THE BIODEGRADATION OF ACETAMINOPHEN IN

ACTIVATED SLUDGE BATCH REACTORS

By
ALEXANDRIA BELLE ANDREW
Bachelor of Arts in Chemistry
College of the Holy Cross
Worcester, Massachusetts

2008

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
MASTER OF SCIENCE
December, 2009



THE BIODEGRADATION OF ACETAMINOPHEN IN

ACTIVATED SLUDGE BATCH REACTORS

Thesis Approved:

Dr. Gregory Wilber

Thesis Adviser

Dr. John Veenstra

Dr. William McTernan

Dr. A. Gordon Emslie

Dean of the Graduate College



ACKNOWLEDGMENTS

My utmost gratitude goes to my thesis advisor, Dr. Gregory Wilber, for his esepert
instruction, patience, and kindness. | greatly enjoyed my time working with DyeiVi
who always had the answers to my questions. | would also like to extend my
appreciation to my thesis committee members, Dr. John Veenstra and DmWillia
McTernan. Many thanks to the entire Oklahoma State University Departmennilof Ci
and Environmental Engineering; the time | spent there will alwaysmhembered fondly

and with pride.

Thank you to Dr. Sarah Petty, Assistant Professor of Chemistry at thgeofléhe

Holy Cross. You are a fantastic mentor; thanks for always having your dffazeopen

to me, and for your constant encouragement. | would also like to thank Dr. Kimberley
Frederick, Assistant Professor of Chemistry, for advising me to studyemantal
engineering. You nailed it! My gratitude to the entire Chemistry deyeattat the

College of the Holy Cross for all of the wonderful research experiencenandedge

you gave me; it was essential to my graduate work.

Finally, a thousand thanks to my family: my mom, Susan, my dad, Jim, and my sister,
Ana. Mom and Dad, you have been especially important in my success, as you are

always full of good advice and continuous support. You two were there every step of the



way and | can’t thank you enough. Ana, you are a fantastic sister, conktadihg a
hand and ready listen. | am proud of you and all of the things you do. | would like to
also thank my other half, Bryan Kindrick, who was always there for me. Thanks for
answering my excited calls about the color change in the abiotic reaaibe e best!

Thanks again, and | love all of you!!



TABLE OF CONTENTS

Chapter Page

[ INTRODUGCTION ...ttt ettt ettt et e e e e e e e e e e e e e e e e e s aannannbenneees 1
Pharmaceuticals and Public Health..............cccooi i 1
ACETAMINOPNEN ...t 2
Yot o LI o1l [ 1Y7= 1S3 1o F= U1 o o 1R 4

[I. REVIEW OF LITERATURE........cii ittt ettt e e 6
Acetaminophen and Public Health..............cc 6
Abiotic Degradation of ACEtamiNOPNEN .........uuueeiiiiiie e 7
Biodegradation of AcetaminOpPhen ..............uuuuiiiiii 8
Removal of Acetaminophen in Drinking Water Treatment Systems .................... 10
Detection Of ACETaAMINOPEN ....coviiiiiiiiiiiai et e e e e e e e e e e eeeeeeeaaan 10

. METHODOLOGY ..ooiiiiiiiiiiieeeee ettt et e e e e e e e e e e e e e e e s s s s annsssbnraneeeeeeees 12
ANAIYLICAl METNOTAS ... s 12
INSTFUMENTALION ..eeiiiiiiiiee e e e r e e e e e e eae s 13
EXPerimental DESIQN .......ooviiiiiiiiiiiiiee ettt 13
L ST Te1 (0] £ PP 18



Chapter Page

V. FINDINGS ... e e e e e e e e e e e e e e e e bbb et et e e e e eeeeaeaaaeaaaaaaeasanans 20
ADIOLIC CONTIOIS ... ..t e e e e e e e e e e eeeeeeennnnes 20
y o= =10 ] L] o] = o R 20
P-AMINOPNENOI ... e 25
AerobiC ActiVated SIUAQE .......coee e e e 26
ACELAMINOPNEN ..o e a e 26
P-AMINOPRNENOL ... e e e e e 31
F N g E= T o] o [oR] (¥ o [o = PSSP 32
y o= =10 ] L] o] = o IS 32
P-AMINOPNENOL ... .. e 34
V. CONCLUSION ...ttt et e e e e e e e e e e aeeeaaaesaaans 36
ADIOTIC CONMIOIS ...ttt e e e e e e e e e e e e e e e e e e nnns 36
AerobiC ACHIVatEd SIUAQE .....coo oo 36
F N g F= T o] o (ol (U o o = 37
FUMher COMMEBNLES ... e e e e e 37
REFERENGCES .....oooiiiiiiiieie ettt e e e e e e e e e e e e e s e st eeeeaaaaaeaeeeens 39
APPENDICES ...ttt e ettt et e e e e aaea e e e e e e e e e e e s s nnnnnnerrrrennees 41

Vi



LIST OF TABLES

Table Page
1: Comparison of Experimental and Literature Biodegradation Rates..................... 29
2: Comparison of Acetaminophen Biodegradation Rates...........ccccoeeeeiiiiiiieiiiiiinnnnnn 29
3: Comparison of Background Acetaminophen-Inoculated Sludge ......................... 34

Vil



LIST OF FIGURES

Figure Page

NRPRPRRPRERPRRR R
QOO ~NOURARWNROOOINDTRAWNE

: Chemical Structure of ACetaminOPNEN ...........uuuveiiiiiiiiii e 2
: Chemical Structure @EAMINOPNENOL........ccoiiiiiiei e 3

: Synthesis of Acetaminophen frggaAminophenol ..., 4

: Calibration Data Using Acetaminophen at 280 NM ...........cccooeeeiiiiieiieeiiiiiin, 14
: Absorbance Spectrum @AmInophenol ... 15

: Absorbance Spectrum of Unknown Compound ..........ccceeveeeiieeeiiiiiieceeiiiieenn 16
: Calibration Data Using-Aminophenol at 300 NM .........eciiiiiiniieieeiieeeeeiiieees 17

: Dissolved Oxygen Concentration in Abiotic Reactor............cccccceeiiiiiiieeeeeeeeeneee, 18
: Abiotic Reactor Inoculated with 40 mg/L Acetaminophen...........ccccceeeiiiieneeeeenn. 21

: Abiotic reactor with Degradation of Acetaminophen.............ccccccceeeiiiiiiiieeenene, 22
: Degradation of Acetaminopheng@minophenol...............ccccoiiiiiiiii, 23

: Degradation gf-Aminophenol to Unknown Compound ...............cevvvvvviiiinnnnnn. 24

: Abiotic Degradation gF-AminOPNENOl ........ccooiiiiiiiiiiii e 25

: Exponential Fit of the Biodegradation of Acetaminophen ..........ccccceeviviieeennnne. 26
: Linear Fit of the Biodegradation of Acetaminophen ...........cccceeviiiiiiiiiiiiiiiiieiiinnn, 27
: Exponential Fit of the Biodegradation of Acetaminophen with Glucose............. 28
: Comparison of Abiotic and Aerobic Activated Sludge Trends.............cevvveennn. 30
: Exponential Fit of the BiodegradationpspAminophenol ................ccccceveieeennnn. 32

: Biodegradation of Acetaminophen in Anaerobic Activated Sludge.................... 33
: Biodegradation gi-~Aminophenol in Anaerobic Activated Sludge.................... 35

viii



CHAPTER |

INTRODUCTION

Pharmaceuticals and Public Health

Pharmaceuticals have recently been discovered in drinking water all over the
world, raising concerns about public health. (CBS News, 2008) Throughout the media,
discussions of the types of medications found and their related health hazards have
brought this issue to the attention of the general public. Investigators have found
medications ranging from antibiotics to analgesics, including azithronayua
acetaminophen. (CBS News, 2008) Acetaminophen has been found in the drinking
waters of major cities such as Atlanta, Minneapolis, New York City, and Oklahdya C
(CBS News, 2008) The potential health effects of ingesting this contathohat&ing
water are unknown, and researchers have been examining the acute and chraies toxici
due to these small concentrations. It is known that overdoses of acetaminophen in large
guantities can lead to liver damage and necrosis. (Rumack, 1975) It is alsolyelative
unknown whether conventional water treatment processes, such as coagulation,
flocculation, sedimentation, and filtration, are successful in removing these
pharmaceuticals. If the current treatment processes do not have adequate@inzcal

removal, it will be necessary to develop new treatment trains for the watey.suppl



Acetaminophen

Acetaminophen is one of the most common medicafimmsd in the wate
supply. (CBS News, 2@) It is found generally in small concentrationghe pg/L
range and is detected in approximately 75‘natural waterssuch as rivers and lal.
(Stackelberg, 2007 hemically, acetaminophen, also known as paracétanby the
trade nameTylenol, is commonly used as an analgesic for helagland other pairlt is
anodorless, white compound which is soluble in watenoom temperature
Structually, acetaminophen consists of a benzene ring,aaith one hydroxyl grou

substitution and an amide group in para position. The structure is displayed in Figt

SN

Figure 1: Chemical structure of acetaminop
(Acros Organics, 2009)

1.

As a commonly used analgesic, the fate of acetaminophtine bloodstream hi
been studied extensive (Rumack, 1975)its fate in natural waters, however, |
received less attention.

Acetaminophenypically degrades at room temperature with a waterent.

(Mohamed, 1997) The dominant degradation prodip-aminophenol, which i



commonly used as a developer in black and whie fihotography p-Aminophenol is ¢
highly toxic compound through inhalation, ingestaomd dermal contaciExtensive
exposure tg-aminophenol can result in necrosis, which is tleature death of cel

and living tissue. (Klos, 199 Figure 2 shows the chemical structure.

Figure 2: Chemical structure p-aminophenol
(Acros Organics, 2009)

As stateckarlier, ;raminophenol is the typical degradation produc
acetaminophen. ltis also used as the main redctatine synthesis of acetaminophel
reaction described in Figu3. Herep-aminophenol reacts with an acid to fo
acetaminophen. Thigaction is also reversible, in which case acetaphan degrade

to form p-aminophenol. The exact degradation produgp-aminophenowas not found

in the literature.
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Figure 3: Synthesis of Acetaminophen frp-Aminophenol
(University of Missoul-St. Louis, 2009)

The toxicity of paminophenol and the fact that acetaminophen isdfaumatural
water and treated waters are cause for concerareTi also an indication th
acetaminophen does in fact have residual persistericerwise its preser would not be

an issue.

Scope of Investigation

The purpose of this research is to investigatg#rsistence (acetaminophe.
Specifically, the fate of acetaminophen in water supply after treatment irtypical
wastewater treatmefdcility will be examined. Such a facilitypnosists of an activate
sludge processvhich contain@aerobichiological organisms used for the degradatio
the material in the influent wateMicroorganisms biodegradbese compouncto use
them in the gneral maintenance of the existing organisms anthegis of new bacteri
which is known asnetabolism.Compounds like acetaminophare believed to b
utilized in thesemetabolic pathways as a source of carkTo better quantify th

biodegradation chcetaminopheandp-aminophenol in suchtaeatment train, th



kinetics of the biodegradation reactions must be determined. In addition, these
compounds fate in abiotic aquatic reactors was also investigated. Ladihgjraey

studies of their fate under anaerobic conditions were performed



CHAPTER Il

REVIEW OF LITERATURE

Acetaminophen and Public Health

While the chronic effects on human health through trace exposure to
acetaminophen in the water is unknown, investigations regarding acute effectsron othe
organisms have been underway. One of these studies looked at the effects ofadigologic
relevant concentrations of acetaminopherirana pipens, or North Leopard frog,
tadpoles. (Fraker, 2004) Several tadpoles were exposed to acetaminophen carcentrati
of 0 pgl?, 1.0 pgl?, 10.0 pgt?, 100.0 ugrt, and 1000.0 pgl Their activity level was
then observed as either active, moving throughout the water, or inactive, lyiogastat
at the bottom or top of water. The startle response was also observed for those tadpoles
who were active, as well as the survivorship. (Fraker, 2004) To statisticaijyace
each investigation, two-way ANOVAs were performed. Exposure to acetaminophen at
all concentrations did not have any effect on the activity, startle respons®igosship
of the tadpoles. There was also no observed effect when coupling acetaminophen and
triclosan, even though triclosan alone had a major effect on the tadpoles. Acetaminophe
was also coupled with caffeine, as it is a common chemical found in water. This

combination did affect the activity levels of the tadpoles, even at the very low



concentrations. The reason for this is unknown. (Fraker, 2004) Overall, it is important
to remediate the water from these organic pharmaceuticals.

There is information known about the toxicity of acetaminophen in large,
medicinal doses. There are typically three phases to acetaminophen ovbelbss; t
being nausea and vomiting. The second phase is when what is known as heptatonecrosis,
dehydration and renal damage occurs. The third phase includes jaundice, hypiaglycem
and hepatic failure. Overall, acetaminophen in large quantities can be vegidgrto

the liver. (Rumack, 1975)

Abiotic Degradation of Acetaminophen

In comparison with the acetaminophen biodegradation information, it is necessary
to understand abiotic degradation of acetaminophen, which occurs without any bacterial
organisms. In a study concerning the thermal degradation of acetaminophen, it was
found that acetaminophen in its solid, dry form was stable at room temperature. The
degradation rate for the drug in this state increases with respect to temgerd 25°C,
the degradation rate is 1.12 E -7-hand increases to 1.78 E -6'tat 50°C. However,
with trace moisture, acetaminophen degrades more rapidly to p-aminophenoh, (Gilpi
2004) p-Aminophenol is a hydrolytic product of the degradation of acetaminophen, and
is commonly found in acetaminophen as an impurity. It is also used for the synthesis of
acetaminophen. This reaction can occur at room temperature, with water as a solvent.
(Mohamed, 1997) It is toxic via inhalation and dermal exposure, causing necrosis and
severe damage to the liver (Klos, 1992) and therefore vital to understand the kinetics of
p-aminophenol. Ip-aminophenol cannot be degraded biologically, it will not be

removed from the drinking water system, and will be harmful to the public health.



Biodegradation of Acetaminophen

After a literature search, two studies were found that studied the biological
degradation of pharmaceuticals, including acetaminophen, in municipal wastewater
treatment. A classification scheme was proposed by Adriano Joss, 2006, Btdting t
acetaminophen was biologically transformed by more than 90%, which means that this
compound should be readily biodegraded by the sludge found in wastewater treatment
facilities. This investigation was conducted using both conventional activate slndg
membrane bioreactor batch reactors, supplied with wastewater from the loca
municipality. Three experiments were run simultaneously: a control batcbuvit
sludge, a batch with diluted sludge and a batch with diluted sludge and substrate. The
reactors were all spiked with 3 pgacetaminophen, which is an environmentally
relevant concentration. The samples were analyzed by reversed-phake li
chromatography with detection by electrospray mass spectronietsg, 006) The
control reactors confirmed that sludge is necessary for the biodegradation of
acetaminophen, and when the sludge is present, a pseudo-first-order kinetic equation is
found to describe the resulting reaction: dC/dtigiXssS, with Xssbeing the sludge
concentration in terms of suspended solids, and S referring to the soluble compound
concentration. The resultingdfor acetaminophen was greater than 1g1dy,
making it a readily biodegraded chemical. (Joss, 2006) It was then concluded that
certain sludge characteristics were significant in the biodegoadaitiacetaminophen,
including the diversity of the activity of the biomass due to the differences inbratr

population or the enzymatic activity, the fraction of active biomass within tHe tota



suspended solids, and the floc size of the sludge for compounds being well degraded.
(Joss, 2006)

In addition to this study, another (Yamamoto, 2009) was conducted which
analyzed the concentration of acetaminophen and associated biodegradation, which
determined the persistence and partitioning of the pharmaceutical in aquatic
environments. The samples used were collected from rivers located in Japan, and were
inoculated with 100 pgt acetaminophen. The resulting &r biodegradation rate, was
found to be 0.014 Hr with a half life of 50 hours. The removal rate by the
microorganisms was found to be 96%. (Yamamoto, 2009) These biodegradation rates are
very important in determining if acetaminophen will be removed during the wastewat
treatment process.

Little is known about the anaerobic biodegradation of acetaminophen. One study
was found during the literature search that discussed the potential of anaerobic
biodegradation fop-aminophenol, a derivative of acetaminophen. Using total net gas
production as an indicator, 77 compounds were tested for anaerobic biodegradation
potential under methanogenic conditions. (Battersby, 1988) It was observed that
substituents to phenol inhibited biodegradation. Therefore, p-aminophenol, with its
amine substitutient, cannot be biodegraded anaerobically. (Battersby, 1988)fdtts s
say that acetaminophen will not be anaerobically biodegraded as well, b dessa
larger substituent thgmaminophenol, and therefore any potential for anaerobic

biodegradation will be inhibited.



Removal of Acetaminophen in Drinking Water Treatment Systems

A study by Stackelberg, 2007, observed the potential of a municipal drinking
water treatment facility in the removal of acetaminophen. If acetaminoph®tovieave
the wastewater treatment plant, at some point it is probable that the saneedd be
treated in a municipal water treatment plant. The maximum concentration foinnsl in t
study was 0.12 pg/L, and acetaminophen was found in 75% of the waters. After
undergoing clarification, disinfection, filtration, granular activated caraod,other
processes, the finished water acetaminophen concentration was 0.0003 pg/L, a 98%
removal rate. (Stackelberg, 2007) Acetaminophen can be removed to some extent

through the drinking water treatment train, if not removed by the wastewatespesc

Detection of Acetaminophen

Acetaminophen is typically detected using spectrophotometric methods, such as
high performance liquid chromatography or UV-vis. Both utilize the absorbance of
photons at specific wavelengths. The HPLC method was used in one study to determine
the concentrations of acetaminophen and its derivatives. (Shervington, 2000) Here, the
detection wavelength was 254 nm, and retention time was recorded. It took
acetaminophen 2.83 minutes, at a pump flow of 1 mL/min, to exit the column. It took the
rest of the derivatives longer, approximately 3.26 minutes or more. (Shervington, 2000)
This method is a efficient way of quantifying amounts of acetaminophen withmgesa
as well as determining what other compounds might be present.

Acetaminophen can also be detected using UV-Vis spectrophotometry. In a study

by Meola, 1978, color was added to acetaminophen so that it can be observed in the

10



visible spectra range. The absorbance was measured at 660 nm, and calibratiod provide
a linear plot, allowing for precise determination of acetaminophen. (M&%8) 1A
version of this method can be done using the UV range. Overall, there are many

successful methods to detecting acetaminophen

11



CHAPTER Il

METHODOLOGY

Batch experiments were performed with activated sludge from a convéntiona
activated sludge treatment facility located in Stillwater, OklahoSamples of the
activated sludge were inoculated with acetaminophen (reagent grade, 99%:Signia-
Aldrich), andp-aminophenol (reagent grade, 99% purity, Sigma-Aldrich) and were

analyzed using ultraviolet spectrophotometry.

Analytical Methods

Ultraviolet and visible (UV-Vis) spectrophotometry was used to analyze the
absorbance of acetaminophen in the batch reactors. Each sample was analyzed at
wavelength of 280 nm for acetaminophen and 300 nrp-&aminophenol, on a Hach
DR/4000U Spectrophotometer. The cells used were 2 mL quartz, and distilled aster w

used to zero the instrument

12



Instrumentation

There are many instruments and methods used to detect and analyze
acetaminophen ar@aminophenol concentrations. The technique used in this
investigation was ultraviolet-visible spectrum spectrophotometry. This institum
detects the absorbance of photons, or light energy, by chemical compounds at various
wavelengths. Each wavelength corresponds to a certain part of the eteprtedin
spectrum, and each chemical compound has a unique light absorbance pattern. Organic
compounds typically absorb light in the ultraviolet (UV) region, which consist of
wavelengths between 190 and 400 nm, particularly between 240 and 300 nm.

The UV-Vis spectrophotometer relays information in terms of absorbanag) whi
can then be converted to concentration using Beer's Law. Beer’s Lavs fiblate
absorbance of photon energy to the pathlength through the sample, the molar absorptivity

or extinction coefficient, and the concentration of the chemical in the followindiequa

A=gelLec (1)

Using the Beer’s Law equation, the concentration of acetaminophen can kaedgcur

gquantified.

Experimental Design
A calibration of the spectrophotometer was necessary to precisely oheteha
absorbance due to the presence of acetaminophen, and consequently calculate the

concentration. Standard solutions were made by combining acetaminophen witddistill

13



water, and heating the mixture until the white solid dissolved. The solutions had
concentrations of: 100 mg/L, 50 mg/L, 10 mg/L, 3 mg/L, and 1 mg/L, which were chosen
to reflect the range of the instrument. Solutions with concentrations of 25 ngj& a

mg/L were produced independently and used for quality control, and the wavelength
studied was 280 nm. The resulting calibration had a linearity of 0.9999, and the equation

is as follows:

Absorbance = 0.0113(concentration) — 0.0022 (2)

The quality control samples reported experimental concentrations thaivitlare2.0%

of the actual. Figure 4 below shows the resulting linear regression.

1.2

e

0.8
0.6
0.4 /
0.2
0 / : : : : : .

0 20 40 60 80 100 120

Absorbance

Concentration (mg/L)

Figure 4: Calibration Data Using Acetaminophen at 280 nm
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Calibration checks were nducted throughout the study using quality asswaamples
which are samples of known concentrati

In addition to the acetaminopt-based calibratiorg-aminophenol was alscsed
to calibrate the instrument at a wavelength of 89C The wavelengtiof 300 nm wa:
determined by scanning the entUV-Vis spectrum for this solutionThe peak at 29
nm shows the maximum absorbance of light byp-aminophenol, and in ord
toincrease sensitivity, a wavelength slightly highaswemployed in this invtigation.

Figure 5 shows thabsorbancspectrum op-aminophenol.

»
1.2 "
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|
" 1®
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[«]
© 0.8
S <&
=
o 0.6
[%2]
0
<
0.4
0.2
0 - T ¢ %
0 100 200 300 400 500 600 700 800
0.2 Wavelength (nm)

Figure5: Absorbance Spectrum ScanpeAminophenc
An absorbance wavelength scan was taken of theowrkisolored compout

observed after exposing the acetaminophen soltdiair as well, for comparison 1p-

aminophenol. Seedure6, which shows the absorbance spectsgan As seen above,

15



there was a peak at approximately 300 nm, and there was no absorbance observed in the

visible spectrum.

4.5

3.5
; \
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"
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Figure 6: Absorbance Spectrum Scan of Unknown Compound

It is obvious when comparing the absorbance spectra of p-aminophenol and the
unknown compound that they are in fact related. There is a peak at approximately 290
nm, which is observed in both spectra. There is some absorbance throughout the visible
wavelengths, which is a further indication of the color observed. There visibteaspec
peak at approximately 550 nm, which is not found ingHaeninophenol scan.

Standard solutions were made by dissolving quantitipsaohinophenol in
distilled water, resulting in the following concentrations: 50 mg/L, 10 mg/L, 3 nagyvd.

1 mg/L. Figure 7 shows the resulting calibration and the trend line.

16
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Figure 7: Calibration data usipgaminophenol at 300 nm

The R value is 0.9835, proving the linearity of the calibration. This calibration is

described using the linear equation of:

Absorbance = 0.0238(Concentration) + 0.012 (3)

Two quality control solutions were used, with concentrations of 25 mg/L and 5 mg/L,
that were prepared independently. These samples had experimental conosntrati
within 4.0% of the actual.

Throughout this investigation, the dissolved oxygen concentration was also taken
via a DO probe. A DO probe was inserted into the reactor and mixed with the attached
propeller while the reading was taken. Over the course of a week, there wesige m
the dissolved oxygen content of the abiotic reactor, which has no bacterial population.
Therefore, aeration is providing the system with adequate dissolved oxygen. &igure

illustrates this conclusion.

17
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Figure 8: Dissolved oxygen concentration in abiotic reactor

In addition to the dissolved oxygen test and the abiotic controls, an abiotic control
in the absence of light was observed. There was no difference betweerctheweder
light, and the reactor kept in the dark. Therefore, light energy does notplayimthe
degradation of acetaminophen.

It is also true that there was no biological growth or activity in the reator
indicated by the constant concentration of dissolved oxygen. If there was in fact som

sort of activity, the dissolved oxygen concentration would be affected.

Reactors

Abiotic, aerobic and anaerobic batch reactors were used in this investigation.
Distilled water was used for the abiotic reactors. The aerobic and anasstivated
sludge reactors used wastewater taken from the Stillwater Wastdweatment Facility

in Oklahoma. Each seed was used for 2-3 weeks. The reactors were Pgmenxelyer

18



flasks, with volumes of 250 mL. All but the anaerobic reactors were aerated atya stea
rate. They were all kept at room temperaturéC25The pH was neutral; approximately

6.8. Each sample taken from the reactors was filtered with a 0.45 pum filibgr, us

vacuum filtration in order to remove the biomass, and the absorbance was then measured

on the UV-Vis spectrophotometer. All of the reactors were mixed before sampli

19



CHAPTER IV

FINDINGS

The following is a discussion of the abiotic, aerobic and anaerobic reactor

experimental results.

Abiotic Controls
Acetaminophen

Before the biodegradation of acetaminophen in wastewater can be chagdcteriz
it is important to run abiotic control reactors. These reactors act as a eatliraspect
to biological activity; they are not inoculated with microbes, but they arddegh
acetaminophen. These reactors were aerated and kept at room temperature for
approximately six days. Figure 9 shows the there is no degradation of axgthem in
this abiotic environment, thus allowing that all degradation will be due to the adtivat

sludge from the wastewater

20
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Figure 9: Abiotic reactor inoculated with 40 mg/L acetaminophen

To validate the conclusion that there was in fact no degradation of acetaminophen
without biological activity, two additional abiotic reactors were run. Therggreactor
maintained the initial hypothesis; there was no decrease in acetaminophenratinoent
over the course of a week. However, in the third and final reactor, the concentration of
acetaminophen dropped drastically after the third day, and was accompaaiddstiyct
color change from clear to brown. This brown color persisted after vacuum filtration
through a 0.45 um filter. Figure 10 below shows the concentration drop from
approximately 55 mg/L to 10 mg/L. After this change, the concentration of

acetaminophen continued to decrease.
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Figure 10: Abiotic reactor with degradation of acetaminophen

This phenomenon was not seen in the other two reactors, but samples left open to
the atmosphere began to experience this color change after thirty daysoldr change
always came with a distinct change in concentration.

No further studies were completed on this reaction, because it was not observed in
the biological reactors, which is confirmed by the absence of color dféeinfy. The
unknown’s color persisted after undergoing vacuum filtration. It can be explairibd b
degradation reaction of acetaminophen that prodotegsinophenol. This reaction
occurs with water as a solvent, and with the presence of oxygen. (Mohamed, 1997) It
also occurs much more rapidly with the presence of pure oxygen, and with a metal
catalyst present. (Mohamed, 1997) It is possible that metals were preskeata@ration
bulb, which helped to catalyze the reaction in the final reactor. As seen ldtersiudly,
p-aminophenol quickly disappears as the colored compound appears, and due to its

simple structure, it is logical that it would be degrading into the unknown.
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Introduced earliep-aminophenol is the predominant degradation product of
acetaminophen. Therefore, it can be deduced that as acetaminophen degrades, and the
concentration decreases, the concentratignashinophenol increases. This was
investigated in an abiotic reactor, by adding 50 mg/L acetaminophen and agéhei
absorbance at 280 nm and 300 nm each day. Figure 11 is the relationship between the

degradation of acetaminophen and the resulting introductipranfinophenol.
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Figure 11: Degradation of Acetaminopherptéminophenol
(280 nm: Acetaminophen, 300 nprAminophenol)

As seen above, the absorbance at 280 nm, from the acetaminophen, drops over time, from
a concentration of approximately 50 mg/L to 15 mg/L. There is an initial conéentrat

of p-aminophenol in the abiotic reactor, which is due to a slight impurity of the
acetaminophen. The concentratiorpatminophenol does increase slightly over time;

however, overall it remains steady at 6.5 mg/L. This is beqgaasg@nophenol is fast
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degrading at approximately the same rate as the unknown colored product is being
produced.

The same experiment was conducted wtminophenol, to see if the
concentration of the unknown would increas@-asninophenol decreased. Figure 12 is
the relationship between these two compounds. pldrainophenol concentration was

measured at 300 nm, and the colored compound was measured at 550 nm.

1.4

1.2 . S

08 ¢

0.6 4300 nm

Absorbance

0.4 W 550 nm

0.2

Hour

Figure 12: Degradation @gtAminophenol to Unknown Compound
(300 nm:p-Aminophenol, 550 nm: Unknown Compound)

It is interesting how thp-aminophenol and the unknown’s concentrations increase over
time. This is because of interference occurring at 300 nm, as both compounds absorb at
that wavelength. Therefore, paminophenol degrades, the unknown concentration
increases, causing a positive interference at 300 nm. UV-Vis spectrophgtmetr
the best method to detect and quantify the reaction framinophenol to the unknown.
It can be stated that the unknown did form, however, because the solution began to

change color after approximately four hours.
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p-Aminophenol

p-Aminophenol was analyzed in an abiotic batch reactor to observe the time
needed for its degradation into the unknown, colored compound. It was foupd that
aminophenol degraded within 24 hours. See Figure 13 below. The brown colored
solution became present on day 1, as well, thus indicating-érainophenol does

degrade into this unknown.
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Figure 13: Abiotic Degradation gctAminophenol
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Aerobic Activated Sudge
Acetaminophen

Two side-by-side aerated activated sludge batch reactors were run tlod@Qvi
mg/L acetaminophen (reactor 1) and one with 100 mg/L acetaminophen and 100 mg/L
glucose (reactor 2). Glucose was added to the second reactor as a secobpolary ca
source, and to see if the biodegradation rate of acetaminophen slowed with its presence
The absorbance at 280 nm was taken each day, and the resulting biodegradation trends
were fit with first-order kinetic models. It should also be noted that thertis
background BOD in the reactors. Figure 14 below shows the resulting fit faaitter

without glucose.
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Figure 14: Exponential fit of the biodegradation of acetaminophen
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Another way of analyzing first-order kinetics is to linearize the datéakigg the natural
log of the concentration and plotting it against time. This results in a straighvhrai

is displayed in Figure 15.
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Figure 15: Linear fit of the biodegradation of acetaminophen

The resulting first-order kinetic equation for reactor 1 is as follows:

Concentration = 73.488¢%M®  (4)

The biodegradation constant is found to be 0.393 dayd the half-life is 1.76 days.
Acetaminophen should then be decreased by half after that time frame. Foedine li
plot, the R value is 0.8745, proving that it is a relatively linear trend.

It was further hypothesized that glucose would inhibit the biodegradation of
acetaminophen, because glucose is a readily biodegradable compound thatibacteria

acclimated to. It is also possible that the presence of glucose could promote
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biodegradation of acetaminophen, because of the potential increase of biomass.
Therefore, glucose was added to the second reactor along with acetaminophenvt® obs

the effect. Figure 16 show the first-order kinetic model fit to the datattimeactor.
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Figure 16: Exponential fit of the biodegradation of acetaminophen with glucose

The resulting first-order kinetic equation is found to be:

Concentration= 81.614e*1M) (5

Therefore, the half-life is 2.03 days, and the biodegradation rate is 0.34 ithen
comparing both reactors, there is a 13% difference in the biodegradation rdtgbewit
reactor with glucose being faster. However, in the case of this study,beaa@ncluded
that the rates are approximately equal. A solids test was conducted toimtéen
difference in solids within each reactor, which will aid in the explanation of the

biodegradation rate differences. Reactors 1 and 2 both had biomass concentrations of
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approximately 2000 mg/L, which is logical despite the addition of glucose. If the

biomass yield was 0.5, then an addition of 200 mg/L of glucose would only yield 50

mg/L of biomass, which is too small to detect. Yamamoto also conducted a similar
experiment in 2009, where he found the biodegradation rate of acetaminophen using river
water inoculated with the compound. Table 1 below is the direct comparison between his

data and the experimental data in this study.

Table 1: Comparison of Experimental and Literature Biodegradation Rates
Biodegradation Rates Experimental | Yamamoto, 2009

acetaminophen 0.393 day 0.336 day
acetaminophen with glucose ~ 0.34 day -

Half-Lives
acetaminophen 1.76 days 2.08 days
acetaminophen with glucoge 2.03 days

\*2)

As it turns out, Yamamoto found that the biodegradation of acetaminophen had a
biodegradation rate similar to that of the reactors in this investigation. Qveeat is a
1.2% difference between reactor 2 and the literature biodegradation rates.

Another study, Joss, 2006, used pseudo-first-order kinetics to quantify the
biodegradation rate. Table 2 is the comparison of the experimental biodegradation ra

and Joss’s, in pseudo-first-order units.

Table 2: Comparison of Acetaminophen Biodegradation Rates using Pseudor&ast

Kinetics
Biodegradation Rates | Experimental Joss, 2006
acetaminophen 0.17 L/g*day 10 L/g*day
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There is a two-magnitude difference between the experimental biodegradétiand

that reported by Joss, 2006. One major difference between first-order and pssgudo-fir
order is that pseudo-first-order is dependent on the biomass concentration. Even though
the exact biomass concentration is not reported in this research report, it doege indi

that the sludge was diluted. A large difference in sludge concentration wil sacis a
difference in the rates.

When comparing abiotic and aerobic activated sludge degradation of
acetaminophen, it is clear that the aerobic activated sludge does in fact dieckgr
compound. Figure 17 shows the steady abiotic acetaminophen concentration in
comparison with the declining concentration of acetaminophen that was from the aerobi

activated sludge reactor.
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Figure 17: Comparison of Abiotic and Aerobic Activated Sludge Acetaminophen
Biodegradation Trends
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It is conclusive that the presence of the aerobic activated sludge mustdée foes
acetaminophen to be biodegraded within the first few days. Acetaminophen is steady i
an abiotic environment until the degradatioptaminophenol reaction begins, but in the

aerobic activated sludge reactor, acetaminophen is removed immediately.

p-Aminophenol

p-Aminophenol was then added to an aerated activated sludge batch reactor, and

its biodegradation kinetics were observed. Upon fitting Figure 18 to first-kirgsics,

the resulting equation is:

Concentration = 48.513¢°2("™M®  (g)

The biodegradation constant fpaminophenol is 1.462 dayapproximately 4.3 times

larger than acetaminophen. This meansgkaninophenol is much more readily

biodegradable than acetaminophen. In other words, acetaminophen is more stable in an

aerated activated sludge reactor thaaminophenol.
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Figure 18: Exponential fit of the biodegradatiormpedminophenol

Anaerobic Sudge

Anaerobic sludge had an extremely high background at 280 nm and 300 nm, so
the solution was diluted in a 4:1 ratio (4 parts water and 1 part sludge). Following
dilution, 0.05 mg of each compound was added to its respective reactor, resulting in a 100

mg/L concentration.

Acetaminophen

It was hypothesized that the anaerobic sludge would readily biodegrade
acetaminophen given its structure and biodegradable nature. However, the regeatts pr
to be the unexpected. As seen in Figure 19, the reactor was inoculated with 100 mg/L
concentration of acetaminophen on day 0, but the experimental concentration was much
higher, approximately 140 mg/L. Itis possible that the acetaminophen redittedher

organic compounds present in the sludge to form compounds that would cause
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interference. After day 0, the concentration of acetaminophen seemed to platgau. A
biodegradation that was occurring ceased completely, with acetaminoplraningm
stable at a concentration of approximately 78 mg/L. There are two possibés ¢ar

this: the biodegradation is not able to be observed spectrophotomically due to

interference, or the anaerobic sludge does not biodegrade acetaminophen.
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Figure 19: Biodegradation of Acetaminophen in Anaerobic Activated Sludge

To determine whether there is interference, 20 mg/L was added to the
acetaminophen inoculated anaerobic reactor. The purpose was to observe whether the
experimental concentration increased by 20 mg/L. If it did, then there would be no

interference. Table 3 displays the data.
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Table 3: Comparison of Background Acetaminophen-Inoculated Sludge and with the
Additional 20 mg/L

Concentration (mag/L)
Background 113.9
With 20 mg/L Acetaminopher 146.4

There is a difference of 32.5 mg/L between the two solutions, greater than theéxpect
20 mg/L. Therefore, it can be concluded that there is in fact some sort of positive

interference occurring.

p-Aminophenol

The anerobic sludge reactor inoculated wpHiiminophenol did not prove the
hypothesis, either. As seen in Figure 20, the initial experimental concentragion of
aminophenol is 17 mg/L, when really 100 mg/L was added to the reactor. This difference
is probably due to a lack of solubility. Tpeaminophenol compound may not have
completely mixed with the sludge by the time the first sample was taken,heeayht
adequate time was allowed for mixing. This would explain the spike in concentration on

day 1, where thp-aminophenol concentration jumped to 58 mg/L.
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Figure 20: Biodegradation ptAminophenol in Anaerobic Activated Sludge

As seen with the acetaminophen anaerobic activated sludge reactor, there is no
apparent biodegradation after day 2. The concentratipranfinophenol remains
relatively steady at 45 mg/L, after a slight decrease in concentratioadretlays 1 and
2. The results are inconclusive to whether biodegradation actually occurred, a isther
an issue with the detection pfaminophenol in the reactor. If it is an instrumentation
issue, another method of detection will have to be employed to observe the
biodegradation kinetics. However, as stated in Bettersby, pa@@jnophenol cannot be
degraded anaerobically, and this conclusion can tentatively be extended to include

acetaminophen
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CHAPTER V

CONCLUSION

Abiotic Controls

In an aerated, abiotic reactor, acetaminophen is found to be stable for a brief
period of time, after which a two-step degradation reaction occurs, progucing
aminophenol, and followed by an unidentified, brown-colored compound. The second
part of that reaction occurs at a much more rapid rate than the firsp-aminophenol
degrading much faster than acetaminophen with respect to time. This was proven by
abiotic reactor containing-aminophenol, which degraded into the brown compound
within 24 hours. Overall, acetaminophen was stable in abiotic environments fatat lea

few days.

Aerobic Activated Sudge

Both acetaminophen ampdaminophenol were found to be biodegradable by
aerobic activated sludge in a batch reactor, proven with a comparison of the abiot
acetaminophen concentration stability and the decreasing acetaminophenrationent
the aerobic activated sludge reactor. Both acetaminophgmamdhophenol were

degraded to a concentration below the detection limit, given a particular retémton t
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Acetaminophen biodegrades at a rate of 0.34" daile p-aminophenol degrades at a

rate of 1.462 day. Therefore, it can be concluded that the biodegradation of
acetaminophen is the limiting step to ridding the wastewater of the compound. The
reasomp-aminophenol is never observed is due to its highly biodegradable nature, and
therefore its toxicity is not an issue for public health. Despite these régsdofa

reaction, acetaminophen is still found in natural waters. This indicatabénatmust be
substantial biomass to fully biodegrade it. However, given enough time, acetaminophe
can be biodegraded and removed from the system, ensuring that the wastewater did

continue to be treated without any additional steps.

Anaerobic Sudge

The anaerobic sludge reactors inoculated with acetaminophgraanthophenol
had inconclusive biodegradation results. Both appeared to be non-biodegradable by
anaerobic activated sludge, however, an issue with the instrumentation must be explored,
as some positive interference was experienced. Acclimation to acetanmraoyipe
aminophenol should also be investigated, because it might take a substantial fag time

these bacteria to “learn” how to metabolize these compounds.

Further Comments

Additional investigation is needed to ensure the quality of the treated \aéstew
as it pertains to pharmaceuticals. While it can be tentatively concluded ypated t
wastewater treatment train can remove acetaminophen, it is necesshsgive the

effects a municipal drinking water treatment facility will have on itsaeal. It is also
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known that acetaminophen is found at low concentrations in natural waters, so
understanding the residual concentrations leaving the treatment fasliies. This

study should also be duplicated using more sophisticated instrumentation, using High
Performance Liquid Chromatography, which will allow the use of acetaminophen
concentrations commonly found in wastewater. Therefore, spiking of the samiples wi
not be necessary, and any residual acetaminophen concentrations will be observed.
Overall, this method can be replicated in the analysis of many different plearicals,
including but not limited to: steroids, antibiotics and tranquilizers. It is a siamgle

successful method in determining the kinetics of pharmaceutical biodegradation.
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APPENDICES

Calibration Raw Data

Table 1A: Acetaminophen Calibration Data

Concentration (mg/L) | Absorbance
100 1.122
50 0.565
10 0.102
3 0.034
1 0.012

Table 1B:p-Aminophenol Calibration Data

Concentration (mg/L) | Absorbance
100 1.279
50 1.187
10 0.355
3 0.032
1 0

Abiotic Raw Data

Table 2A: Abiotic Reactor with Acetaminophen

Day Absorbance | Concentration (mg/L)
0 0.443 39.39823009
1 0.454 40.37168142
2 0.45 40.01769912
6 0.46 40.90265487




Table 2B: Dissolved Oxygen Data for the Abiotic Reactor with Acetaminmophe

Table 2C: Second Abiotic Reactor with Acetaminophen

Table 2E: Degradation of Acetaminophermptéminophenol

DO (mg/L)

9.82

9.83

9.9

CDUJNOIE

9.92

Day Absorbance Concentration (mg/L
0 0.6 52.90265487
1 0.638 56.26548673
2 0.605 53.34513274
3 0.162 14.14159292
7 0.121 10.51327434
8 0.058 4.938053097

Table 2D: Abiotic Reactor with p-Aminophenol

Day | Absorbance
1.154

Concentration (m
47.98319328

L

0
1

0.082

2.941176471

Absorbance at 280 Absorbance at 300 Concentration (mg/L) at 280 Concentration (mg/L) at
Day nm nm nm 300 nm
0 0.539 0.09 47.89380531 3.277310924
1 0.554 0.097 49.22123894 3.571428571
7 0.552 0.168 49.04424779 6.554621849
8 0.552 0.18 49.04424779 7.058823529
10 0.486 0.165 43.20353982 6.428571429
14 0.384 0.162 34.17699115 6.302521008
15 0.169 0.17 15.15044248 6.638655462
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Table 2F: Degradation of p-Aminophenol to Unknown

Hour Absorbance at 300 nm | Absorbance at 550 nm
0 0.822 0
1 1.004 0
2 1.023 0
3 1.131 0.261
4 1.152 0.302

Aerobic Activated Sudge Raw Data

Table 3A: Aerobic Activated Sludge Reactor with Acetaminophen

Day Absorbance | Absorbance (minues blank) | Concentration (mg/L)
0 1.245 1.081 95.85840708
1 0.944 0.78 69.22123894
2 0.473 0.309 27.53982301
3 0.28 0.116 10.46017699
7 0.256 0.092 8.336283186
8 0.191 0.027 2.584070796

Table 3B: Aerated Activated Sludge Reactor with Acetaminophen and Glucose

Day Absorbance | Absorbance (minus blank) | Concentration (mg/L)
0 1.268 1.104 97.89380531
1 0.928 0.764 67.80530973
2 0.544 0.38 33.82300885
3 0.399 0.235 20.99115044
7 0.283 0.119 10.72566372
8 0.214 0.05 4.619469027
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Table 3C: Aerated Activated Sludge Reactor ywiAminophenol

Day Absorbance | Absorbance (minus background) | Concentration (mg/L)
0 1.16 0.802 32.96
1 0.771 0.413 16.04
2 0.453 0.095 3.5
3 0.383 0.025 0.54
4 0.37 0.012 0.12
Anaerobic Activated Sudge

Table 4A: Anaerobic Activated Sludge Reactor with Acetaminophen

Day Absorbance Absorbance (minus background) Concentration (mg/L)
0 2.16 1.603 142.0530973
1 1.388 0.831 73.73451327
2 1.381 0.824 73.11504425
3 1.37 0.813 72.14159292
4 1.36 0.803 71.25663717
Table 4B: Anaerobic Activated Sludge Reactor vptAminophenol
Day Absorbance | Absorbance (minus background) Concentration (mg/L)
0 0.771 0.344 16.86956522
1 1.68 1.253 56.39130435
2 1.482 1.055 47.7826087
3 1.405 0.978 44.43478261
4 14 0.973 44.2173913
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