vegetative systems in the presence and absence DOM; and (3) assess appropriate sorption 

processes occurring during SMZ movement in soil by fitting transport data to selected 

models. Sulfamethazine (
14

C) and bromide (non-reactive tracer) transport was studied in 

saturated columns packed with  silt loam soils collected from a no-till corn/soybean 

rotation and an agroforestry (AGF) system. Dissolved organic matter was added to SMZ 

solution in an additional column packed with agroforestry soil to measure its effects on 

SMZ transport. Bromide transport was investigated for each column followed by studies 

of SMZ or SMZ plus DOM (150 mg L
-1

 OC) transport.  Compounds of interest were each 

added independently as a pulse and leaching of the compounds was monitored for 68.5 h 

(Br
-
) and 21 days (SMZ) after application, and breakthrough curves of SMZ and Br

-
 were 

constructed for each column. Bromide breakthrough curves were fitted with an 
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equilibrium model within the CXTFIT software, whereas SMZ breakthrough was fitted 

with the HYDRUS-1D software using two-site and three-site models with linear or 

Freundlich sorption components. Results indicate that the three-site model containing two 

reversible sites and one irreversible site coupled with the Freundlich sorption component 

(3S2R-Freu-irrev model) best describes SMZ transport through the columns with model 

efficiencies of 0.998, 0.994, and 0.991 for AGF, AGF + DOM and cropland soils, 

respectively. Fitted sorption parameters such as Kd, Kf and N are in the same range of 

those obtained from equilibrium sorption experiments. Data from equilibrium sorption 

experiments and column transport experiments suggest that the AGF soil has a larger 

capacity to retain SMZ than the cropland soil, and DOM has little effect on SMZ sorption 

or leaching. Overall, this research facilitates our understanding of SMZ transport in the 

environment and supports the use of vegetative buffers to mitigate VA loss from 

agroecosystems. 

 

 

5.1 Introduction 

 

Antibiotics are a challenge for the environment due to their potential to alter the 

quality and quantity of the native microbial communities and enhancing the development 

and spread of antibiotic-resistant bacteria (Kümmerer, 2003; Nygaard et al., 1992; 

Westergaard et al., 2001). Sulfonamides, such as sulfamethazine (SMZ) [4-amino-N-(4,6-

dimethylpyrimidin-2-yl) benzenesulfonamide], are one of the most commonly used 

classes of veterinary antibiotics (VAs) and they are used in animal agriculture to treat and 
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prevent infectious diseases and enhance growth rates (Schwarz et al., 2001). Due to poor 

metabolism and uptake, some veterinary antibiotics are released into the environment via 

application of animal manure to agricultural fields (Burkhardt et al., 2005). In two 

studies, up to 0.14 mM SMZ was detected in liquid manure (Kümmerer, 2004), and the 

concentration of SMZ in manure amended soil was reported to be 2 µg kg
-1

(Hamscher et 

al., 2005). The reported half-life of SMZ in soil is 18.6 d (Wang et al., 2005), and SMZ 

persistence is usually affected by environmental factors such as temperature and pH 

(Loftin et al., 2008). 

Sulfonamides in field applied manure can undergo rapid transport to surface or 

groundwater due to low soil sorption (Boxall et al., 2002; Hamscher et al., 2005; 

Martínez-Carballo et al., 2007).  Veterinary antibiotics may be harmful to the 

environment even at sub-therapeutic levels, as they can decrease microbial activity and 

selectively change soil microbial diversity for short or long periods of time (Hammesfahr 

et al., 2008; Thiele-Bruhn and Beck, 2005; Westergaard et al., 2001). Excessive 

application of VA-containing manure to soil is also responsible for the spread of 

antibiotic resistant genes (Ghosh and LaPara, 2007; Sengeløv et al., 2003). Manure and 

sulfadiazine can synergistically increase bacterial sulfadiazine resistance in soil and such 

synergistic effects have been noted over a two month period (Heuer and Smalla, 2007). 

Spread of antibiotic resistant genes can result in development of pathogens that cannot be 

treated using current antibiotics, as well as related medical expenses and efforts spent to 

deal with these pathogens. Therefore, knowledge regarding the transport behavior of 

sulfonamides is important for understanding and assessing environmental risks. 



115 

 

The sorption of organic pollutants significantly affects their mobility and transport 

in the soil environment (Jarvis, 2007; Thiele-Bruhn, 2003). Reported solid to solution 

partition coefficient (Kd) values for SMZ range from 0.6 to 3.1 L kg
-1 

(Tolls, 2001), 

although we have measured Kd values as great as 6.7 L kg
-1

 (see Chapter 4). Sorption 

isotherms for SMZ sorption to soil are typically well fitted by the Freundlich isotherm 

model, although sorption can be described as linear in some cases (Thiele-Bruhn et al., 

2004). Sulfonamide sorption decreases with increasing pH due to proton dissociation 

from organic functional groups (pKa1 = 2.07 and pKa2 = 7.49) (Kurwadkar et al., 2007; 

Lertpaitoonpan et al., 2009), and SMZ sorption increases with increasing soil organic 

matter content, presumably, due to increased hydrophobic interactions (Lertpaitoonpan et 

al., 2009).  The reported solubility of sulfamethazine ranges from 1.57 to 25.15 mM L
-1

 

due to changes in charge on SMZ functional groups as a function of pH. The relatively 

low sorption and high solubility of SMZ contribute to the great potential mobility of this 

compound in the environment (Essington et al., 2010).  

With respect to previous research on sulfonamide transport, few studies can be 

found in the literature. Boxall et al. (2002) performed field transport experiments 

investigating the movement of sulfachloropyridazine in a sandy soil, and the authors 

concluded that sulfachloropyridazine has a low potential to leach to groundwater due to 

dilution and rapid degradation. Blackwell et al. (2009) performed a series of field 

lysimeter studies investigating sulfachloropyridazine fate and observed that 

sulfachloropyridazine concentration in leachate was enhanced by extreme irrigation 

conditions. Wehrhan et al. (2007) studied sulfadiazine transport in repacked soil columns 

using three different chemical nonequilibrium transport models (one-, two-, and three-
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sites) to describe these transport experiments under constant flow conditions near 

saturation.  Wehrhan et al. (2007) concluded that a three-site model with two reversible 

sites and one irreversible sorption site best fit the breakthrough data. Unold et al. (2009) 

used a two-site irreversible model to describe sulfadiazine transport in soil columns 

packed with silt loam and loamy sand-textured soils. Fan et al (2011). and Srivastava et 

al.(2009) both used a chemical non-equilibrium model with degradation to describe 

sulfonamide fate and transport. These studies suggest that understanding the chemical 

non-equilibrium processes involved in sulfonamide transport is crucial to the assessment 

of the fate and mobility of sulfonamides in the environment. 

Although some studies have been conducted to investigate the fate and transport 

of sulfonamides in soil systems, the behavior of sulfonamides in soil is still not fully 

understood. Little is known about potential differences in VA fate and transport in soils 

under differing vegetative management (e.g., cropland versus vegetative buffer strips) 

and DOM effects on VA transport are also understudied. Therefore, the objectives of this 

research were to (1) examine SMZ sorption to soils from agroforestry and cropland 

systems presence and absence of manure-derived DOM; (2) study SMZ fate and transport 

in the soils from differing vegetative treatments in the presence and absence DOM; and 

(3) fit SMZ transport data to selected models to assess appropriate processes regarding 

movement of VA in soil.   
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5.2 Model Theory 

 

The classic convection-dispersion equation (CDE) is used to describe transport of 

non-degradable organic pollutants transport in homogeneous soil with a constant water 

content and steady flow(Jury and Horton, 2004): 

z
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q

z
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θD

t

S
ρ

t

C
θ

2

2



















                                    [5.1] 

where θ is the volumetric water content (L
3
 L

-3
), which is set to porosity for saturated 

experiments; C is the solute concentration (M L
-3

); t is time (T); ρ is the bulk density (M 

L
-3

); S is the sorbed solute concentration (M M
−1

); D is the dispersion coefficient; q is the 

water flux density (L T
-1

); and z is the depth (L). 

However, in solute transport situations, the soil is not always homogenous, and 

chemical reactions may be involved in the transport process (Jarvis, 2007). When the 

solute moves through soil with a rapid flow velocity relative to the rate of 

sorption/desorption processes, non-equilibrium usually occurs. Non-equilibrium can be 

described by physical processes or chemical processes. Physical non-equilibrium is 

caused by velocity differences within different regions of the soil; and a two-region 

model is often applied to model physical non-equilibrium (Simunek and van Genuchten, 

2008). This model assumes two types of liquid regions in the soil:(1) mobile region 

where liquid can flow through the soil; and (2) an immobile region in which the liquid is 

relatively less mobile. Mass transfer between the two regions is often modeled as a first-

order rate process (Simunek and van Genuchten, 2008).  Chemical non-equilibrium is 

caused by differences in sorption processes, and a two-site model is often applied to 
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model chemical non-equilibrium. This model assumes two types of sorption sites in the 

soil: instantaneous sorption sites, and first-order kinetic sorption sites (van Genuchten 

and Wagenet, 1989). 

Wehrhan et al. (2007) used multi-site sorption models to follow sulfadiazine 

transport in repacked soil columns. The models included an irreversible sorption site with 

linear and Freundlich sorption concepts. In the following equations, C, S, t, θ, and ρ have 

been previously described; α2 is the first-order sorption kinetic rate (T
-1

); Kd is the 

adsorption coefficient for linear type adsorption; β3 is the irreversible adsorption rate 

[T
−1

]; f is the fraction of instantaneous sorption sites; Kf is the Freundlich sorption 

coefficient; N is the Freundlich exponent; and subscripts 1, 2 and 3 refer to equilibrium 

sorption sites, kinetic adsorption sites and irreversible adsorption sites, respectively. 

The first sorption site is an instantaneous sorption site, the second type is a kinetic 

sorption site, and the third type is an irreversible sorption site. The governing equations 

for three-site sorption are as follows.  The sorbate concentration (S) is the sum of the 

sorbed solute concentration on sorption instantaneous sorption sites (S1), kinetic sorption 

sites (S2), and irreversible sorption sites (S3): 

321 SSSS 
                                                   

[5.2] 

Irreversible sorption process is a first-order kinetic sink for the solute in liquid phase: 

C
t

S
3

3 








                                                    [5.3] 
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For linear type sorption, sorption on equilibrium sites (S1) has a linear relationship with 

solute concentration in liquid phase, and sorption on kinetic sites (S2) has a first-order 

kinetic sorption rate: 

CfKS d1                                                               
[5.4] 

)SCf)K((1α
dt

dS
2d2

2                                              [5.5] 

For Freundlich type sorption, the sorption on equilibrium sites (S1) has a Freundlich 

isotherm type relationship with solute concentration in liquid phase, and sorption on 

kinetic sites (S2) has a first-order kinetic sorption rate. 

N

f1 CfKS                                                         [5.6] 

)SCf)K((1α
dt

dS
2

N

f2
2                                            [5.7] 

Combining equations [5.1], [5.2] and [5.3] with linear type adsorption equations 

([5.4] and [5.5]) or Freundlich adsorption equations ([5.6] and [5.7]), provides three-site 

irreversible (3S2R-lin-irrev and 3S2R-Freu-irrev) transport governing equations. The 

chemical processes involved in each model are shown in Figure 5.1. By omitting site 3, 

one obtains two-site, one rate reversible (2S1R-lin-rev and 2S1R-Freu-rev) transport 

governing equations. Omission of site 2 only, permits development of two-site, one-rate 

irreversible (2S1R-lin-irrev and 2S1R-Freu-irrev) transport governing equations, and 

removal of only site 1 results in two-site, two-rate irreversible (2S2R-lin-irrev and 2S2R-

Freu-irrev) transport governing equations. Dual removal of sites 2 and 3 provides one-

site, zero-rate reversible (1S0R-lin-rev and 1S0R-Freu-rev) transport governing 
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equations; whereas, dual site removal of sites 1 and 3 permits development of one-site, 

one-rate reversible (1S1R-lin-rev and 1S1R-Freu-rev) transport governing equations. 

 

5.3 Materials and Methods 

 

5.3.1 Soil sampling and DOM preparation 

 

Surface soil (0-10 cm) samples were randomly collected at multiple points in 

agroforestry and cropland sites at the University of Missouri’s Agricultural Experiment 

Station Southwest Center (SWC) in 2006.  The agroforestry site was planted to black 

walnut trees (Juglans nigra L.) in 1993, and the predominant ground cover grasses are 

orchardgrass (Dactylis glomerata L.), cheatgrass (Bromus tectorum L.), and henbit 

(Lamium amplexicaule L.). The cropland location has been planted to no-till maize-

soybean rotation since 2001. Soil at the site was mapped as the well-drained, Huntington 

series (fine-silty, mixed, mesic, Fluventic Hapludolls) formed from alluvium parent 

material. Primary clay minerals in the soils sampled are kaolinite (46.3%) and illite 

(45%). Soil samples from each vegetative cover (agroforestry or cropland) were 

thoroughly mixed, air-dried, passed through a 2-mm mesh sieve, and stored in plastic 

bags at room temperature. Selected soil properties are listed in Table 5.1. 
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Figure 5.1 Sorption models. C is liquid phase with solute concentration C, S1 is an 

instantaneous sorption site, S2 is a kinetic sorption site, and S3 is irreversible sorption site.  

Kd is the solid to solution distribution coefficient, Kf and N are the Freundlich coefficient 

and exponent, respectively, α2 is the reversible adsorption/desorption rate, and β3 is the 

irreversible adsorption rate. Black boxes indicate omission of particular sorption sites. 

The model names reflect the number of sites, (S1–3), number of rates (R0–2), sorption 

concept (lin: linear and Freu: Freundlich sorption isotherms) and reversibility of sorbate 

removal from a site (rev: reversible, irrev: irreversible).  Developed after Wehrhan et al. 

(2007). 
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Table 5.1 Mean soil characterization data for Huntington soil collected from locations 

planted to agroforestry (AGF) and cropland treatments. 

 

 

Vegetation Clay 
Organic 

Carbon 

 

pHs
a
 

 

pHw
b
 

 

CEC 
c
 

Base 

Saturation 

 

AlCBD
d
 

 

FeCBD 

 g kg
-1

 g kg
-1

   cmol 

kg
-1

 

% g kg
-1

 g kg
-1

 

Crop 199 13 6.6 7.1 13.8 74.5 0.74 6.84 

AGF 190 23 4.7 5.2 15.1 42.3 0.85 5.60 
a
pHs, salt pH (0.01M CaCl2) 

b
pHw, water pH  

c
 CEC, cation exchange capacity determined using unbuffered NH4Cl extraction 

technique 
d
 CBD, citrate-bicarbonate-dithionite extracted element 

 

14
C-labeled sulfamethazine [phenyl-ring-14C(U)] was purchased from American 

Radiolabeled Chemicals, Inc. (St. Louis, MO). Selected chemical properties of SMZ are 

shown in Table 5.2. Manure-derived DOM was extracted by adding 250 g (oven-dry 

mass) of turkey litter from an organic farm to ultra-pure water. The mixture was agitated 

for 2 h in dark on a platform shaker at high speed followed by centrifugation at 34,400 g 

for 20 min, and filtration through tandem glass fiber prefilters (Millipore AP20 and 

AP15) and 0.45 µm nominal pore size Durapore membrane filter (Millipore Corp., 

Billerica, MA). The filtered DOM solution was placed in dialysis tubing (Spectrum 

Spectra/Por RC 1000 Da molecular weight cutoff) and dialyzed at 4°C in dark against 

ultrapure water for three days. After dialysis, DOM solution was freeze-dried, thoroughly 

mixed, and stored in a desiccator. 
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Table 5.2 Selected chemical properties of sulfamethazine. 

Properties Value Reference 

Molecular mass (g mol
-1

) 278.33  Tolls, 2001 

log Kow 0.89 Tolls, 2001 

Solubility (mmol L
-1

) 1.57-25.15 Essington et al., 2010 

pKa 2.08 and 7.49 Essington et al., 2010 

Half-life in soil (d) 18.6 Accinelli et al., 2007 

 

5.3.2 Sorption isotherms 

 

Equilibrium sorption experiments without DOM were conducted using a batch 

technique to investigate SMZ sorption over a wide range of initial concentrations (0 -0.05 

mmol L
-1

). Eight grams of air-dried soil were reacted with SMZ in CaCl2background 

electrolyte solution (I = 0.01 M CaCl2) in 50 mL polypropylene co-polymer (PPCO) 

centrifuge tubes. Sodium azide was added to achieve a final concentration of 0.0015 M to 

inhibit microbial growth (Wolf et al., 1989). Appropriate amounts of HCl or 

Ca(OH)2 solution (I = 0.01 M) were added at initiation of the experiments to achieve a 

final solution pH after reaction equivalent to the soil salt pH (± 0.2 pH units). The solid to 

solution ratio was 1:2.5. The tubes were wrapped in aluminum foil and agitated for 24 h 

on end-over-end shakers (7 rpm) at 25ºC in a constant temperature room. Individual 

samples were reacted in triplicate and blanks (no soil) in duplicate. After reaction, tubes 

were centrifuged at 27,000 g for 15 min. The supernatant solution was removed and 

filtered through 0.45 nominal pore size PTFE membrane filter. Samples were then 

analyzed for SMZ concentration and solution pH. Sorption experiments with DOM were 
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conducted in a similar manner, except that mixtures of 
14

C-labeled SMZ with non-labeled 

SMZ were used. The hot : cold ratio of SMZ solutions used in the experiments were 1 : 

11.5 (0.0025 mM SMZ), 1 : 49 (0.01 mM SMZ), 1 : 89 (0.018 mM SMZ) , 1 : 124 (0.025 

mM SMZ)  and 1 : 249 (0.05 mM SMZ).  Freeze-dried DOM dissolved in 

CaCl2 background electrolyte solution (I = 0.01 M CaCl2) was added to each reaction 

vessel to achieve a concentration of 150 mg L
-1

OC. 

Non-labeled SMZ aqueous concentrations were analyzed with high performance 

liquid chromatography (HPLC) with an ultraviolet (UV) detector (Beckman Corp., San 

Ramon, CA). A silica based Columbus C8 column (4.6 mm x 250 mm; 5 μm; 110 Å pore 

size; Phenomenex, Torrance, CA) was used. The mobile phase for HPLC consisted of 

0.1% H3PO4 buffer (pH 2.2) and 100% acetonitrile (solvents A and B, respectively). 

Gradient method started at 90% A :10% B, ramped linearly to 60% A : 40% B at 30 min, 

25% A : 75% B at 40 min, 90 % A : 10% B at 45 min, and was held constant for 14 min. 

The UV absorbance was set at 254 nm for detecting SMZ. Calibration standards of SMZ 

showed good linearity (r
2
> 0.99). For radio-labeled samples, one milliliter of solution was 

transferred into a 7 mL scintillation vial and mixed with 4 mL scintillation cocktail 

(UltimaGold
TM

 AB, PerkinElmer, Waltham, MA). The radioactivity of the samples was 

analyzed by a Beckman (Fullerton, CA) LS 6000SC liquid scintillation counter (LSC). 

Comparison between HPLC method and LSC method was made by checking known 

concentration (0.01 mM) of SMZ solution in triplicate using both instruments The 

solution used in LSC method was spiked with 
14

C-labeled SMZ, and total SMZ 

concentration was back calculated. The difference of HPLC and LSC on analyzing the 

same concentration SMZ was less than 10%. 
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5.3.3 Soil columns 

 

Glass columns were custom made of durable glass with polyethylene end caps 

and fittings (Kimble Chase, Vineland, NJ). Column inner diameter and length were 7.5 

cm and 15 cm, respectively. A layer of nylon Nitex® mesh (10 µm aperture) was placed 

on the bottom end caps of each column to retain the solid materials within the columns. 

Acid washed glass beads (0.8-1.2 mm) were packed about 3 cm thick on the nylon mesh 

covering the outlet to occupy the slightly tapered end of the column. On top of the glass 

beads, a 0.5 cm layer of fine quartz sand was added and smoothed to provide a flat 

surface. Air-dried soil passed through a 1 mm mesh size opening sieve was packed to a 

height of 10.5 cm and a bulk density of 1.1 g cm
-3

. Prior to packing, the soil mass of 

0.540 kg was mixed with 0.27 g of HgCl2 to prevent microbial growth (Wolf et al., 

1989). Glass beads with a layer thickness of 3 cm were placed on top of the soil column 

to help distribute water more evenly and prevent splash erosion and surface sealing. One 

column was prepared with cropland soil and two columns were repacked with 

agroforestry soil; SMZ transport through the agroforestry columns was conducted in 

absence (AGF) and presence of DOM (AGF+DOM).  The experimental conditions for 

each column are described in Table 5.3. 
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Table 5.3 Experimental conditions used in the saturated column experiments. 

 

Column 

q
a
 

(cm h
-1

) 

ρ
b
 

(g cm
-1

) 

υ
c
 

(cm
-1

) 

θ
d
 

(cm
3
 cm

-3
) 

D
e
 

(cm
2
h

-1
) 

λ
f
 

(cm) AGF 0.23 1.1 0.376 0.61 0.162 0.431 

AGF+DOM 0.22 1.1 0.321 0.68 0.178 0.555 

Crop 0.23 1.1 0.376 0.61 0.186 0.535 

a
q, the flow rate; measured experimentally 

b
ρ, soil bulk density; measured 

c
υ, pore water velocity 

d
θ, volumetric water content; measured 

e
D, dispersion coefficient 

f
λ, dispersivity 

 

5.3.4 Bromide tracer 

 

Each soil column was gradually saturated from the bottom with CaCl2 solution (I 

= 0.01 mol L
-1

) over a 48 h time period. After the column was saturated, a Masterflex L/S 

pump (Vernon Hills, IL) was used to apply solution to the top of the column and a 

fraction collector (Teledyne Isco Foxy 200; Lincoln, NE) was used to collect the outflow 

from the bottom of the column. The soil column was irrigated with 0.01 mol L
-1

ionic 

strength CaCl2 at a rate of 0.25 cm h
-1

 to establish a steady flow.  No vacuum was applied 

at the bottom of the column. The outflow rate was confirmed via monitoring of leachate 

fraction volumes. When constant water flow was established, a 2-h pulse of bromide 

tracer (1 g L
-1

 KBr) was applied and eluted with CaCl2solution. The leachate was 
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collected every 0.5 h into polypropylene co-polymer tubes for a time duration of 144 h. 

The fraction tubes were capped three times daily to prevent evaporation loss. 

Concentration of Br
-
 in each fraction was determined with a Dionex ICS-1000 ion 

chromatography (IC) unit (Dionex Corp.; Sunnyvale, CA) equipped with a IonPac® 

AS14A (4 x 250 mm) anion column, and AS40 autosampler. Concentrations were 

normalized to the initial concentration (C0). Breakthrough curves (BTCs) of bromide 

were determined for each repacked column prior to SMZ or SMZ+DOM addition to 

describe water flow behavior. 

5.3.5 Sulfamethazine transport 

 

Radio-labeled (
14

C) SMZ and non-labeled SMZ were mixed at a 1:19 ratio and 

diluted in CaCl2 solution to achieve a 0.02 mmol L
-1

 SMZ concentration. To test the 

effect of DOM, freeze-dried DOM was added into the SMZ solution to achieve 150 mg 

L
-1

 OC. The SMZ solution was applied at the same flow rate as the Br
-
tracer. 

Sulfamethazine solution was pulsed into the columns for 68.5 h, and the columns were 

then was continuously irrigated with CaCl2 solution for 500 h at the same steady flow 

rate. Leachate fractions were collected every 0.5 h in polypropylene co-polymer tubes. 

5.3.6 Sample analysis 

 

One milliliter of solution from each sample was transferred into a 7 mL 

scintillation vial and mixed with 4 mL scintillation cocktail (PerkinElmer UltimaGold
TM

 

AB, Waltham, MA). The radioactivity of samples was analyzed using a Beckman LS 

6000SC liquid scintillation counter (Fullerton, CA). The pH of outflow leachate was 

checked periodically throughout the leaching process, and was found to vary less than 
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±0.2 pH units from the soil salt pH. Sulfamethazine degradation was investigated by 

analyzing selected leachate fractions and the original SMZ stock solution using a high 

performance liquid chromatography unit (Shimadzu SCL–10Avp, Columbia, MD) with a 

flow scintillation analyzer (IN/US ScinFlow b-Ram Model 3, Tampa, FL), and no 

significant degradation was observed during the experimental period.  

 

5.3.7 Parameter estimation 

 

Transport parameters were estimated by solving the inverse problem using the 

non-linear least-squares optimization. The computer program CXTFIT (Toride et al., 

1995) was used to analyze bromide BTCs and estimate the physical transport parameters 

for each column. Then using physical transport estimated parameters for Br
-
, the 

computer program HYDRUS-1D (Šimunek et al., 2009) was used to determine the 

chemical transport processes for SMZ in each column. For all estimations, the flux 

density (q) was determined experimentally, and the soil water content (θ) was assumed to 

be the saturation water content.  In the case of Br
-
 modeling, the estimated transport 

parameters were dispersion coefficient (D) and pore water velocity (υ), and dispersivity 

(λ) was calculated using λ=D/ υ.  For SMZ modeling, the estimated transport parameters 

include: the Freundlich or linear sorption isotherm parameters Kf and N (note that Kf 

becomes Kd when N=1); the reversible adsorption/desorption rate (α2) for sorption on the 

kinetic sorption sites (S2); the fraction of instantaneous sorption sites (f), and the 

irreversible adsorption rate (β3).  

The goodness of model fit was measured by the value of model efficiency (EF), 

and model efficiency was calculated as follows: 



129 

 

EF=(∑ (Oi−Omean)
2
−∑(Oi−Pi)

2
)/∑(Oi−Omean)                                            [5.8] 

where Oi and Pi are the observed and predicted values, respectively, and Omean is the 

arithmetic mean of the observed values (Blevins et al., 1978). 

5.4 Results and Discussion 

5.4.1 Sorption isotherms 

 

The equilibrium sorption isotherms for SMZ to Huntington cropland and 

agroforestry soil in absence and presence of DOM are shown in Figure 5.2. These 

isotherms can be described with linear (S = KdC) or Freundlich (S = Kf C
N
) sorption 

models, where Kd is the linear sorption coefficient, Kf is the Freundlich sorption 

coefficient and N is the Freundlich exponent. The Freundlich sorption parameters were 

obtained from a log-log plot of the sorption isotherm data; log Kf is the y-intercept and N 

the slope of the resulting line (Essington, 2004). 

The fitted Kd± 95% confidence interval values for linear adsorption model are 

2.85 ± 0.39, 2.42 ± 0.17, 0.84 ± 0.13 and 0.81± 0.07 for AGF, AGF + DOM, cropland, 

and cropland + DOM isotherms, respectively. The R
2
 values for linear fitting range from 

0.83 to 0.98. The fitted Kf and N values are 6.0 and 0.76, 4.2 and 0.82, 0.91 and 1.02, 

1.77 and 0.76 for the AGF, AFG + DOM, cropland, and cropland + DOM isotherms, 

respectively. The Kd parameter, a measure of sorption capacity, indicates that SMZ 

sorption to agroforestry soils is greater than on cropland soils at the same SMZ 

equilibrium concentration.  The N parameter, a measure of sorption linearity, indicates 

nearly linear sorption for the cropland soil but non-linearity is quite apparent for the 

agroforestry soils (Figure 5.2). Based on 95% confidence interval values, the difference 
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between Kd values in both soils in presence or absence of DOM is not statistically 

significant, and sorption isotherms in presence or absence of DOM are visually quite 

similar. Therefore, SMZ transport with DOM present was tested on only one soil (AFG) 

in the subsequent column experiments. 

5.4.2 Bromide transport 

 

The behavior of water movement in each column was described by the BTCs of 

the conservative, non-adsorbing bromide tracer. The effects of chemical non-equilibrium 

can be distinguished from physical non-equilibrium by comparing Br
-
and SMZ behavior 

in each column. The measured Br
-
 BTCs along with a model fits are shown Figure 5.3. 

The measured Br
-
 BTCs all have a slight tailing in the falling limb of the curve. This is 

most likely due to anion adsorption rather than physical non-equilibrium. The repacked 

soil columns were filled with soil that was sieved through a 1 mm sieve; therefore, they 

should not contain macropores that cause preferential flow. The cropland soil contains 

0.74 g kg
-1

citrate-bicarbonate-dithionite (CDB) extractable aluminum and 6.84 g kg
-1

 

CDB extractable iron, and the agroforestry soil contains 0.85 g kg
-1

 CDB aluminum and 

5.60 g kg
-1

 CDB extractable iron, respectively. The CDB extractable aluminum and iron 

represent the poorly crystalline aluminum and iron oxides in soil. These oxides are 

known to have points of zero net charge (PZNC) that are above pH 7 (Sposito, 1998).  
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Figure 5.2 Sulfamethazine (SMZ) sorption (S) to (a) Huntington agroforestry soil and (b) 

Huntington cropland soil in absence and presence of dissolved organic matter (DOM). 

Error bars, where observed, represent the 95% confidence interval. 
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Also the Huntington soil contains significant amounts of kaolinite (46% of total 

clay content). The reported PZNC for kaolinite is between pH 4 and 5 (Sposito, 1989). 

The Huntington crop soil has a pH 6.6 and agroforestry soil has a pH 4.7. When pH is 

lower than the PZNC of the minerals, they exhibit net positive charge. Therefore, on the 

surface of aluminum and iron oxides as well as a portion of kaolinite, anion adsorption 

can occur. The lower peaks of Br
-
 BTC in AGF soil than in cropland soil may be 

explained by more protonated sites that exist in AGF soil due to lower pH and, therefore, 

greater Br
-
 retention is expected.  It is likely that increased Br

-
 sorption is the cause of the 

slight asymmetrical shape of bromide BTCs. We used a physical equilibrium CDE to 

describe the bromide BTCs and assumed that bromide transport was not affected by non-

equilibrium water flow processes. The transport parameters D and v were fit to the 

bromide BTCs using CXTFIT (Table 5.3). 

5.4.3 Sulfamethazine transport 

 

The SMZ breakthrough curves conducted during the study are shown in Figure 

5.4. All breakthrough curves exhibited extended tailing on the falling limb of the curve, 

indicating occurrence of non-equilibrium sorption. None of the BTCs were fully 

completed (i.e., SMZ concentration did not return to a concentration of zero) during the 

time selected for each experiment (i.e., 500 h). Such incomplete BTCs and extended 

tailing had been observed in other column experiment studies of sulfonamides (Unold et 

al., 2009; Wehrhan et al., 2007). The mass of SMZ cumulatively recovered in the  
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Figure 5.3 Bromide breakthrough curves for the agroforestry (AGF), agroforestry + 

dissolved organic matter (AGF + DOM), and cropland (Crop) soil columns and simulated 

fits obtained using a physical equilibrium model and the CXTFIT software. (Please note 

that for the AGF + DOM column, DOM was only pulsed into the column when SMZ was 

added.) 
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leachate fractions was 73.5% for the AGF soil column, 69.3% for the AGF + DOM soil 

column, and 93.7% for the cropland soil column. Differences in the mass recovery may 

be explained by the higher adsorption capacity for SMZ in the agroforestry soil than in 

cropland soil (Figure 5.2). Sulfamethazine sorption is facilitated by greater organic 

carbon content and low pH due the potential of SMZ to sorb via hydrophobic partitioning 

and cation exchange mechanisms (Essington et al., 2010; Gao and Pedersen, 2005; 

Lertpaitoonpan et al., 2009). The higher organic carbon content and lower pH of AGF 

soil can increase hydrophobic partitioning of zwitterionic SMZ species and cation 

exchange of cationic SMZ species. Because no degradation products were observed in 

the leachate, the unrecovered SMZ remained in the soil columns. This fraction of SMZ 

can be assumed to be a slowing desorbing fraction or irreversibly sorbed fraction.  
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Figure 5.4 Sulfamethazine breakthrough curves for the agroforestry (AGF), agroforestry 

and dissolved organic matter (AGF + DOM), and cropland (Crop) soil columns.   
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5.4.4 Modeling results 

 

The transport behavior of SMZ was described using the computer software model 

HYDRUS-1D (Šimunek et al., 2009). HYDRUS-1D provides numerical solutions to the 

governing solute transport equations. The Levenberg-Marquard nonlinear minimization 

algorithm (Marquardt, 1963) was used to optimize the model. The model was run with 

constant flux conditions, and the saturated hydraulic conductivity was experimentally 

determined to be 0.299 cm h
-1

. 

Only two-site and three-site models were used, because one-site models did not 

predict sulfonamide transport very well. Wehrhan et al. (2007) also concluded that one-

site models cannot describe sulfadiazine transport data in columns. The two-site, one-rate 

(2S1R) model fits are shown in Figure 5.5. The 2S1RFreundlich (Freu) models generally 

fit the peak of the SMZ BTCs for the three soil columns, and the two-site, one rate linear 

models slightly underestimated peak height. However, these models all underestimated 

the extended tailing on the falling limb of the BTCs; except in the AGF soil column 

where the 2S1R-Freu-irrev model overestimated the tail. The mismatch is more obvious 

in the linear models. The two-site, one-rate irreversible models underestimated the eluted 

mass in all columns.  

Figure 5.6 shows the BTCs and two-site, two-rate (2S2R) model fits. The two-

site, two-rate linear irreversible model (2S2R-lin-irrev) underestimated the peak and tail 

in all three columns. In contrast, the two-site, two-rate Freundlich irreversible model 

(2S2R-Freu-irrev) fits the tail better but slightly underestimated the peak,with exception 

for the cropland soil column, this model overestimated the peak. Both models 
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underestimated the eluted mass with one exception; for the cropland soil column, the 

eluted mass was overestimated by the 2S2R-Freu-irrev model. 

The three-site, two-rate (3S2R) models appear to fit both BTC peaks and tails 

quite well (Figure 5.7), especially the 3S2R-Freu-irrev model. The modeling efficiency 

(EF) values of the 3S2R-Freu-irrev model were 0.998, 0.994 and 0.991 for the AGF, 

AGF + DOM, and Crop soil columns, respectivly. The EF values for other models ranged 

from 0.918 to 0.993. 

As EF values approach the value of one, the better the model describes the 

observed BTC. The 3S2R-Freu-irrev model was observed to provide the most optimal EF 

value among all the models used in this study, and differences in eluted mass between the 

observed data and model prediction were less than 2%, while the eluted mass differences 

for rest of the models ranged from 0.99% to 33.45%. The concept behind the 3S2R-Freu-

irrev model includes instantaneous sorption sites, kinetic reversible sorption sites, and 

kinetic irreversible sorption sites. In some transport studies, the modeled irreversible 

sorption can be explained by degradation of a compound (Barriuso et al.; Boxall et al., 

2002). However, metabolites of SMZ were not observed in leachate fractions that were 

analyzed using an HPLC with in-line flow scintillation counter, and this suggests that the 

added HgCl2 sufficiently supressed microbial growth through out the course of our 

studies. 

Although sulfonamides are generally considered highly mobile in soil 

environments due to low sorption potential (Boxall et al., 2002), our previous desorption 

studies shows that a fraction of SMZ (42-49%) is not readily desorbable from the 
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Huntington soil planted to grass (Chapter 4). The irreversible fraction of SMZ is more 

often observed in soils amended with manure (Thiele-Bruhn and Aust, 2004). Stoob et al. 

(2007) reported 15 % of the sulfonamides remained in soil 3 months after they were 

applied to a field study with manure. Such irreversibility can partly be explained by 

covalent bonds which may form between sulfonamide and organic matter (Bialk et al., 

2005).  Also, Kahle and Stamm (2008) found that sulfonamide sorption increased 

substantially with time on clay minerals and ferrihydrite, and therefore at least a portion 

of SMZ sorption is not instaneous. Although degradation maybe also an explanation for 

the sorption irreversibility, it is not likely in this case. Sulfamethazine can degrade into a 

number of metabolites, and the main metabolite that often detected in the environment is 

acetyl-SMZ (Burkhardt and Stamm, 2007; Grant et al., 2003). Fan et al (2010) did 

prolonged sorption of SMZ without biocide and assumed that all SMZ degraded into an 

unidentified polar metabolite, and the Kd values for the metabolite ranged from 7.5 to 

206.2 L kg
-1

.  In their transport experiments, 33–70% of SMZ was degraded into the 

metabolite and 69–99.7% of SMZ and metabolite were recovered in the effluents 

indicating that both SMZ and the metabolite are highly mobile in soil. Due to no 

degradation product was observed in leachate, we assume that the degradation product in 

soil is negligible as well. These findingssupport that the three-site, two-rate Freundlich 

irreversible model (3S2R-Freu-irrev) is a reasonable sorption model for investigating 

SMZ transport in soil. 

The instataneous sorption site 1 may be attributed to the cation exchange sites on 

clays due to the rapid reaction. The rate-limited sorption site 2 may be attributed to the 

hydropobic domains in soil organic matter and less readily accesible cation exchange 
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sites. The rate-limiting irreversible site 3 may be attributed to the sites with torous pores, 

hydrophobic domains in soil organic matter and physical occlusion and (negligible) 

degradation. 

5.4.5 Parameter estimation and DOM effects 

 

The fitted parameters for SMZ sorption and transport are listed in Table 5.4. The 

estimated Kd (listed as Kf when N = 1) values range from 1.1 to 20 L kg
-1

. They follow a 

similar range to our data from the equilibrium sorption experiments and the reported 

sulfonamide Kd values in the literature (Thiele-Bruhn, 2003). Freundlich model fits gave 

N values from 0.61-0.85, indicating non-linear sorption, which is in agreement with 

experimental sorption data presented in Figure 5.2. The fraction of instantaneous sorption 

site(f) values can reach ranged from 45 to 77% for the three-site models, suggesting that a 

large portion of SMZ is sorbed to the soil quite rapidly. 
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Figure 5.5 Two-site, one-rate (2S1R) models for sulfamethazine breakthrough curves in 

(a) agroforestry soil, (b) agroforestry soil with DOM and (c) cropland soil. The model 

names reflect sorption concept (lin: linear and Freu: Freundlich sorption isotherms) and 

reversibility of sorbate removal from a site (rev: reversible, irrev: irreversible). 

0 100 200 300 400 500

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
c

re
la

ti
v

e
 c

o
n

c
e

n
tr

a
ti

o
n

 (
C

/C
0

)

 observed data

 2S1R-lin-rev

 2S1R-lin-irrev

 2S1R-Freu-rev

 2S1R-Freu-irrev

time (h)

 

 

0.0

0.1

0.2

0.3

0.4

0.5

re
la

ti
v

e
 c

o
n

c
e

n
tr

a
ti

o
n

 (
C

/C
0

)

 observed data

 2S1R-lin-rev

 2S1R-lin-irrev

 2S1R-Freu-rev

 2S1R-Freu-irrev

b

 

 



140 

 

0.0

0.1

0.2

0.3

0.4

0.5
a

re
la

ti
v

e
 c

o
n

c
e

n
tr

a
ti

o
n

 (
C

/C
0

)

 observed data

 2S2R-lin-irrev

 2S2R-Freu-irrev

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Two-site, two-rate (2S2R) models for sulfamethazine breakthrough curves in 

(a) agroforestry soil, (b) agroforestry soil with DOM and (c) cropland soil. The model 

names reflect sorption concept (lin: linear and Freu: Freundlich sorption isotherms) and 

reversibility of sorbate removal from a site (rev: reversible, irrev: irreversible). 
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Figure 5.7 Three-site, two-rate (3S2R) models for sulfamethazine breakthrough curves in 

(a) agroforestry soil, (b) agroforestry soil with DOM and (c) cropland soil. The model 

names reflect sorption concept (lin: linear and Freu: Freundlich sorption isotherms) and 

reversibility of sorbate removal from a site (rev: reversible, irrev: irreversible). 
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The 3S2R-Freu-irrev model gives Kf and N values of 2.723 and 0.848, 

respectively, for the AGF column and 1.261 and 0.742, respectively, for the Crop 

column. Both the Kf and N values in Crop column are smaller than those in the AGF soil. 

This indicates that at the same equilibrium concentration, sorption to the AGF soil is 

larger than sorption to the cropland soil. The similar α2 values in AGF and Crop columns 

(0.010 and 0.016, respectively) may indicate similar sorption mechanisms on kinetic 

sorption site S2. The fraction of instantaneous sorption site f values are estimated to be 

0.541 and 0.770 for AGF and Crop columns, respectively, indicating that the proportion 

of instantaneous sorption sites in cropland soil is greater than the agroforestry soil. The 

irreversible sorption rate β3 values are estimated to be 0.026 and 0.015 for AGF and Crop 

soils respectively, indicating that the irreversible sorption is faster in agroforestry soil 

than in cropland soil. The reason why agroforestry soil has lesser proportion of 

instantaneous sorption sites and a greater irreversible sorption rate is unknown. However, 

we speculate that instantaneous sorption is associated with cation exchange sites in the 

clay minerals due to the rapid reaction time. The fraction of clay sorption sites in total 

sorption sites is less in the agroforestry soil compared to cropland soil due to a greater 

number of sorption sites existing in organic matter within the agroforestry soil 

Although the breakthrough time is slightly more rapid in AGF column and the 

estimated Kf values were slightly greater in AGF column than in AGF + DOM column, 

the effect is more likely due to differences in column physical conditions than the effect 

of DOM. In the previous equilibrium sorption and desorption studies (Chapter 4), it was 

observed that SMZ was not sorbed by DOM. Additionally, the presence of 150 mg L
-1

OC 

had little or a slight negative effect on SMZ sorption and minimally enhanced SMZ 
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desorption. We speculate that these factors as well as continuous irrigation of the 

columns following the SMZ + DOC pulse resulted in DOM concentrations that were too 

dilute to cause substantial long-terms effects on SMZ transport.  

5.5 Conclusions 

 

A column transport study of SMZ suggested that a substantial portion of SMZ can be 

leached through soil under saturation and constant flow conditions. A range of 6.3% - 

30.7% of SMZ was found to remain in the columns after 21 days. Equilibrium sorption 

experiments determined higher Kd values in agroforestry soil, suggesting that agroforestry 

soil had a better ability to retain SMZ than cropland soil due to greater organic carbon 

content and lower soil pH. Dissolved organic matter did not have a substantial effect on 

SMZ equilibrium sorption. Sulfamethazine concentrations in soil column leachate did not 

reach zero concentration after leaching for 21 days, and model results suggest that a 

fraction of SMZ is irreversibly adsorbed in soil.  The Crop soil column had greater eluted 

mass comparing to AGF column, demonstrating greater capability of agroforestry soil to 

retain SMZ under saturation conditions.  Dissolved organic matter effect was minimal, 

likely due to diluted DOM concentration over the course of the experiment and small 

effects of DOM on SMZ sorption processes.  A number of  two-site and three-site models 

were applied to the transport data, and the three-site, two-rate Freundlich irreversible 

model (3S2R-Freu-irrev) best fit SMZ BTCs in all three soil columns, with model 

efficiency values > 99%. Sorption parameters optimized using HYDRUS-1D agree with 

the parameters obtained with equilibrium sorption experiments, and model results suggest 

that the agroforestry soil has a fraction of instantaneous sorption sites and a larger 

irreversible sorption rate coefficient. From both the equilibrium sorption study and the 
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column transport study, agroforestry soils demonstrated better sorption capacity for SMZ 

than cropland soil. Therefore, agroforestry practices may facilitate reducing VA transport 

from farmland and pasture to groundwater or surface water systems. 

 

Table 5.4 Model efficiency (EF), eluted mass (EM), and fitted parameters of different 

isotherm-based models obtained by HYDRUS-1D for three sulfamethazine columns.  

Soil Model Kf (or Kd)
a
 N α2 f β3 EF EM 

  

(kg
1-N

SMZ 

L
3m

kg
-1

soil) 

 

(h
-1

) 

 

(h
-1

) 

  

AGF 2S1R-Lin-rev 16.679 1 0.002 0.099 0 

0.97

7 

75.34

9 

 

2S1R-Lin-

irrev 1.734 1 0 1 

0.04

3 

0.91

8 

55.04

0 

 

2S1R-Freu-

rev 6.045 0.697 0.005 0.230 0 

0.94

2 

84.25

3 

 

2S1R-Freu-

irrev 1.553 0.774 0 1 

0.04

1 

0.94

9 

56.68

9 

         

 

2S2R-Lin-

irrev 1.785 1 0.351 0 

0.03

8 

0.94

8 

60.04

6 

 

2S2R-Freu-

irrev 1.547 0.614 0.190 0 

0.03

1 

0.95

2 

67.87

4 

         

 

3S2R-Lin-

irrev 3.319 1 0.008 0.475 

0.02

5 

0.98

9 

74.06

3 

 

3S2R-Freu-

irrev 2.723 0.848 0.010 0.541 

0.02

6 

0.99

8 

72.76

0 

         AGF + 

DOM 2S1R-Lin-rev 20.000 1 0.001 0.110 0 

0.97

2 

71.36

6 

 

2S1R-Lin-

irrev 2.302 1 0 1 

0.03

9 

0.92

7 

55.29

2 

 

2S1R-Freu-

rev 14.566 0.806 0.002 0.138 0 

0.99

3 

68.07

5 

 

2S1R-Freu-

irrev 2.000 0.735 0 1 

0.03

6 

0.97

3 

58.31

0 

         

 

2S2R-Lin-

irrev 2.306 1 5.000 0 

0.03

8 

0.92

7 

55.55

3 

 

2S2R-Freu-

irrev 1.936 0.650 0.415 0 

0.03

1 

0.98

1 

63.52

8 
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3S2R-Lin-

irrev 4.784 1 0.005 0.455 

0.02

3 

0.97

6 

69.99

3 

 

3S2R-Freu-

irrev 3.895 0.796 0.005 0.510 

0.02

3 

0.99

4 

68.10

6 

         

Crop 2S1R-Lin-rev 10.464 1 0.001 0.100 0 

0.97

4 

96.76

1 

 

2S1R-Lin-

irrev 1.073 1 0 1 

0.02

1 

0.96

7 

83.62

5 

 

2S1R-Freu-

rev 8.349 0.763 0.001 0.120 0 

0.98

8 

93.80

9 

 

2S1R-Freu-

irrev 1.016 0.725 0 1 

0.02

0 

0.98

7 

85.54

0 

         

 

2S2R-Lin-

irrev 1.050 1 1.229 0 

0.02

1 

0.96

6 

84.23

7 

 

2S2R-Freu-

irrev 1.000 0.650 0.330 0 

0.01

0 

0.96

0 

103.8

43 

   

        

  

 

3S2R-Lin-

irrev 1.601 1 0.011 0.631 

0.01

4 

0.97

8 

95.41

2 

 

3S2R-Freu-

irrev 1.261 0.742 0.016 0.770 

0.01

5 

0.99

1 

93.03

2 
a
Kf  (or Kd):when N = 1, the sorption is linear, and Kf= Kd 
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Chapter 6 . Conclusions 

 

 

 

 

The main goals of this study were to investigate the sorption and retention of 

veterinary antibiotics in three Missouri soils planted to vegetative buffer strips (VBS) and 

row-crops; determine the soil physical and chemical properties governing antibiotic 

sorption to these soils; investigate the effects of manure-derived dissolved organic matter 

on antibiotic sorption; and model the transport processes of sulfamethazine through soil 

columns repacked with agroforestry and cropland soils in presence or absence with 

manure-derived DOM.  

Results from the oxytetracycline (OTC) and sulfadimethoxine (SDT) sorption 

study (Chapter 3) demonstrated that the Kd values for OTC and SDT were significantly 

greater in soil under VBS management than in cropland soils. The sorption isotherm for 

OTC was non-linear and well-fitted by the Freundlich equation.  Clay content was the 

most significant soil parameter influencing OTC sorption, and clay content was generally 

found to be higher in soils under VBS management. Soil pH was negatively correlated 

with log Kd values for SDT and explained the greatest variance associated with SDT 

sorption. Soils planted to VBS had greater acidity and, thus, resulted in increased SDT 

adsorption.   

Results from the sulfamethazine (SMZ) sorption study (Chapter 4) demonstrated 

that SMZ has low Kd values in soil, therefore SMZ is mobile in soil and may reach 

groundwater and surface water systems. Among the different vegetative management 

systems studied, agroforestry buffer soils have a better ability to retain SMZ than soils 
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planted to row-crops. Organic carbon content, soil pH, and initial SMZ concentration are 

the most important factors affecting SMZ sorption. Soil organic carbon content has a 

positive effect on SMZ sorption, and pH has a negative effect on SMZ sorption, 

suggesting hydrophobic partitioning and cation exchange sorption mechanisms are 

important. Manure-derived DOM has a slight negative effect on SMZ sorption and 

reduced sorption hysteresis, likely due to competitive sorption processes. A fraction of 

sorbed SMZ was found to be immobile for the time period used in this study.  

Results from the column transport study of SMZ (Chapter 5) suggested that a 

substantial portion of SMZ can be leached through soil under saturation at constant flow 

conditions, although a range of 6.3% - 30.7% of SMZ was found to remain in the 

columns after 21 days, indicating a fraction of SMZ is strongly bound and/or slowly 

transported through soil. Higher Kd values were found in agroforestry soil from 

equilibrium sorption experiments, and smaller eluted mass in agroforestry soil columns in 

transport studies both suggest that agroforestry soil had a better ability to retain SMZ than 

cropland soil.  This was attributed to higher organic carbon content and lower soil pH in 

agroforestry soil.  An effect of dissolved organic matter was very minimal, presumably, 

due to diluted DOM concentration in the column during flushing of the column following 

the SMZ+DOM pulse.  A number of two-site and three-site models were applied to the 

transport data, and the best fitted model (3S2R-Freu-irrev) assumes three different 

sorption sites: an instantaneous reversible sorption site with Freundlich type sorption, a 

rate-limited reversible sorption site, and a rate-limited irreversible sorption site.  The 

3S2R-Freu-irrev model can best fit the BTCs of SMZ in all three soil columns (cropland 
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soil, agroforestry soil, and agroforestry soil with DOM), with model efficiency values > 

99%.  

This study and  research by Lin et al. (2010) and Lin et al. (2011) demonstrate 

that agroforestry buffers have better ability to retain antibiotics in soil than cropland, can 

reduce antibiotic loss via leaching or runoff, and also agroforestry buffers can enhance 

SMZ dissipation by stimulating microbial activity in the root zone. These current findings 

support the evidence that agroforestry practices could be a practical way to mitigate VA 

loss from agroecosystems. This study should provide information on VBS site selection 

based on soil properties when VBS are intended to reduce VA transport, and assist in 

management of soil properties (e.g., pH) most favorable for enhancing VA adsorption. 

Future research is needed on topics such as the optimal design and conditions for 

application on a large scale, plant species selection and synergy effects of rhizosphere 

microorganisms and plants on VA degradation to achieve best practices and cost-

effective goals of VA mitigation using agroforestry systems.  
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APPENDICES 

Appendix 1: Laboratory measurements of Sorption isotherm data of OTC for Armstrong 

soils, Huntington soils, and Menfro soils 

 

 

Armstrong Crop Armstrong Grass Armstrong AGF 
Initial 

concentration 
(mM) 

qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 
qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1
) 

qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1
) 

0.0025 20.27 0.00 20.26 0.00 14.06 0.00 

 

20.27 0.00 20.26 0.00 14.06 0.00 

 

20.27 0.00 20.26 0.00 14.06 0.00 

0.005 392.00 0.16 358.71 0.09 379.20 0.09 

 

397.77 0.11 358.09 0.09 383.12 0.05 

 

396.91 0.11 357.34 0.10 380.51 0.08 

0.01 822.88 0.18 825.66 0.38 874.60 0.32 

 

822.87 0.18 837.07 0.26 885.26 0.21 

 

818.15 0.23 838.48 0.25 891.89 0.21 

0.025 1951.86 1.15 1909.30 1.16 1836.13 1.03 

 

1970.07 0.97 1936.41 0.89 1855.52 0.83 

 

1981.90 0.85 1936.75 0.88 1849.42 0.90 

0.05 3806.88 1.46 5407.70 1.73 5370.38 1.49 

 

3787.85 1.65 5393.68 1.87 5354.92 1.65 

 

3779.86 1.73 5393.05 1.88 5364.69 1.56 

0.1 7382.51 10.31 7787.65 11.11 8738.76 7.66 

 

7408.78 10.05 7984.64 9.14 8828.67 6.76 

 

7115.40 12.98 8007.66 8.91 8751.78 7.52 

0.175 15853.78 10.58 15150.50 17.78 18994.74 9.93 

 

15659.90 12.53 15153.91 17.76 18907.00 10.79 

 

15732.72 11.80 15129.29 18.02 19097.15 8.91 

0.25 22107.58 20.61 21445.36 18.56 21527.15 14.70 

 

22047.23 21.21 21356.99 19.50 21391.60 16.13 

 

21917.83 22.43 21355.69 19.49 21260.32 17.45 

0.5 42293.56 83.80 37212.20 77.22 41709.05 58.70 

 

42955.97 77.14 38342.53 65.93 40760.68 68.22 

 

42796.79 78.73 38170.82 67.65 41877.00 57.07 

 

  



153 

 

Appendix 1 continued 

 

 

Armstrong Crop Armstrong Grass Armstrong AGF 
Initial 

concentration 
(mM) 

qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 
qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 
qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1
) 

0.0025 22.53 0.00 14.37 0.00 17.65 0.00 

 

22.53 0.00 14.37 0.00 17.65 0.00 

 

22.53 0.00 14.37 0.00 17.65 0.00 

0.005 356.77 0.12 368.75 0.10 381.38 0.08 

 

361.54 0.07 372.17 0.07 383.73 0.05 

 

361.34 0.08 372.64 0.06 383.62 0.05 

0.01 802.10 0.43 842.96 0.34 830.22 0.25 

 

812.50 0.33 845.09 0.32 832.62 0.23 

 

815.65 0.30 849.35 0.28 840.10 0.15 

0.025 2144.78 1.53 2106.96 1.70 4720.45 1.25 

 

2158.35 1.39 2149.37 1.27 4706.79 1.39 

 

2149.92 1.48 2145.04 1.32 4712.17 1.33 

0.05 6068.61 3.63 5644.84 3.19 4720.45 1.25 

 

6042.66 3.89 5611.75 3.51 4706.79 1.39 

 

5999.36 4.33 5595.42 3.69 4712.17 1.33 

0.1 7071.96 22.60 6664.25 24.53 7299.29 12.90 

 

7174.22 21.60 6668.60 24.49 7296.94 12.93 

 

7264.45 20.61 6980.33 21.36 7410.67 11.81 

0.175 17946.11 21.31 15365.46 25.18 15756.93 8.37 

 

17758.99 23.13 15241.70 26.04 15691.19 8.96 

 

17535.07 25.41 15003.00 29.15 15783.24 8.10 

0.25 20649.93 35.21 21151.81 34.02 21365.37 13.98 

 

20476.08 36.95 21263.94 32.91 21061.14 17.03 

 

20863.86 32.99 21098.65 34.52 21198.83 15.65 

0.5 33227.38 155.99 31340.70 179.56 37546.66 120.37 

 

34251.78 145.99 29590.73 197.06 37482.98 121.06 

 

33482.58 153.63 30092.75 192.08 38680.40 108.90 
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Appendix 1 continued 

 

 
Armstrong Crop Armstrong Grass 

Armstrong 

AGF 
 Initial 

concentration 
(mM) 

qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 
qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 
qi 

(µmolkg
-1

) 
Ci 

(µmolL
-1

) 

0.0025 17.72 0.00 -13.41 0.21 26.21 0.00 

 

17.72 0.00 3.19 0.04 26.21 0.00 

 

17.72 0.00 4.80 0.02 26.21 0.00 

0.005 392.10 0.00 387.46 0.11 406.39 0.00 

 

392.36 0.00 392.45 0.06 413.41 0.00 

 

388.05 0.00 390.00 0.08 411.88 0.00 

0.01 838.94 0.00 876.71 0.15 762.26 0.00 

 

850.78 0.00 877.21 0.15 767.04 0.00 

 

853.32 0.00 876.99 0.15 770.60 0.00 

0.025 2108.52 0.06 1814.31 0.91 1649.73 0.00 

 

2130.09 0.05 1819.71 0.85 1678.71 0.00 

 

2137.46 0.05 1833.37 0.72 1666.35 0.00 

0.05 4054.32 0.31 4327.78 1.40 4222.91 0.03 

 

4052.90 0.33 4338.80 1.28 4219.65 0.05 

 

4058.22 0.37 4336.73 1.30 4220.30 0.04 

0.1 7442.08 3.96 9560.20 3.70 8895.02 2.67 

 

7728.01 3.54 9485.18 4.45 8913.76 2.47 

 

7571.99 4.06 9433.67 4.96 8849.93 2.75 

0.175 15692.40 9.29 15817.64 10.07 16107.57 3.21 

 

15732.18 7.76 15839.83 9.82 15978.79 3.47 

 

15676.25 7.99 15996.72 8.23 15878.20 3.12 

0.25 21267.57 16.21 23256.27 13.87 22594.01 7.06 

 

21134.02 18.17 23028.27 16.15 22438.77 12.48 

 

21051.14 19.55 23050.81 15.93 22521.30 7.81 

0.5 41508.33 28.20 39273.93 48.93 42951.26 21.27 

 

41466.74 34.04 39402.44 47.62 42825.97 21.11 

 

40616.16 23.82 39648.97 45.20 43066.58 21.46 
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Appendix 2: Binding of DOM to soils and SMZ 

 

 

0.0

0.5

1.0

1.5

2.0

2.5
K

d
(L

k
g

-1
)

 Crop

 Grass

 AGF

Armstrong Huntington Menfro

 

 

 
 

 

Figure A.2.1 Manure-derived dissolved organic matter (DOM) sorption to 9 soils. Error 

bars, where observed, represent the 95% confidence interval. 

 

The sorption of 150 mg C L
-1

 DOM to soil seems to be impeded by soil organic 

matter content. The correlation coefficient of  Kd for DOM and soil organic matter 

content was -0.82 (p < 0.0001).This may be explained with the conclusion of Shen 

(1999). Shen concluded that DOM is largely adsorbed onto clay mineral surface by 

ligand exchange between DOM and hydroxyl groups, and that soil organic matter can 

block the sorption sites and reduce DOM sorption. 

The dialysis experiment tested SMZ sorption binding to manure-derived DOM. 

The concentration of bound SMZ mmol L
-1

 is calculated by subtracting the SMZ 

concentration outside to dialysis tube from the SMZ concentration inside the dialysis 

tube.  Preliminary experiments examined equilibrium time up to 5 days of adsorption at 
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pH 4.5, 6.0 and 7.5.  No adsorption was observed.  This result further confirmed that the 

manure-derived DOM does not interact with SMZ directly. 

 

Appendix 3: Laboratory measurements for saturated hydraulic conductivity (Ksat) for 

Huntington agroforestry (AGF) and Huntington cropland (Crop) soil used in HYDRUS-

1D transport modeling. 

. 

 

 

Soil  Replication 
Ksat  

(cmh
-1

) 

AGF 1 0.237942 

AGF  2 0.189624 

AGF  3 0.371044 

AGF  4 0.27965 

AGF  5 0.283069 

Crop  1 0.26438 

Crop  2 0.384719 

Crop  3 0.347797 

Crop  4 0.343694 

Crop  5 0.291502 
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Appendix 4: One-site model fits for sulfamethazine breakthrough curves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4 One-site (1R) models for sulfamethazine breakthrough curves (a) 

agroforestry soil, (b) agroforestry soil with DOM and (c) cropland soil. The model names 

reflect sorption concept (lin: linear and Freu: Freundlich sorption isotherms) and 

reversibility of sorbate removal from a site (rev: reversible). 
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Appendix 5: Illustration of dispersivity (D) affects of solute transport (breakthrough 

curves simulated based on parameters from Huntington agroforestry soil column).  
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Appendix 6: Illustration of sorption coefficient (Kd) affects of solute transport 

(breakthrough curves simulated based on parameters from Huntington agroforestry soil 

column). 
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Appendix 7: Illustration of fraction of instantaneous sorption sites (f) affects of solute 

transport (breakthrough curves simulated based on parameters from Huntington 

agroforestry soil column). 
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Appendix 8: Illustration of fraction of reversible sorption rate (α2) affects of solute 

transport (breakthrough curves simulated based on parameters from Huntington 

agroforestry soil column). 
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Appendix 9: Illustration of fraction of irreversible sorption rate (β3) affects of solute 

transport (breakthrough curves simulated based on parameters from Huntington 

agroforestry soil column). 
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