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Recent recognition of the occurrence of antibiotics in the environment has highlighted concerns
regarding potential threats of antibiotics to humans and wildlife. Antibiotics are commonly applied to
animals to prevent diseases and promote growth, making livestock agriculture a major source of
antibiotic pollution. The purpose of our study was to examine chlorination technology as a method
for preventing the release of antibiotics as well as antibiotic-resistant bacteria into the environment
from concentrated animal feeding operations. Wastewaters from various sites of two anaerobic lagoon
systems, one aerated and the other not, on a swine facility were investigated. Each system consisted
of a primary treatment lagoon and a subsequent polishing lagoon. Free chlorine (or monochloramine
for comparison) was applied to oxidize antibiotics and to disinfect lagoon bacteria as well. Results
indicate that aeration substantially improves lagoon functionality, thereby adding both organic and
ammonia removal. Ammonia present in the wastewaters plays a critical role in antibiotics decomposi-
tion and bacterial inactivation due to its rapid competition for free chlorine to form monochloramine.
Generally, a chlorine dose close to breakpoint is required to achieve complete removal of antibiotics,
leading to high consumption of free chlorine in most of the wastewaters examined. However, because
of a low ammonia concentration in the polishing lagoon wastewater of the aerated system, a chlorine
dose of 100 mg/L can effectively achieve complete removal of both antibiotics and bacteria. On the
basis of our experimental findings, a possible strategy for the treatment of swine wastewater is
suggested.
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INTRODUCTION purposes (4—6). Moreover, about 90% of the veterinary

antibiotics are administrated subtherapeutically to promote
animal weight production (7). However, these antibiotics are

commonly excreted in urine, feces, and manure as parent
compounds, conjugates, or oxidation and hydrolysis byproducts
(8). It is estimated that as much as 75% of the administered
antibiotics can pass through, and be excreted from, the animal

Antibiotics are widely used at therapeutic levels at concen-
trated animal feeding operations (CAFO) worldwide to treat
animal diseased(2). Additionally, antibiotics are administered
in the United States at subtherapeutic levels in water or food to
promote weight gainl(, 2), although this practice has recently
been banned in the European Union due to concerns regardingOoolies )
promotion and proliferation of antibiotic resistant bacte@a ( " ) ) )

An estimated yearly production of antibiotics is more than 22700  Anaerobic lagoons are commonly used in animal agriculture

tons in the United States, of which about 50% serve veterinary at & low cost to settle manure solids and decompose various
organic compounds, including carbohydrates, protein, and fats

(10, 11). To maintain functionality, these lagoons depend on
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D'U.S. Environmental Protection Agency. (13, 14). In fact, Meyer et al.15) reported that relatively high
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Table 1. Physical-Chemical Properties of Selected Sulfonamides
Compound/Code CAS # MF/MW Chemical Structure pK*®

o
Sulfamethizole 144-89-1 CoH 1oN4O2S; s o | - 1.86+0.30
SML 2703 \< T i : 529004

N—N o

N o

Sulfathiazole-Na 144-74-1 CoHgN30,8:Na E\ Q_QAONMM 2.01+0.30
STZ 2773 ¢ | 7.11£0.09
Sulfamethazine-Na C12H13N,0,8Na gl 2.07+0.30
SMN 1981584 " 5005 \ />7 T < > 7492013

Q
Sulfamethoxazole CioH1N;058 A n_% 1.85+0.30

SMX 723-46-6 2533 5.60 +0.04

—N 4
Sulfadimethoxine-Na e C1:H13N;04S8Na > a 2.13+0.30
SDM 1037509 3323 “>\_/>7” I M 6.0840.09

2 Reference 39.

concentrations of a number of commonly used antibiotics were  The potential threat of antibiotics to humans and wildlife
detected in CAFO lagoons, including tetracyclines (1 mg/L), brings about an urgent need to control the spread of antibiotics
lincosamides (1.2 mg/L), and sulfonamides (6 mg/L). Therefore, and antibiotic resistant bacteria from CAFO lagoons to other
the anaerobic lagoons can act as reservoirs of various antibioticsgnvironments. So far, only a few studies have investigated the
and subsequently, lagoon bacterial populations may developdecomposition of antibiotics in surface, drinking, and distilled
strong resistance to these antibiotics. In a recent nationalwaters caused by sunlight, chlorine, and ozo2&—<31). No
reconnaissance conducted by the U.S. Geological Survey, aresearch has been conducted on the removal of antibiotics from
variety of human and veterinary antibiotics were detected in anaerobic lagoons at the sites of confined animal feeding
sampled U.S. stream&®). Many sulfonamides were detected operations. Chlorine is a primary disinfectant used in water and
in landfill leachate and down gradient groundwater, indicating wastewater treatment facilities in the United States. It was
a high mobility of these antibiotic4.7). In particular, antibiotics ~ reported that free chlorine (FC) was effective in eliminating
were more commonly found in surface and groundwater near (transforming) antibiotics (such as sulfonamides, carbadox, and
CAFOs and near the sites where CAFO manure was field trimethoprim) from distilled and surface waters (282).
applied as fertilizer (518—20). Seepage, runoff, and field Chlorine can transform antibiotics due to its strong oxidation
application of the lagoon slurry may lead to contamination of potential as well as inactivate lagoon bacteria due to its strong
surrounding surface and groundwater with antibiotics and disinfection potential.
antibiotic resistant bacteria (21). The objective of this study was to investigate the potential
The occurrence of antibiotics in our environment presents ©f FC for decomposing antibiotics and simultaneously inactivat-
two potential risks. First, antibiotics select for resistant bacteria ind bacteria in lagoon wastewaters of a swine production facility.
in livestock bodies as well as in anaerobic lagoons used for Sulfonamides were selected as model antibiotics in this study
animal waste storage. Second, the presence of antibiotics inP&cause of their high concentration (i.e., 6 mg/L) detected in
streams, lakes, and water supplies encourages the growth offn@erobic lagoons relative to other antibiotics such as tetracy-
resistant bacteria in humans and wildli22}. Many veterinary ~ clines, lincosamides, macrolides, and trimethoprim (15). The
antibiotics have a structure and mode of action similar to those ffects of lagoon wastewater properties on chlorine treatment
of human antibiotics 23). Consequently, the same antibiotic efficacy were aIS(_) assessed. In addition, _th_e potentlal reactivity
resistance genes and gene transfer mechanisms can be found @f menochloramine (MCA) toward antibiotics and lagoon
the microfloras of both animals and humas. (Evidence is bacteria was evaluated for comparison purposes. A significant
mounting that antibiotic resistant enteric bacteria can transfer @mount of dissolved ammonia was present in lagoon wastewa-
from animals to man via the food chain or by direct contact, (€S that could rapidly generate MCA upon addition of FC.

resulting in the establishment of a community reservoir of

resistant genes2$). Microbial resistance to antibiotics is on MATERIALS AND METHODS

the rise. For example, Goni-Urriza et a25) investigated the ReagentsFive study sulfonamides, including sulfamethizole (SML,
impact of an urban effluent on antibiotic resistance of freshwater >99%), sulfathiazole (STZ>99%), sulfamethazine (SMN;99%),
bacterial populations. The researchers reported that 72% ofsulfamethoxazole (SMX>99%), and sulfadimethoxine (SDM, 98%)
Aeromonastrains and 20% dEnterobacteriaceastrains were ~ Were purchased from Sigma (St. Louis, MO). The important physical
resistant to nalidixic acid. In additionEnterobacteriaceae .Chemi.cal properties of these sulfonamide_zs are des.cribéwme L
exhibited resistance to tetracycline (24%) dhthctams (21%), including molecular formula, molecular weight, chemical structure, and

d hibited B i o d acid dissociation constantsKp. An antibiotic stock solution was
and Aeromonasgexhibited resistance to tetracycline (28%) and ,repared as a mix of the five sulfonamides with a concentration of

CotrimO)'(azole (2?%)- The pqtehtial qontamination of ground- 100 mg/L for each compound. When stored in amber bottles and in
water with bacteria and antibiotic resistant genes was found asdarkness to minimize potential decomposition by light, the antibiotic
far as 100 m downstream of swine lagoo@§,(26). stock solution was found to be stable for over 2 months.
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Figure 1. Detection of sulfonamides with an HPLC system: (A) HPLC chromatogram of sulfonamides (detection wavelength = 254 nm, C = 5 mg/L
for each sulfonamide; retention times are given in minutes in parentheses) and (B) characteristic ultraviolet spectra of sulfonamides (C = 0.04 mM for
each sulfonamide). Experimental conditions: MQ matrix, KH,PO, = 10 mM, NaClO, = 50 mM, and pH 7.6.

Certified ACS-grade ammonium chloride, sodium hydroxide, sodium Australia). The concentrations of FC and MCA were determined by
perchlorate, potassium phosphate monobasic, and trace metal gradeising Hach methods 8021 (total DPD method) and 10172 (indophenol
perchloric acid (67—71%) were purchased from Fisher Scientific (Fair method), respectively.

Lawn, NJ). Sodium hypochlorite>4% by weight), purchased from Sulfonamide concentrations were determined with a Waters high-
Aldrich (Milwaukee, WI), was used as the source of FC. MCA was performance liquid chromatography (HPLC) system (Milford, MA)
freshly prepared at a concentration of about 20000 mg/L by mixing an consisting of a 717 plus autosampler, a 600 controller, and a 996
equal volume of 0.40 M NaOCI and 0.44 M NEI around pH 10.5. photodiode array detector at a detection wavelength of 254 nm. Data
Ammonium chloride was used in 10% excess to suppress the spontaneacquisition and peak integration were performed by the Empower
ous decomposition of MCA 33). Millipore water (MQ), with a QuickStart software. A reverse-phases €olumn (Luna 3um, 150
resistivity of at least 18.2 I®-cm, was produced with a water mm x 3 mm, Phenomenex, Torrance, CA) was used for sulfonamides
purification system (Millipore Simplicity 185, Millipore Co., Bedford,  separation and a guard cartridge (part KJ0-4282, Phenomenex) for
MA). NaOH and HCIQ solutions were prepared for pH adjustment.  protection of the & column. Two mobile phases were used in a binary

Analysis. Dissolved organic carbon (DOC) was analyzed by using gradient with a constant total flow rate of 0.5 mL/min. Solution A was
a Total Organic Carbon Analyzer (model TOC-5000A, Shimadzu Co.). prepared by mixing 90% (by volume) ammonium acetate solution (20
Soluble chemical oxidation demand (SCOD), free ammonia, nitrate, mM, pH adjusted to 5.7 by acetic acid) with 10% acetonitrile. Solution
nitrite, and total alkalinity were determined by Hach methods 8000 B was prepared by mixing 20% solution A and 80% acetonitrile. A
(dichromate reactor digestion), 10031 (salicylate method), 10020 binary gradient was programmed over a ramp of 30 min for each
(chromotropic acid method), 8507 (diazotization method), and 8203 analysis, varying from 90% of solution A to 100% of solution B in the
(digital titration with HSO, solution) with a DR/2010 portable initial 10 min, reverting to 90% solution A in 2 min, and maintaining
spectrophotometer, respectively (Hach Co., Loveland, CO). A digital this level for 18 min. The sample injection volume was set at 400
conductivity meter, coupled with a platinum probe from Fisher The sulfonamides were eluted in the increasing sequence of SML, STZ,
Scientific, was used to measure sample conductivity and the concentra-SMN, SMX, and SDM, as shown iRigure 1A. The retention times
tion of total dissolved solids (TDS) as well. The spectra of individual of the sulfonamides were somewhat affected by reaction matrices (i.e.,
sulfonamides and lagoon wastewaters were scanned by using a Variaagoon wastewaters). Therefore, as an additional confirmation tool, the
spectrophotometer (Cary 50 Conc., Varian Australia PTY Ltd., characteristic UV spectrum of each sulfonamide was used for enhanced
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and the vials were immediately vortexed. The reaction was allowed to
+ov o } .
proceed for 2.5 h. Thereafter, a specific amount of ascorbic acid was
INF A=1 EF A-2 added into the vials to quench the oxidant, and the antibiotic
concentrations were determined using the Waters HPLC system. The

concentrations of total chlorine, MCA, and free ammonia were analyzed
System A without addition of ascorbic acid in parallel samples under identical
experimental conditions. All oxidation experiments were performed in
g i duplicate at an ambient temperature (i.e..23 °C). _
W . - Ascorbic acid was selected as a quenching agent because of its weak
B-1 reduction potential as compared to commonly used sulfite and thio-
sulfate agents. It was reported that amine-containing pharmaceuticals
were oxidized by hypochlorous acid to form chlorinated amines that

System B could be converted back into parent compounds by reaction with
<+ sampling sites thiosulfate (37).
Figure 2. lllustration of sampling sites in two swine lagoon systems. In bacterial disinfection experiments, lagoon samples were centri-
fuged at 1009 for 5 min at 4°C in an attempt to remove large
identification of specific sulfonamides, as showrFigure 1B. Standard suspended solids while retaining most of the 'bacteria in the supernatant.
most probable number (MPN) analysis was employed for bacteria The pretreated samples were buffered with 10 mM.R€, and
enumeration with brain—heart infusion (BHI) medium (35). adjusted to pH 7.6. This pH closely represented the natural pH

Sample Collection.Samples were grabbed from two parallel lagoon  ¢onditions of the lagoon systems. Moreover, at this pH, the speciation
systems (designated systems A and B) on an intensive swine productiorPf FC yielded approximately 50% HOCI and 50% OCThe pk; of
facility located in central Missouri from March to May of 2004. Each ~hypochlorous acid was reported to be 7.63 af@338). Aliquots of
lagoon system consisted of two anaerobic treatment lagoons. The first-> ML of pretreated sample were distributed to a series of 25 mL sterile
stage lagoon received swine wastes periodically flushed from the swine conical vials. After the addition of a desired amount of FC or MCA,
barns, functioning as a primary treatment lagoon. The second-stagethe Vials were immediately vortexed. The reaction was allowed to
lagoon received overflow from the first-stage lagoon, functioning as a Proceed for 2.5 h in short-term disinfection and 7 days in long-term
polishing lagoon. In system A, the first-stage and second-stage lagoonsdisinfection. The disinfectant was added to a new sample every 15
(designated A-1 and A-2) had water surface areas of about 0.4 and 0.7MiN- This time interval was required to comple_te the serial dilutions of
acres, respectively. In system B, the first-stage and second-stage lagoon§ach sample for the subsequent MPN analysis. No effort was made to
(designated B-1 and B-2) had water surface areas of about 0.8 and 1.¢fluench the disinfectant prior to sample serial dilutions considering that
acres, respectively. From the edge to the center of these lagoons, thdhe addition of a quenching reagent could disturb bacterial incubation.
water depth varied from 0.3 to 2.7 m. Swine waste solids tended to
accumulate in the first-stage lagoons (i.e., A-1 and B-1), resulting in a RESULTS AND DISCUSSION

sludge depth of 0:31.2 m. The sampling sites are illustratedrigure h o h . hvsi
2, including the influent (INF) and effluent (EFF) of the first-stage Lagoon Wastewater Characterization. The major physi-

lagoon and the bulk wastewater of the second-stage overflow (OV) cal—chemical properties of lagoon wastewaters, including pH,
lagoon. We were informed by the swine facility owner that only SCOD, DOC, free ammonia, nitrate, nitrite, total alkalinity, TDS,
bacitracin was applied to treat swine diseases in the history. Our liquid conductivity, UV absorbance at 254 nm, and specific ultraviolet
chromatography/mass spectrometry analysis indicated that none of theabsorbance (SUVA), were analyzed after lagoon samples were
five studied sulfonamides was detected in these lagoon matrices. centrifuged and filtered as described above. These properties
The two lagoon systems were similar except that an aerator (model gre summarized iTable 2.

Aerobisizer, Lagoon Resolutions Co., Lexington, NE) was installed in In system A, the pH values of three wastewaters (i.e., INF
the first-stage lagoon of system B (B-1). Intermittent aeration introduced EEF. and OV),Were slightly above neutral, ranging from,7 50’
more dissolved oxygen into the lagoon and provided some mixing of ’ . ’ :

to 8.28. The pH tended to increase gradually along the flow

lagoon contents. It was observed that aeration substantially improved ;
bacteria activities in the B-1 lagoon. The color of the B-1 lagoon turned Path. The SCOD values were determined to be 1102, 302, and

consistently purple, especially in warm seasons, probably due to the 145 mg/L for the INF, EFF, and OV, respectively. This suggests
abundance of photosynthetic purple bacteria that could consume odorthat the lagoons were quite effective in organic decomposition
compounds such as hydrogen sulfide, ammonia, and excess volatileand a total SCOD reduction of 87% was achieved. The DOC
fatty acids (36). In contrast, prior to aerator installation, both the B-1 data showed a similar trend as the SCOD, achieving a reduction
and the A-1 lagoons showed a consistently grayish or black color with of 819 from the INF to the OV. Nitrogen was analyzed in three
strong emissions of an unpleasant odor. _ forms such as free ammonia, nitrate, and nitrite with their
Experimental Procedures. In antibiotic oxidation experiments, concentrations all expressed in mg/L as N. It is noted that the

lagoon samples were first centrifuged at 21000910 min by using INF was collected when fresh swine waste was flushed out of
a programmable Thermo Forma centrifuge (Marietta, OH). The . o . . i
swine barns, thus containing a high concentration of N

supernatant was further filtered through a 0.4B nylon filter . - .
(Whatman Inc., Sanford, ME). The suspended solids were purposely containing compounds such as urea and proteins. Anaerobic

removed by this means to exclude the interference of potential decomposition of organic nitrogen in the first-stage lagoon A-1
adsorption of sulfonamides onto solid surfaces, as well as to preventgenerated a significant amount of ammonia, resulting in
the reversed-phasagzolumn from clogging during antibiotic analysis.  detection of more ammonia in the EFF (390 mg/L) than in the
The pretreated lagoon samples were frozen in a refrigerator until use.INF (141 mg/L). The second-stage lagoon A-2 had a decreased
Antibiotic oxidation experiments were conducted in a series of 5 gmmonia concentration, 165 mg/L. A low concentration of
mL glass vials with lagoon wastewaters used as reaction matrices. pjtrate (2.9—3.8 mg/L) was detected in all three wastewaters,
Millipore water was also utilized as a control matrix. The effect of pH but nitrite was only detected in the OV with a concentration as
was investigated at pH 6.6, 7.6, and 8.6, which encompassed the leOW as 0.65 mg/L. Ammonia reduction in the A-2 lagoon was

conditions of the lagoon systems. Antibiotic reaction solutions were . . S
prepared separately in each matrix with each of the five studied probably attributable to the direct assimilation of Nty lagoon

sulfonamides set at an initial concentration of 5 mg/L. After they were Plants and/or nitrification to N& and NG in the top aerobic
buffered with 10 mM KHPO, and adjusted to a desired pH value, layer by autotrophic nitrifying bacteria, followed by the lagoon
aliquots of 4 mL of reaction solution were dispensed to a number of 5 plants’ assimilation of N@ or denitrification of NQ~ to N

mL glass vials. A desired amount of FC or MCA was added afterward, in the bottom anaerobic layer. As will be addressed later, the
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Table 2. Physical-Chemical Properties of Swine Lagoon Wastewaters
properties A-INF A-EFF A-OV B-INF B-EFF B-OV

pH 7.50 8.07 8.28 7.35 8.03 8.47
SCOD (mg/L) 1101.5+0.7 302.0+2.8 1450+ 1.4 1038.0 £5.7 2475+0.7 1255+35
DOC (mglL) 385.0+4.2 1170+ 2.8 73.0+54 359.0+7.1 799+13 42.7+52
NH3—N (mg/L) 141.0+14 390.0+14.1 165.0+7.1 1200238 200.0+2.8 14.0+0.7
NO;~—N (mg/L) 29+08 38+0.1 3717 32+06 39+07 30+06
NO, =N (mg/L) ND@ ND 0.65+0.01 ND ND 0.10+0.01
total alkalinity (mg/L) 5125+35 1405.0 £21.2 620.0 +14.1 5385+9.2 7225+35 2350+7.1
TDS (mglL) 1370 2510 1360 1430 1570 680
conductivity («S/cm) 2060 3760 2035 2140 2350 1030
UVasanm 1.753 2.179 1.145 1.687 1.452 0.653
SUVA (L/mg m) 0.455 1.862 1.568 0.470 1.817 1.529

2ND, not detected.

concentration of ammonia played a critical role in the oxidation materials, and microorganisms. In particular, high concentrations
of antibiotics and disinfection of bacteria with FC. In the of ammonia in A-INF and A-EFF react with FC to generate
presence of dissolved ammonia, FC would be quickly converted MCA. MCA may continue to oxidize antibiotics, although at a
much slower rate. The lagoon sample A-EFF contained more
In system A, the EFF exhibited the highest total alkalinity ammonia than A-INF did, leading to more MCA generation and,
subsequently, more antibiotics decomposition after the initial
cm). The anaerobic digestion of fresh swine waste in A-1 lagoon reaction. In contrast, in A-INF, more antibiotics were decom-
could produce more soluble solids, resulting in an increased posed during the initial reaction because less FC was consumed

to MCA.

(1045 mg/L), TDS (2510 mg/L), and conductivity (376&/

TDS concentration and conductivity in the EFF. The ultraviolet by ammonia.

absorbance was measured at 254 nm, and SUVA was calculated The decay of total chlorine follows a pattern similar to that

from the values of Uyss and DOC. Because the maximum
SUVA was found to be 1.862 L mg m™? for the EFF, the

humic acid.

In system B, the INF showed similar properties to that of
system A. However, more reduction of SCOD, DOC, {\tdtal
alkalinity, TDS, conductivity, and Ua,mwas found in both
EFF and OV of system B. In particular, a much lower
concentration of ammonia (14 mg/L) was detected in the OV,
which could significantly reduce the effective dosage of FC.
Green algae were observed to actively grow in the B-2 lagoon

of the decomposition of antibiotics, as showrFigure 3B. In

MQ, the presence of total chlorine residue implies that some
lagoon wastewaters seemed to contain only a low fraction of chlorinated organic byproducts are still reactive toward DPD.
The total chlorine residue should not contain any FC; otherwise,

more antibiotics would be decomposed. Sulfonamides contain

an amino group NH,) whose two hydrogen atoms can be
readily substituted by chlorineg). Therefore, it seems likely

that the chlorinated amine group possesses reactivity toward
DPD. In A-INF and A-EFF, the total chlorine residue can consist
of MCA and some actively chlorinated organic byproducts.

On the basis of the qualitative kinetic data, a reaction time

during the sampling period (i.e., March to May), which may of 2.5 h was selected for subsequent dose-and-response experi-
assimilate more ammonia and nitrate. The nitrification process ments. The reaction could approximately reach completion

may also be enhanced because green algae could produce extraithin this time period.

dissolved oxygen. In contrast, no algae were observed in A2 Oxidation of Antibiotics with FC. Oxidation of antibiotics
was first conducted in MQ and the INF, EFF, and OV of system
On the basis of the measured properties of the wastewatersA. Results indicate that all sulfonamides are decomposed at 25
system B appeared to function better than system A. The mg/L FC dose (353M) at pH 6.6 in MQ Figure 4). The initial
improved functionality of system B was probably ascribed to concentration of each sulfonamide was 5 mg/L, resulting in a
the intermittent aeration of B-1 lagoon. Aeration appeared to molar concentration of 18,8M SML, 18.0uM STZ, 16.7uM
encourage the growth of purple bacteria in this lagoon and SMN, 19.7uM SMX, and 15.0uM SDM. The total molar
significantly improved the quality of the EFF. The large water concentration of all sulfonamides is 8&«. The molar ratio
surface areas of the B-1 and B-2 lagoons reduced their organicof FC to sulfonamides for complete antibiotics removal is thus
loadings, which may also contribute to the enhanced perfor- calculated to be 4.01:1 on average. Besides substituting the two
amino hydrogen atoms, chlorine may also attack the benzene
ring of a sulfonamide as well as reaction byproducts such as
was investigated with batch experiments. Reaction kinetics was 3-amino-5-methylisoxazoled@). In contrast, high FC doses of
first examined to determine an appropriate time for accomplish- 700, 2000, and 1100 mg/L are required to attain complete
ing reaction completion. The oxidation experiments were removal of sulfonamides from A-INF, A-EFF, and A-OV at
conducted in MQ water, A-INF, and A-EFF over a time period PH 6.6, respectively, primarily due to the presence of ammonia
of 5 h. Three representative chlorine doses of 10, 500, and 500(Figure 4). The chlorine consumption by sulfonamides, as
mg/L were applied to MQ, A-INF, and AEF matrices, respec- €xhibited in MQ matrix, is insignificant in comparison with the
tively. Results indicate that the reaction kinetics can be chlorine consumption by the natural organic compounds present
qualitatively characterized by a rapid initial decomposition of in A-INF, A-EFF, and A-OV. Therefore, the chlorine demands
antibiotics upon addition of FC and a subsequent much slower of the INF, EFF, and OV of lagoon system A were ap-
decomposition rate (Figure 3A). In MQ, FC reacts with proximately 700, 2000, and 1100 mg/L at the reaction time of
antibiotics and the reaction curve levels off quickly after an 2.5 h. Among the five antibiotics examined, SDM appears to
initial decomposition of antibiotics. However, in A-INF and be most reactive, while SML is the least reactive toward FC.

lagoon.

mance of system B.
Reaction Kinetics. The oxidation of sulfonamides with FC

A-EFF, FC can react with antibiotics, ammonia, natural organic

The concentrations of total chlorine, MCA, and ammonia that
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Figure 3. Oxidation of sulfonamides with FC as a function of reaction time in Millipore water and the INF and EFF of system A: (A) decomposition of
sulfonamides and (B) decay of total chlorine. Data are from duplicate runs (means + standard deviation). Experimental conditions: pH 6.6; for MQ, FC
dose = 10 mg/L, KH,PO, = 10 mM, and NaClO, = 50 mM; for A-INF and A-EFF, FC dose = 500 mg/L.

were determined at the end of each reaction in MQ, A-INF, tion of 165 mg/L, similar to A-INF. Consequently, a similar
and A-EFF are plotted as a function of FC dosé&igure 5. In antibiotics decomposition pattern is observed. Complete removal
MQ, the concentration of total chlorine residue increases linearly of sulfonamides is achieved at 790100 mg/L FC doses in

up to 25 mg/L FC dose and thereafter increases more quickly A-OV at pH 6.6 EFigure 4). In brief, it is clearly seen that
due to the complete removal of all sulfonamides. According to ammonia is a critical factor that controls the effective dose of
chlorination chemistry, MCA is predominately formed when FC that can completely remove antibiotics. The higher the
the applied GEINH3;—N ratio (CNR) is less than 5:1 (by weight).  ammonia concentration that is present in swine wastewater, the
As CNR increases from 5:1 to 7.6:1, a breakpoint reaction larger the FC dose that will be required for decomposition of
occurs, reducing the total chlorine residue level to a minimum. antibiotics.

As CNR goes above 7.6:1, FC and trichloramine start to appear The effect of pH on antibiotics decomposition is exemplified
(40). The ammonia concentrations in A-INF and A-EFF were by SMX in A-INF and A-EFF, as shown iRigure 6. Results
determined to be 141 and 390 mg/L, respectivdlgle 2). indicate that the decomposition of SMX generally favors a low
To reach 5:1 and 7.6:1 of CNR, FC doses as high as 705 andpH. This also holds true for all of the other sulfonamides within
1072 mg/L are required for A-INF and 1950 and 2964 mg/L the pH range of 6.68.6 in A-INF and A-EFF. Dodd and Huang
for A-EFF, respectively. Results iRigure 5 indicate that for (32) reported that HOCI, rather than OClrepresents the
A-INF, the total chlorine residue curve exhibits a hump and a primary oxidant species reacting with SMX. As the pH
valley at 700 and 1100 mg/L FC doses, respectively. Ammonia decreases, the fraction of HOCI increases; thus, more SMX gets
gets completely destroyed at 1100 mg/L FC dose (i.e., GNR  decomposed during the initial reaction. It should be pointed out
7.6:1, breakpoint), and the maximum MCA concentration that once FC is depleted and MCA takes over to become the
appears at 700 mg/L FC dose (CNR 5:1). The complete primary oxidant species, pH will have no effect on MCA. The
removal of antibiotics can only be achieved at the CNR of 5:1 pK,of MCA was reported to be as low asl.45 (41), so MCA

in A-INF at pH 6.6 Figure 4). Our experiments also show that  speciation is negligible, except under an extremely acidic pH
at pH 7.6 and 8.6, a CNR of 7.6:1 is needed to decompose allcondition. Moreover, the speciation of sulfonamides under
sulfonamides in A-INF. Similar results are observed for A-EFF. different pH conditions can also affect the overall reaction rate
The total chlorine residue curve shows a hump and a valley at because neutral and charged sulfonamides have varied reac-
2000 (CNR= 5:1) and 3000 mg/L (CNR= 7.6:1) FC doses, tivities toward FC. Therefore, the overall reaction rate between
respectively. Ammonia gets completely destroyed at 3000 mg/L FC and sulfonamides may not always increase as pH decreases.
FC dose, and the maximum MCA concentration appears at 2000 The oxidation of antibiotics with FC was also studied in the
mg/L FC dose. All antibiotics are decomposed at the CNR of INF, EFF, and OV of system B at pH 7.6, as showrFigure
5:1in A-EFF at pH 6.6 Figure 4). At pH 7.6 and 8.6, a CNR 7. The ammonia concentrations were determined to be 120, 200,
of 5:1 can also decompose all sulfonamides, although at aand 14 mg/L in B-INF, B-EFF, and B-OV, respectively. To
decreased reaction rate. A-OV contains an ammonia concentra-oxidize all antibiotics, the respective FC doses are 700, 1100,
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40 concentrations of total chlorine and MCA are expressed in mg/L as Cl,,
20 | and the concentration of ammonia is expressed in mg/L as N. Data are
from duplicate runs (means + standard deviation). Experimental condi-
Y X g T T tions: reaction time = 2.5 h; for MQ, KH,PO, = 10 mM and NaCIlO, =
0 500 1000 1500 2000 2500 50 mM; for A-INF and A-EFF, pH 6.6.
FC (mg/L)

. iy . . . e pHB6 — 0 —pH7.6 - A Ha6
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Millipore water and the INF, EFF, and OV of system A. Data are from AINF
duplicate runs (means * standard deviation). Experimental conditions:
reaction time = 2.5 h and pH 6.6; for MQ, KH,PO, = 10 mM and NaClO,
= 50 mM.
and 100 mg/L, corresponding to a CNR value between 5:1 and
7.6:1 for specific wastewaters. The CNR values agree with those
found in system A. In particular, the OV contains a very low
ammonia concentration; thus, a 100 mg/L FC dose can AEFF
completely oxidize all of the antibioticsFigure 7). The
concentrations of total chlorine, MCA, and ammonia were
monitored at the end of each reaction in B-OV. Results in
Figure 7 further indicate that the maximum concentration of
MCA appears at 75 mg/L FC dose (CNR 5:1), and all
ammonia gets destroyed at a 100 mg/L FC dose (GNR6:
1).
Oxidation of Antibiotics with MCA. As a comparison, the ° 0 500 1000 1500 2(;)0 2500

application of MCA to antibiotics oxidation was investigated
in MQ water and one swine wastewater (A-INF) at pH 6.6. The
dose of MCA is expressed as mg/L.CFigure 8 shows the
decomposition of sulfonamides and the change in total chlorine 1 - » tand
and MCA concentrations as a function of the MCA dose. Results T standard deviation). Experimental conditions: reaction time = 2.5 h;
indicate that MCA oxidizes sulfonamides more slowly than FC. for MQ, KH:PO; = 10 mM and NaClO, = 50 mM.

In MQ, at an MCA dose of 25 mg/L (as £} only SDM is dose can decompose all sulfonamides in M&@(re 4). The
completely removed (Figure 8A). In contrast, a 25 mg/L FC rate of sulfonamide decomposition significantly decreases when

FC (mgiL)
Figure 6. Effect of pH on SMX decompostion with FC in Millipore water
and the INF and EFF of system A. Data are from duplicate runs (means
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the MCA dose is above 50 mg/L (as &l probably due to decomposition follows, probably due to enhanced self-decom-
enhanced self-decomposition of MCA at higher concentrations position of MCA at high concentrations. SDM is the only
to other combined chlorine forms (e.g., dichloramine and antibiotic that gets completely removed, while part of the other
trichloramine). The residual concentrations of total chlorine and sulfonamides remains in the wastewater, even at the highest
MCA respond linearly to the MCA doseFigure 8A). The MCA dose of 2000 mg/L (as @). As mentioned above, a 700
residual concentration of total chlorine increases more rapidly mg/L FC dose can completely oxidize all of the antibiotics in
with the MCA dose (slope= 0.82) than that of MCA (slopes A-INF at pH 6.6. This indicates that FC is more efficient in
0.18). At 250 mg/L (as G) MCA dose, MCA residue (47.5  oxidizing antibiotics in ammonia-containing swine wastewater
mg/L) only contributes to 23% of total chlorine residue (208 than MCA. Results also indicate that similar to what is observed
mg/L). This difference may be attributed to the formation of in MQ, the total chlorine and MCA residues increase as a linear
actively chlorinated byproducts and other combined chlorine function of a MCA dose in A-INF with a slope of 0.72 and
forms. Results also indicate that SDM appears to be most0.18, respectively. Again, the difference between total chlorine
reactive while SML is least reactive toward MCA. This is similar and MCA may be attributed to the formation of actively
to the observed reactions between FC and sulfonamides. chlorinated byproducts and other combined chlorine forms in
MCA was also directly applied to swine wastewater, taking swine wastewater, which still possess reactivity toward DPD.
A-INF as an example, up to a dose of 2000 mg/L (ag.Cl In addition, more total chlorine and MCA remain at the end of
Results inFigure 8B indicate that in A-INF the decomposition  each reaction in MCA applicationF{gure 8B) than in FC
of antibiotics is relatively effective up to a 500 mg/L (as)Cl  application Figure 4). For example, with a 2000 mg/L (as£!
MCA dose. Above this dose, a much slower rate of antibiotics oxidant dose, the residual concentrations of total chlorine and
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MCA were determined to be 1380 and 372 mg/L in the MCA

A) ‘—O—A—]NF — o -AEF
10E+12 application and 555 and 9 mg/L in the FC application,
10E+10 respectively. Less consumption of the oxidants in the MCA
- ’ application may reflect less decomposition of antibiotics.
£ 1'°E+°8|," Short-Term Disinfection of Bacteria. Our previous work
k) 1.0E+06 found that a notable portion of bacteria in the A-1 lagoon
z ! exhibited significant resistance to selected antibiofzs. \When
1.0E+04: : .
= k BHI, a medium, was separately amended with 32 mg/L
1.0E+02 lincomycin, chlortetracycline, and tetracycline and 256 mg/L
SMN, the percentages of culturable lagoon bacteria reached 23,
10800 7 ' ' ' ‘ 100, 29, and 4%, respectively, as compared to antibiotic-free
0 500 1000 1500 2000 2500 e  Tesp Y, \pare : .
controls (34). To prevent release of antibiotic resistant bacteria
MCA (mg/L as Cl;) from swine lagoons into surrounding environments, the disin-
fection potential of FC and MCA was investigated in this work.
Total bacteria populations were enumerated to evaluate disinfec-
B) |+A-INF —-EI-—A-B=F| tion efficiencies instead of specific antibiotic resistant bacteria
| populations.
1.0E+12 1 OE+0B o i ) ] . .
1 : Disinfection experiments were first carried out in A-INF and
‘,ET 108410 1.0E+06 |} A-EFF with a reaction time of 2.5 h using FC and MCA
% 1.0E+08;% 1.0E+04 = = separately. The lagoon sample A-INF contained approximately
> 1.0E+06. : 1.0E+02 4 | 1 order of magnitude more bacteria than A-EFF. Results indicate
o s 50 75 100 that the bacteria are rapidly inactivated with a MCA dose of 50
= 1.0E+04} . A
k mg/L (as C}); thereafter, a much smaller inactivation rate
1.0E+02 follows, up to a MCA dose of 2000 mg/L (as £Llfor both
1.0E+00 ‘ : . ‘ matrices (Figure 9A). With a 50 mg/L (as §IMCA dose, the
0 500 1000 1500 2000 2500 bacterial inactivation efficiencies are approximately 4 log and
FC (mg/L) 3 log for A-INF and A-EFF, respectively. With a 2000 mg/L
(as Ch) MCA dose, the inactivation efficiencies increase to
Figure 9. Inactivation of bacteria in the INF and EFF of system A with approximately 7 log and 5 log for A-INF and A-EFF, respec-

tively. FC exerts a potential on bacterial inactivation that is
similar to that of MCA, as shown ifigure 9B. With 50 and
2000 mg/L FC doses, approximately 4 log and 7 log inactivation

(A) MCA and (B) FC. Data are from three-tube MPN assays that were
run twice (means of MPN + standard deviation). Experimental condi-
tions: reaction time = 2.5 h, pH 7.6, and room temperature (23 + 1 °C).
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Figure 10. Long-term disinfection of bacteria with FC as a function of reaction time in systems A and B. Data are from three-tube MPN assays that were
run twice (means of MPN + standard deviation). Experimental conditions: pH 7.6 and room temperature (23 + 1 °C).
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efficiencies are achieved for A-INF and 3 log and 6 log for
A-EFF, respectively.

It is noted that about 20—40 cfu/mL bacteria could survive
the highest dose (i.e., 2000 mg/L) of either MCA or FC. The
A-INF and A-EFF were simply pretreated by centrifugation at
1000g for 5 min; the small particles that remain in the
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of optimized treatment (i.e., an aerated first-stage lagoon
followed by a second-stage polishing lagoon). Such high
chlorine doses are likely to create high concentrations of
chlorinated disinfection byproducts with potential environmental
or human toxicity. These results suggest that the adoption in
the United States of the European Union policy of not using

wastewater may protect bacteria from being inactivated by a antibiotics for growth promotion at CAFOs may be a better
disinfectant, even if a high dose is administered. In addition, means of redut_:ln_g the releas_e of antibiotics an_d antibiotic
the natural organic materials present in the wastewaters mayresistant bacteria into the environment than treating the EFF

consume a significant fraction of the disinfectant. In our previous
work, two bacterial strains in A-1 lagoon that survived a chlorine
dose of 500 mg/L were isolated and identified as being closely
related toBacillus subtilis and Bacillus licheniformis(34).
Although a small portion of bacteria possess resistance to MCA
and FC, a disinfectant dose of 50 mg/L still achieves a bacterial
inactivation efficiency of 3—4 log in A-INF and A-EFF.

Long-Term Disinfection of Bacteria. Because the retention

time of wastewater in anaerobic lagoons can be as long as a

few months, according to the information provided by the swine
facility owner, the long-term effect of disinfection with FC was
further examined in all wastewaters from systems A and B, over
a time period of 7 days. Results igure 10 indicate that the
bacteria population tends to rebound after an initial decrease in
most cases, probably due to the availability of abundant organic

materials and nutrients present in the wastewaters. However, a

complete inactivation of bacteria is achieved with a 100 mg/L
FC dose in A-OV after 7 days and in B-OV after 3 days. The
OVs in both systems A and B have a lower initial bacteria
population and less organic content than the INF and EFF, which
may contribute to the higher disinfection efficiency obtained.
With a 100 mg/L FC dose, the concentration of total chlorine
was determined in B-OV to be 2.2 mg/L after 7 days. The
persistence of total chlorine residue leads to continuous inactiva-
tion of bacteria in B-OV and makes extended disinfection
feasible.

Taking both antibiotics removal and bacterial inactivation into
consideration, with a 100 mg/L FC dose, all antibiotics are
decomposed after 2.5 h and all bacteria are inactivated after 3
days in B-OV. In A-OV, although the bacteria are completely
inactivated after 7 days at the same dose of FC, much more
chlorine (i.e., 1100 mg/L) is required to completely remove
antibiotics because of its higher ammonia concentration. For
the INF and EFF of both systems A and B, the FC dose for
complete removal of antibiotics ranges from 700 to 2000 mg/
L. Ammonia plays a critical role in antibiotics decomposition.

It is noted that intermittent aeration of lagoon B-1 significantly
improved the performance of system B, especially resulting in
remarkable reduction of ammonia in B-EFF and B-OV.
Therefore, a possible strategy for treatment of swine wastewater
is to aerate the first-stage lagoon and chlorinate the EFF of the

waters.
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