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CHAPTER 1

INTRODUCTION

Environmental issues can be described as inhereniyplex and often involve the intersection of
many different fields including Law, Science, Erggning, Medicine, Economics, and Philosophy.
Science and Engineering hold the keys to technodglievelopment necessary to provide clean watkr an
remove micropollutants from wastewater. Many timegpulations drive the development of new
technology and the application of current technglimgensure that water remains clean for future
generations. Additionally, philosophy and econ@mioovide impetus to further develop technology an
helps to determine whether technology gets impleéeteand provide impetus for new policy through the
adoption of new doctrines and beliefs. Therefateen, how, and if environmental issues become
addressed becomes a function of feasibility, tHetavsolve the problem at hand, and the econowii¢he
solution chosen.

For this thesis, the issue of micropollutants (sasipharmaceuticals and personal care products)
will be examined through many of the lenses listedve. In subsections below the motivation for
removing micropollutants will be examined, alonghwphilosophical arguments for addressing these
substances in water, and finally the current sifitbe art in terms of science and engineering béll

explored with a comprehensive literature review.

1. Motivation

Numerous countries around the world have recogrtzaidwater is becoming scarcer and as a
result have begun to explore conservation methaoadading water recycling. Water is recognized as a
critical resource for the future, and it has dramlaealth consequences when it is not properlycctoe In
many regions around the world, drought has leftlllibn people without access to safe water arid 2.
billion without access to sanitation [1]. In mamgions, climate change has shifted the usualpatierns
making water scarce, resulting in the necessityéw policies and technologies [2]. Recycling wade
becoming more common as advanced technologiesasuRieverse Osmosis have developed to the extent

of widespread commercialization [3, 4]. As an egéamin San Diego California, in 2006 they received
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only 24% of their normal rainfall during the raisgason [5]. As a result, it is proposed to exghei two
recycled water facilities to help meet populatisavgth in the region [5]. Another prime examplérs
southeast Australia which has been experiencingagit for the past 10 years, resulting in large
curtailing of water usage and conservation progrgemerating great interest in desalination and wate
recycling [6, 7, 8]. With increased interest ifliging recycled water around the world, there stit
concerns about this from both the consumer andht#dobical standpoint.

Keeping in mind water is a precious resource, litisessary in many cases to recycle water for
aquifer recharge, use in agriculture, or after prdpeatment, as drinking water. In countries sagh
Australia and on the West Coast of the United Staltés process has already begun. One primargecon
is for the accumulation of low levels of pollutarite., micropollutants in recycled waters. These
micropollutants include pharmaceuticals, pesticidesl other commercial/industrial organic compounds
Numerous researchers including the United State$o@ieal Survey, USGS, recognize that many
micropollutants are persistent in the environmand in addition, carry potential risks to human and
ecological health [9, 10, 11]. Many of these commsupass through current treatment facilities awed t
fate and transport in the environment is not wellerstood [12]. If these compounds possess low
biodegradability then they may persist in the emwvinent indefinitely. At the current time, the besithod
for purification is reverse osmosis, RO, but tkigxpensive and energy intensive [6]. While enespge
is outside the scope of this thesis, it does iateily link to exploring the fate and usage of otineatment
process that compete with reverse osmosis to remh@veicropollutants. Additionally, it is importaio
try to prevent pharmaceuticals from reaching therenment through the development of “green
pharmaceuticals” and through more effective reagchnd disposal programs [13].

It is crucial to understand whether chemical otdgaal processes are able to degrade some of
these Personal Care Products and PharmaceutiC®#$ s to prevent their accumulation within the
environment and to allow for safe usage as drinkiater augmentation, irrigation, or aquifer reclearg
Even if the state of the art technology such asWR® utilized, there is still the problem of whatdm with
the waste products, i.e. the retentate [4, 6is tlhe treatment of this retentate via chemicabguton,
biological treatment or advanced processes, oiicgijn of biological, adsorption or advanced pssEs

to WWTPs to prevent entry into the environment GPPs that is of great interest.



2. Precautionary principle

One ethical and legal framework that has been egppdi unknown hazards such as global

warming is the precautionary principle, or:

“The precautionary principle advises that lack @éastific evidence for

a claim should not be taken as a reason for exegcislack of caution

when the risk is high. When the risk is high, arelhave some reason

to think that immediate action is required to avecadastrophe, the

precautionary principle states we should take dlotion” [14].
This approach seeks to protect the environmenpabtic from excess risk in the face of a lack of
scientific consensus and places the burden of pestfwith the parties advocating inaction [15]][16
Europe, this principle has become the dominateedid¥ regulation and policy within the environménta
arena, since many of the problems faced in the@mwiental arena are wrought with uncertainty or are
low probability events with drastic consequenceés [16]. This principle has changed how environtaén
policy has been developed and instead of waitingdtastrophes to occur, seeks to prevent themleWh
this principle is widely applied in internationglraements and protocols, such as the Kyoto Prqttiml
US has generally not changed its regulatory frammkewamutilize this principle.

As PCPPs and their effects in the environment nostto be studied and better understood, it is
likely in the future that they will become regulditender existing statutes, or become the subjettw
regulations, statutes, or guidance documents [IA][[L8] [19]. The question becomes, whether the
response to PCPPs in the environment and theiregsuitsponse will be governed by the precautionary
principle or not. In the case of PCPPs, therenamaerous environmental impacts that can result from
releasing these compounds in to the environmene sdich example is the increased incidence of fish
downstream of wastewater treatment plants turmigfemales as a result of the estrogen at low
concentrations in the water [20]. This findingalarming, and, if as a society we wish to prothet t
environment, even if it is for our own selfish uséhe future, then, we must attempt to rectify the
situation, even in the absence of absolute prdsif[[i6]. Additionally, as fresh water resources tbamed
to be strained by climate change and populatiomtrothe push for water recycling will be necesdary

augment dwindling supplies [4]. Thus, with watecycling, there will be a potential for concentngti

PCPPs, which would potentially present an incre&saith and environmental hazard. In the endUtBe



may choose to utilize the precautionary principlguide its regulatory framework to protect humad a
environmental health.

To understand how the precautionary principle magly to regulating PCPPs, blood thinners
such as aspirin, warfarin, and Plavix will be ugathse study. Blood thinners, like most pharméacaist
carry side-effects and potential hazards and thust fve viewed with caution. For example, Warfavas
used as a rat poison, and while a very effectitie@agulant clinically, patients must be monitoctasely
to prevent excessive bleeding [21, 22]. In theeadswvater recycling, there is the potential fag th
concentration of these particular substances tlygrslbeasing the risk associated with these waterces.
If we apply the precautionary principle to recycleater and regulate blood thinners, then whilegheay
not be ample scientific evidence available wherrégilations are written, the regulations should be
written with the intent to prevent harm from océuigrto end-users. This may result in a more strict
regulation, but by the precautionary principlasibetter than waiting for scientific evidence toerge
before acting to regulate these substances.

While utilizing the precautionary principle doeggatially cost more than waiting for scientific
consensus to form, it is unlikely (based on histdingt the United States will change its model.e@hthe
most famous environmental disasters was Love Candlthis site arguably helped to start the modern
environmental movement [23, 24]. There were tlifferent entities that dumped waste into the canal
first, Hooker Chemical disposed of approximately8®D tons of chemical waste in the trench between
1942-1953, second, the US Army used the landfillispose of parts of the Manhattan project and
potentially some chemical warfare compounds, aird,tthe city of Niagara Falls also used it for
municipal waste [23, 24]. The landfill was cloged 953, and sold to Niagara Falls Board of Edacsgti
who opened an elementary school in 1955 to accoratadtde growing population [23]. Housing
development began at the same time and contintedhie mid-1970s despite that in the late 1950s,
“residents began to complain about children beingnt) nauseous odors, and black sludge” [24]. keav
rainfall in 1975-1976 caused ground water contationaand ponding of hazardous chemicals [23]. As a
result of the chemicals at the site and heavy adlirdirth defects, miscarriages, and chromosonmeadge
was observed in residents [23, 24]. Evacuatiogsién 1978 and continued through 1980 until Pesgid

Carter on 10/1/1980 ordered an evacuation of sitlemts of love Canal because of the emotional



disturbance [24]. Love Canal was not an applicatibthe precautionary principle, while the evidemneas
still coming in, it would have been precautiondrgétion had been taken in the 50s. On the whmobest
superfund sites were cleaned up after hazards aleyady identified or after harm was observed. In
general, it is rare that sites were cleaned uprbefegative attributes were observed. This vkl
continue to be the method by which the United Stafeerates and little or no action will occur ptior
harm being scientifically observed. Another priem@mple of the United States not implementing the
precautionary principle is Climate Change. Beltlichate change now is a huge body of scientific
literature with a consensus that global climatengeas occurring [25, 26, 27]. Many InternatiobaHlies
agree that it needs to be addressed and the pm@aytprinciple is often applied as a justificatifor
action [25, 26, 27]. Despite this scientific ewide and international consensus, the US is nat@aiong
with the rest of the world, as quickly as may bguieed [25, 26, 27]. The potential consequences fr
CO--induced climate change are massive, and whiletisenigh uncertainty of the effects and in the
modeled projections, the precautionary principleiargue that action must be taken to avert piatient
disasters. Europe has embraced this theory, but$to a large extent still considers inactiobeoviable
due to increased competition from developing natidee China.

Both Love Canal and Climate Change were exampladioh the United States has not utilized a
precautionary principle framework for regulatinggdat is not likely that PCPPs will be an exceptiorthis
behavior. It is more likely that as new technoésgilevelop, explored in Chapter 4 (page 83), P@HPs
be regulated only as hazards become identifie@dralttan promulgated prior to the implementatioa of

viable technology.

3. Technological pragmatism

Many different ethical frameworks have been proddseaddress environmental problems, but
these frameworks mostly fail to account for thehtemdogical capabilities that constrain how a sgceetin
solve a current problem. Technological pragmatsmdescendent of environmental pragmatism and
environmental ethics [28]. It seeks to blenddbsestraints of Science and Engineering with moral
philosophy. When large issues such as sustaimaifer practices and sources of climate changetedak

addressed by traditional environmental ethicgoalloften there are two schools of thought,
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anthropocentric or human centered and non-anthesgioc or environmentally centered [19]. The
problem with diametrically opposed frameworks iatttihere is little room for compromise and progiiess
terms of policy. Therefore, ethicists seek to g@ppragmatic approach to solving the dilemmaseriesi
in environmental issues. The environmental pragapproach (compared to the non-anthropocentric
ideal) addresses strong versus weak anthropoaariisman felt preference versus human considered
preferences) [18, 19]. Itis the application ohsidered preferences where the moral argument for
developing protection of the environment originaten if it is an extension of ensuring continued of
the environment for future generations [18, 19, 28} a result, our degree of considered preference
determines how we value of the environment and imuweh we will seek to protect it. From this forrhe t
basis of technological pragmatism which incorp@ateentific progress and technological considenati
into policy decisions, or “the purpose of blendsaience with moral philosophy is that one canndtena
educated policy decisions without considering b¢#8]. Technological pragmatism goes on to artipae
there is a moral obligation for the development apglication of technology [28]. While this ethica
framework was originally proposed to address clen@itange and an ethical framework for preventinig it
can be applied to any problem that requires a balgrof ethics and science. The regulation of
micropollutants in the environment certainly quabfwithin this framework.

Once establishing that there is a desire to renttoe®e micropollutants from water and wastewater
to prevent environmental damage or to ensure stdetyrinking water, it becomes necessary to carsid
how to approach removing PCPPs through the letscbhological pragmatism. Currently, the removal o
micropollutants is technologically limited and cpsbhibitive due to their low concentration [30Dn the
one hand people want their water to be pristinegpting little to no contamination, but there is a
technological limitation to getting water that ateia an economical fashion. In order to remove
micropollutants, the implementation of a new tedbgy is likely required to accomplish this goal.
Technological pragmatism dictates that if a nevianetogy was to be applied, like RO, to remove PCPPs
then the impact on the environment in terms ofcthaplete lifecycle must be considered and nottust
anthropocentric benefits associated with accesketm water. For example if RO was applied to
wastewater effluents to remove carbamezipine, there would need to be a consideration of whether t

technology was sufficient to accomplish the jobatihe general environmental benefits would be,thad



potential drawbacks of implementing the technolagywell as cost. In this case there are berfefits
humanity and the environment in preventing thekiataf Carbamazepine and preventing accumulation of
this compound in the environment over time. Qndther hand, implementation of RO necessitates a
supply of more energy which is likely to come frémssil fuels, which would result in an increase in
climate change impact. Climate change has maifgrdift negative environmental impacts that are beyo
the scope of this work (see [2] and [27] for furtheading), but these must be taken into accolmthis
case, technological pragmatism may argue thatramttechnology is not sufficient and rather would
advocate for scientific development that wouldwalfor the application of a cleaner technologyorifthe
other hand, there exists a cleaner technologydberteases environmental harm and provides humanity
with clean water, then as a society we have a nodnlgdation to implement that technology. As toether
this technology exists yet from a scientific petpe, that question will be addressed within thigk.
Overall, seeking to remove PCPPs for environmetdlanthropocentric reasons is in line with
environmental pragmatism, and by applying techrickdgoragmatism, an optimal technology can and will
be able to reach this goal. “Pragmatism embraa@slmpluralism where there is no one correct pcactir
one set of practices to answer how we should pd3de8, 29]. This is crucial, and while there are
technologies currently available to remove thesepmunds, there is a limit to these technologies and
hopefully within an open mind, scientists and eegiis will continue to develop technology that allbw
for these compounds to be successfully removedgrRatism can be an ethical framework in which to
operate for policy, regulatory, and technology iempéntation. This viewpoint should be utilized as a
framework to develop new regulations concerning PE€PIn the next section, the regulatory framework,

current and future, will be explored.

4. Relevant Laws Governing Water and Wastewater

Law and regulation has evolved over the past fpegrs to help protect the environment in the
wake of numerous environmental disasters, sucloas Canal and the valley of drums. The modern
environmental movement and the subsequent legislatere a response to these high profile eventshwhi

had devastating impacts on communities. Someeasfethaws have sought to regulate water and the two



pieces of legislation most relevant are the Safakirg Water Act (SDWA) and Clean Water Act (CWA)
[16]. The first law to effectively address wateratjty and regulate discharges was the CWA.

The CWA, was created to regulate discharges ofifaoits and sets the standards that are
applicable to Wastewater Treatment Plants, WWTH$or to the CWA, the primary means of prosecuting
water pollution causation was Tort law [16]. Untlgs subdivision of law, a particular pollutant shibe
connected to a particular source to result in liighiwhich became almost impossible after indadiziation
due to the number of sources discharging into sarfeaters [16]. As a result, the CWA regulatebiefit
discharges, which come out of a specific point setinereby allowing for liability to be createdheTact,
prohibits “all unpermitted discharges into navigablaters of the United States of pollutants frormipo
sources, imposes effluent limitations on dischargand requires statewide planning for control of
pollution from nonpoint sources” [16, p. 646]. Taeavere three different types of pollutants thateve
regulated under the CWA: 1) conventional pollutantsich are pollutants amenable to biological
treatment, 2) toxic pollutants, which “cause dedtbease, behavioral abnormalities, cancer, genetic
mutations, physiological malfunctions (includinglfnactions in reproduction)” [31], and 3) Non-
conventional non-priority pollutants, which incldeverything else like ammonium and heat [16]. A
subset of contaminants of interest were referreabstBriority Pollutants, for which EPA has estdidid
applicable technology-based standards and werérshéndividual substances to be regulated. Hffiu
limits also take into consideration: nutrients hmafens, and sediment to maintain water qualitygivan
water body. To maintain the integrity of a watedi, the EPA mandates certain technology be utilioe
certain pollutants (specified in the individual NB® permit).

The CWA was established as a technology forcingitgtdahat required a specific technology to be
utilized based of the type of contaminant beingliisged. After 1989, the standards that were eqgige
to each of the three categories of pollutants weogventional pollutants required BCT under
8301(b)(2)(E), Non-Conventional non-toxic pollutanéquired BAT, new sources of conventional and
non-conventional non-toxic pollutants require BANEPS under 8306, and Toxic pollutants required
BAT after the Flannery Decree, which was added3@1&rom the original act (Guidelines for priority
pollutant can be found in 8304(m) , whereas evamgtklse is governed under the impaired water ¢ists

ICS under 8304(l)) [16]. While technology was iagd as one means of protecting a water body,



sometimes technology was not enough to maintaiintiegrity of a given navigable water. When that
occurred, the second mechanism of the act kickedhich is known as Water Quality Standards. There
are two components that are necessary to form erwyatlity standard: 1) a designated use and Jtarw
guality criteria meant to preserve that designatszl[16]. Water quality standards are continuddlyised
by the state and reviewed by EPA [16].

Unlike the CWA which regulates the discharges mteater body, the SDWA was created to
regulate the contents of water intended for digtidn. The SDWA “regulates contaminants in drirgkin
water supplied by public water systems, establishgsrmit program regulating the underground impect
of hazardous waste (to protect water supplies) rasigicts activities that threaten sole-sourcefargf
[16, p. 646]. Under this act, EPA set drinking erattandards for public sources, but not privatisves
bottled water [16]. There are two types of staddat) Maximum Contaminant Level Goals (MCLGS)
which are non-enforceable and 2) Maximum Contantihamels (MCLs) which are enforceable [16].
MCLGs were set at a level of no known or anticidadeverse health effects with an additional safety
margin and the MCL was set as close to MCLGs asipleswith the feasible best treatment technology
(cost is taken into account for large communitied was meant to be affordable) [16]. MCLs applaby
facility that supplies water for human consumptiorat least 15 connections or approximately 25 [gop
[16]. Currently there are more than 90 contamisia@gulated, including disinfection byproducts,
pathogens, and other chemicals [16]. The EPAlm@asability under the act to consider adding
contaminants to be regulated. As a result, thestacientific and technological breakthroughsvafior
the continued protection of health without excésls r

It should be noted that no new environmental reigaia have been passed through Congress in
the past two decades and that most new applicationdings issued by EPA have been accomplished
through guidance. Considering this set of circamses, it is highly unlikely that there will be new
regulations that govern the discharge of micropaiits under the CWA or SDWA, in the future. Witfat
said, it may become necessary to regulate thesepoitutants via guidance issued by the EPA.

As a case study, estrogenic compounds will be exaanivith respect to how they might be
regulated and how they could end up as being déedrander the CWA and SDWA. The CWA would

govern discharges into the environment of estragemmpounds whereas the SDWA would seek to protect



water destined for public water distribution. Thechanisms and requirement that would result in
successfully regulating PCPPs would depend not wpbn the availability of successful water treatmen
technologies, but also evidence of harm or hazatditman health or the environment. For the SDWA,
there would likely be a recommended new technobgaptied to drinking water plants, and if water
recycling were to become commonplace, then appédsliCLs and MCLGs for estrogenic compounds
would be developed. This would definitely increttse cost of drinking water treatment, but might be
necessary as health information becomes availablthése compounds.

Many estrogenic compounds are recalcitrant and-limeg within the environment, making them
likely to qualify under the CWA as a toxic pollutdB1]. Estrogenic compounds would likely qualdy a
toxic pollutant, since numerous studies have shibvahdownstream of a WWTP, fish are largely fenzale
a result of the increased estrogenic compoundseinvater [20]. To regulate these compounds gaitga
specific body of water, first it must be known atat concentration fish begin to turn female. Once
ascertaining this threshold concentration, watetityustandards could be devised for a given whatety
(based on fish species response). After thisrdlewant point sources discharging estrogenic camge
into the navigable water will need to be identifidcet's assume that there are two different disgphis, a
WWTP and an industrial plant. Once determiningTb&al Maximum Daily Load, TMDL, for that water
body, allowances in the NPDES permits for eachhdisger can be devised that will protect the watetyb
for the designated use. This potential mechanisragulation under the CWA would require the usafje
“Best Available Technology,” BAT, to control thesgharges of the WWTP and the industrial plant. The
allocations given to each of these would be depang@on when each facility was built, how much each
facility produces, and economic considerations sascthe ability to pay for the required scale eatment
[16]. Regardless of which of the two dischargeitsveed to implement BAT and to what extent, the
technology required to remove estrogenic compowillisikely be extremely costly and require advadce

processes to prevent the compounds from reachegditer body.
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Previous studies

1. Overview

Pharmaceuticals as they apply to agriculture, ugaggriculture, and potential health concerns
have been a topic for many years, although metbbdstection have been lagging. One such example
was published by Morgan et al. in 1987, where agfrical and veterinary journals publish articles on
livestock medicine issues [32]. Many organizatiamse already starting to think about how these
products may adversely impact public health [3Pfis was the beginning of PCPPs in the literatuetia
was not for over a decade that methods of deteatipnoved to the extent that major studies were &bl
be conducted.

Previous authors have reported on the existenB&&Ps in the environment and the potential
hazards associated with them. One of the firgerey written was by Daughton et al., which presants
large synthesis article on the presence of PCP&sxamines the associated risks with these compsoiand
the aquatic environment [33]. In the same ydwr National Research Council published its review o
hormonally active substances in the environmethiis feport demonstrated links with declining
populations of some wildlife species, potentialraes in structure and function relationships irdiifit,
and a warning for observing human populations ifgns of epidemiological changes and the inciderice o
“small penis size, abnormal testes in males, andrabal ovaries in females” [20]. Hormonal compasind
were not the only compounds of concern. Busel. eixamined ibuprofen in depth and its presence in
surface waters and WWTP samples [34]. This papearome of the first to demonstrate that Ibuprofen
appears to be degraded by the treatment procage otther PCPPs, such as diclofenac and clofilmid a
[34]. Some of the earliest work published has menformed in Europe. Hirsch et al. focused on the
presence of antibiotics in the environment and astewater effluents in Germany [35]. His groupncou
that compounds from the antibiotic classea@blid antibiotics, sulfonamides, penicillins aetracyclines
were present in wastewater effluents and in streants did not appear to be easily degrd@ajl Also
studying PCPPs in Germany, was Ternes in 1999, sypapewas one of the first to demonstrate the link
between WWTP effluent as the source contributinthéopresence of these compounds in the environment

[36]. Additionally, his findings demonstrated thmany of the compounds that were not removed

11



effectively during treatment were acidic in natuneluding: ‘ipid regulators bezafibrate, gemfibrozil, the
antiphlogistics diclofenac, ibuprofen, indometacinaproxen, phenazone and the metabolites clofibric
acid, fenofibric acid and salicylic acid as wellresutral or weak basic drugs such as: the betabtsck
metoprolol, propranolol and the antiepileptic doagbamazepingf36]. These PCPPs “were found to be
ubiquitously present in the rivers and streaf3§]. Therefore, these authors helped to devetopesof

the first studies on PCPPs and to bring awarerfespotential developing environmental health peatol

One of the first comprehensive papers in the USwlaa written on the topic of PCPPs was by
Koplin et al. and the USGS, which helped kickedaofhajor research efforts to characterize and addre
these compounds. The major paper was publishEdvitonmental Science &Technology in 2002 by
Koplin et al. [37]. This paper was the first natidde study of 95 PCPPs from 139 streams over&@est
and it found that 82 out of the 95 PCPPs, weregmteis detectable amounts [37]. The most freqyentl
detected compounds were: “coprostanol, cholestlrdl;diethyltoluamide, caffeine, triclosan, tri(2-
chloroetyl)phosphate, and 4-nonylphenol,” but them@pounds were not necessarily present in theebigh
concentrations [37]. Part of the reason thataktontil 1999 to develop adequate analytical meshod
capable of detecting PCPPs at very low concentratiwas the technological limitations associatett wi
instrumentation [37]. With that said, even todéng methods that are available are still cumbersamde
time consuming to perform, but the methods are ldepaf quantifying the presence of these compouimds
water samples.

The development of the methods that allowed fodigtection of these compounds and continued
evaluation of water samples have been spearheadietyrby EPA and the USGS. The main analytical
methods for measuring PCPPs include: EPA method [38, USGS adapted methods from Koplin et al.
[10]. Other methods require more adaptation anthén development, as with Batt et al. [39]. These
methods primarily rely on liquid chromatography ptad to three MS units [39]. Additionally, these
methods require large prep time and often requireentrating samples several orders of magnitude to
improve the sensitivity of the equipment used fetedtion [38]. Therefore, the currently available
methods are time consuming to produce resultshieytdo offer the ability for reasonable recovefrjhe

substances of interest.
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2. Methods

A comprehensive literature review was conductediafudmation was compiled into a series of
tables. A review of 140 articles including reviaviicles was conducted for literature values andpited
into four different tables. First, anytime an @dimentioned a relevant WWTP influent, effluent, o
environmental concentration it was added to Tabl&He minimum and maximum values were then found
for each PCPP until the literature review was fies. Biodegradability, log Kow, and Solubility veer
taken from peer reviewed literature when availabig in its absence, were taken from EPA EPISUITES
4.11 [40]. Additionally, as removal efficienciegeme found for various treatment methods, this dets
compiled into three different tables: Table 2 (Bgital treatment methods), Table 3 (Chemical preegs
and Table 4 (Physical processes). The relevargerdrations that were utilized in these studiesvedso
included for reference. These tables will be ferttliscussed in the next subsection.

After compiling influent and effluent data in Tallea series of figures were constructed utilizing
this data. First, a figure was constructed byairiyy the minimum and maximum influent concentratio
for each species and plotting them in a semi-Igbiftan. The SDWA limit for phenol was used as a
surrogate level for comparison with these compousidse no limits currently exist for PCPPs. Sekan
figure was constructed by utilizing the minimum andximum effluent concentrations after having been
concentrated by seven times (as would be the casmnfRO process for each species), and plottie tim
a semi-log fashion [41, 42]. The SDWA limit forgaiol was used as a surrogate level for these
compounds since no limits currently exist for PCPPmally, six figures were created in total, doethe
influent and one for the effluent, for a daily, ntldly, and yearly sample mass flow of the PCPPsdase
a total flow of 100 MGD as an example. These &luere then plotted in a semi-log fashion.

After compilation of Log K, data in Table 1, a final series of figures werestaucted. The data
was grouped into three different groupings based bydrophobicity scheme by Rogers: log, kess than
2.5, log K, between 2.5 and 4, and logJgreater than 4 [43]. Plots were constructed fbfiémt versus
effluent for each set of compounds. A linear trénd was applied to the data and compared toeaviith
a 1:1 slope (representing no removal of the comgsunCompounds removed exhibit a ratio of effluent

influent concentrations less than 1.0.
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3. Rationale for Tables and Figures from the literatue

In order to compress a comprehensive literatureweinto a short amount of space, tables and
figures were chosen to summarize the informatibhe 47 compounds that were explored in this study
were chosen to provide a diversity of compoundselasand were among some of the most prescribed
drugs. While many more papers have been writtethememoval of PCPPs from water and wastewater,
enough papers were reviewed to gain a wide bre#dthowledge while avoiding redundancy. The
information that was collected was then broken foteo different tables. The first overviews theeotical
characteristics of the compounds of interest alwitlg their influent, effluent, and environmental
concentrations presented in literature. The sedird, and fourth were organized into biological,
chemical, and physical processes respectively.ofithese tables provide an excellent medium toldyi

and comprehensively review literature values inag that has not previously been published.
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Table 1: Concentration of PCPPs in the Environment (Nofeca@icentrations in pg/L unless stated otherwise)

WWTP influent
concentration

WWTP effluent
concentration

Environmental
concentration

Bio- Log
degradibility Kow

Solubility

References

Minimum Maximum Minimum Maximum Minimum Maximum

*
Acetaminophen 0.015 150 0.028 1.48 0.1 10 No, week§ 0.46%F 1rﬁ4glll_g [10,44-47]
ASA 0.001 7 0.015 1.51 0.05 0.34 Yes, wéeks 1.19F 4600 mg/l2 [43’843’9?5’
¢ 1.07*10
Acebutolol 0.335 1.04 0.01 0.255 0.8 8 Yes, weekd 1.71 mg/L® [44, 50-52]
Amitriptyline 0.5 6.5 0.001 0.35 [44]
No, 1.33*10 [44, 47, 50,
Atenolol 0.03 25 0.01 70 1.1415 14.2 Ly Mt 0.16TF mg/L® 52, 53]
Atrazine 0.032 0.87 0.049 0.87 2 2.01 No, mofiths 2.61F 34.7 mg/l® [54, 55]
Bezafibrate 0.05 28 0.008 5 30 30 Yes, months  4.25¢ ;'SIZLZ [44, 50, 56]
Bisphenol A 0.088 11.8 0.006 4.09 0.0019 50 No, 3.32 120 mg/L [50, 57-59]
weeks/months
. - 2.16*10 [10, 43, 47,
Caffeine 3.69 118 0.174 12 0.081 71.9 Yes, weeks 0.07F mg/le 50]
. No, 1 [44,47, 49,
Carbamazepine 0.0819 22 0.042 2.44 0.11 2.3 weeks/montHs 2.45F 112 mg/L 50, 52, 60, 61]
: No, 1
Celiprolol 0.44 0.44 0.28 0.28 - - weeks/monttis 192 9401 mg/t [50]
* 4
Ciprofloxacin 0.09 15 0.007 5 0.02 0.03 No, moriths 0.28 riglloLl [10’542‘]1’ 50,
Codeine 0.1 45 0.025 8 0.012 0.019 No, week$§ 1.19 9000 mg/L! [43, 44]
. NO, a 1
Diclofenac 0.03 13 0.04 10.5 0.25 0.75 weeks/montHs 451 2.37 mg/L [44, 50, 62]
Doxycyclin 0.0025 2.48 0.023 1.09 ND ND No, month$§ -0.02 630 mg/l® [10, 44, 50]
xgr)"afax'”e (Effexor 0.015 0.93 0.057 2.4 0.4 1.4 No, mofiths 3.28° 1422 mg/l° [63-65]
. No, 1*10° [10, 43, 44,
Erythromycin 0.1 10 0.008 6.5 0.01 12 Ta e 3.06' mg/L? 48, 50]




17a-estradiol 0.003 3.1 0.0002 0.055 0.03 0.074 Yes, weeks 2.45 558 mg/l° [10, 44]
17p-estradiol 00001 001 00002 0055 00001  0.16 Yes, weeks  2.45 558 mg/l’ [10'6‘2‘]" 2k
No, . 10, 44, 47, 55,
Estrone 0.0001 0.7 0.0002 0.01 0.0001 011 % o 313F 30 gl 56.67]
Fenofibric Acid 0.079 0.42 0.078 70 0012 0012  Yes month§ 5.1 g-g,i% [10, 44, 50]
— No, > [10, 44, 47,
Gemfibrozil 0.03 18 0.003 5.5 0.048 0.79 weeks/montHs 477  8.42 mg/l 50, 68]
Hydrochlorothiazide 0.6 10 1.7 12 0.00053 0.256 [44, 50, 69]
Ibuprofen 0.0143 300 0.03 45 0.05 3.87 Yes, wéeks 3.97 21 mg/l® [10’5‘(‘)3?75]’ ar,
. 3.35%10
lopromide 0.01 9.205 0.01 9 0.011 0.91 No, month§  -2.05 mg/L® [44, 50, 70]
* (]
lomeprol 6.05 6.05 1.606 1.606 0.01 0.89 No, mofiths -2.7¢ 0] [50]
mg/L
%170
lohexol 6.7 6.7 2706  2.706 ; ; No,month§ 308 glloLb [50, 70]
lopamidol 2.3 2.3 1.9 1.9 0.17 2.8 No, moriths -2.42 1'04*1? [50, 70]
mg/L
Lipitor 0.025 0.55 0.01 0575 0324 0448  No,month§ 6.36F O'r?]éf’l_s;?’l [54, 71, 72]
Meprobamate 00082 0073 00057 00059  0.043 0.043 _No, 0.702 4700 mg/e 434854,
weeks/months 63]
Metformin 18 105 13 26 0.11 0.15 [10, 73]
. 1.69*10 [44, 50, 52,
Metoprolol 0.01 2.29 0.018 4.9 0.145 0.145 Yes, wéeks 1.88 mg/L? 74, 75]
Naproxen 0.04 70 0.001 262 00021 0145  No,week§ 3.18F 15.9 mg/C [43'42'7]50’ 58,
Norfloxacin 0.018 0.96 0.007 0.33 0.12 0.12 No, mofiths -1.03 4£§;L1b04 [10'542‘}' 50,
*
Ofloxacin 0.007 35 0.007 175 00081  0.634 e, 03¢ 687710 10, 44,50,
recalcitrant mg/L 52]
Paraxanthin 26.732 26732  0.836 0836 - : Yes, weeks 039 22110 [50]
(est} mg/L
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No,

Progesterone 0.0022 0.00031 0.00058 0.00058 0.11 0.199 3.87 8.81 mg/l® [10, 54]
weeks/months
Propranol 0.036 0.51 0.03 0.18 - - Yes, weeks  3.48 61.7 mg/l® [50]
. . No, 4.74*10
Roxithromycin 0.01 18 0.008 5 0.03 0.35 weals 2.78' mg/L® [44, 50, 75]
No, 1.41*10
Sotalol 0.37 3.28 0.13 1.12 - - weeks/montHs 0.24 mg/Lb [50, 52]
No, a [10, 43, 44,
Sulfamethoxazole 0.003 10 0.003 5 0.066 2 weeks/montHs 0.89F% 610 mg/Lf 47, 50, 60, 67]
Testosterone 0.0011 0.0012 - - 0.116 0.214 No, 3.3 23.4mg/l° [10, 54]
weeks/months
Triclosan 0.15 1.93 0012 0219  0.029 23 No, month§  4.76 10 mg/l® [10'5‘;‘}' el
Trimethoprim 0.005 10 0.04 1.34 0.15 0.71 No, 0.91F 400 mg/l® [10, 44, 50]
days/weeks
. No, a
Warfarin = = = = ND ND weeks/montHs 2.70F 17 mg/L® [10, 76]
No, a
Zocor 0.004 0.004 0.002 0.002 - - weeks/montHs 4.68F 0.03 mg/l [50]
Sertralie (Zoloft) ; - ; ; 000029 0.00029 No, month§  1.67 2@{?3 [63]

Log Kow and solubility data was obtained from tHeAEEPISUITE 4.11, downloaded in December 2012 susnaccuracy and was up to date [40].

Estimated Bio-degradability of compounds was oladifiom the EPA EPISUITE 4.11 with BIOWIN model [40

a.
b. Estimated solubility data from EPA EPISUITE 4.10]4
c
d

Estimated Log Kow data was obtained from the EPASERTE 4.11, downloaded in December 2012 to enaagpeiracy and was up to date [40].
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Table 2: Summary of previous findings on removal efficiescier selected PCPPs using biological based

treatment.

Removal Rate
ASP®

Removal Rate
MBR®

Influent
Concentration

Reference

Acetaminophen 98.4%-99.9% 99.6%-99.9% [77]
-669%6 .1505 pg/L [78]
10096 37-130 pg/L [79]
10096 1.571-23.2 ugl/L [80]
>990% 28.79-94.58 pg/L [81]
96%-100% 1-26 pg/L [82]
99.82%-99.91% 11.5 pg/L [83]
1009 1.571-37.458 pg/L [84]
ASA 95%-999% 12.6-31.7 pug/L [85]
82%-999% 1-7 pg/L [82]
Acebutolol 38%-60% .04-1.040 pg/L [52]
58.29% 0.355 ug/L [50]
-10%-95% 0.810-9.867 ug/L [86]
54.9%-79.5% 0.39-0.51 pg/L [51]
Amitriptyline
Atenolol 37%-77% 0.350-1.71 ug/L [52]
56.7% 0.03-1.197 pg/L [50]
5%’ 0.2006 pg/L [78]
5%-9596 0.99-8.384 pg/L [86]
31.5%-62.6% 0.72-0.91 pg/L [87]
14.496 0.66-2.432 pg/L [80]
82%-93% 0.916-2.44 pg/L [88]
20%-97% 0.05-3 pg/L [82]
8494 0.3-4.3 pg/L [89]
45%-92.2% 0.51-0.8 ug/L [51]
Atrazine
Bezafibrate 60.896 0.05-4.9 ug/L [50]
9.19%' 0.048-0.361 pg/L [80]
23%-99% 0.04-2 pg/L [82]
97%' 0.8-9 pg/L [89]
36.8%-99.5% 77.3%-96.4% 0.01-7.6 ug/L [90]
Bisphenol A 60%-10098 120-1600 pg/L [57]
75.8%-85% 74.29% 1.94-2.19 pg/L [91]
719% 0.088-11.8 pg/L [50]
10.5%-98.7% 92.7%-99.3% 0.035-2.025 pg/L [90]
Caffeine 96.996 3.69-118 pg/L [50]
1009 54-120 pg/L [79]
94.99% 5.01-65.625 pg/L [80]
0%-10098 0.44-3.28 pg/L [85]
>999 29.09-53.32 pg/L [81]
98.83%-99% 9.68 pgl/L [83]
Carbamazepine -22% to -193% 0.160-.820 pg/L [52]
-5.7% 0.0819-1.68 pg/L [50]
-A296 0.2013 pg/L [78]
-81.8%-10.8% 0.66-1.0 pg/L [87]
-40%-18% 0.130-0.40 pg/L [79]
9.5% 0.106-0.173 pg/L [80]
0%-95% 0.07-0.97 pg/L [85]




419 0.084-0.136 pg/L [81]
37.8%-64.9% 0.064-0.099 pg/L [88]
0%-109% 0.1-0.775 ug/L [92]
0%° 0.7-3.3 pg/L [89]
-9.5% to -4.55% 0.042 ug/L [83]
0%’ 0.18-2 ug/L [93]
-43.1%-13.8% -12.8%-12.5%  0.01-1.85 pg/L [90]
-28.6%-34.5% -7.1%-30.9% 0.7-2.25 ug/L [94]
-43.1% to -17.5% 0.31-0.4 pg/L [51]
Celiprolol 36.4% 0.44 pgl/L [50]
-60%-75% 0.10-0.16 pg/L [87]
369 0.1-0.78 pg/L [89]
Ciprofloxacin 79%-9698 0-4.230 pg/L [52]
62.3% 0.09-5.524 pg/L [50]
52%-9098 0.43-1.10 pg/L [79]
579" 0.16-13.625 pgl/L [80]
37%-999% 0.04-2 ug/L [82]
8096-95.5% 0.42-0.65ug/L [51]
Codeine 32.596 2.8605 pg/L [50]
79.2%-86.25% 0.12-0.16 pg/L [87]
69.3% 0.15-2.087 pg/L [80]
86.7%-91.8% 0.055-0.338 pg/L [88]
Diclofenac 34.6% 0.16-3.1 ug/L [50]
5%’ 0.1412 pg/L [78]
58%-789% 0.14-0.28 pg/L [79]
5%" 0.232-0.561 pg/L [80]
0%-7096 0.099-0.72 pg/L [85]
30%-1009% 0.25-0.9 pg/L [82]
339" 0.5-3.5 pg/L [89]
-150% to -120% 0.01 pg/L [83]
49.9%-88.4% 0.901-1.036 pg/L [95]
33.3% 0.85-2 ug/L [93]
7.1%-62.7% -6.6%-50.6% 1.4-4.114 pg/L [90]
40%-59% 55%-1209%8 3.1-4.9 pg/L [94]
Doxycyclin 35.4% 0.067-2.48 pg/L [50]
509" 0.181-1.295 pg/L [81]
Venlafaxine (Effexor
XR)
Erythromycin 48.896 0.346-0.83 pg/L [50]
-38%-73% 0.140-0.480 pg/L [79]
4.39% 0.346-2.31 pg/L [80]
72%-89.8% 0.032-0.08 pg/L [88]
41%-52.4% 82.2%-98.6% 0.354-1.514 pg/L [96]
25% 0.56-1.1 ug/L [89]
4.55%-9.09% 0.044 ug/L [83]
-128% to -33.3% 0.071-0.141 pg/L [95]
17a-estradiol 8096" 0.0008-.0103 pg/L [86]
0%-95% 0.067-0.18 pg/L [85]
17p-estradiol 60%-100% 0.0035-0.0499 pg/L [86]
0%-9596 0.145-0.19 pg/L [85]
83%-98%8 0.011-0.068 ug/L [97]
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0%-99% 0.01-0.162 pg/L [98]
Estrone 30%-100% 0.0058-0.012 pg/L [86]
-21%-68% 0.021-0.068 pg/L [97]
33.3%-899%8 0.01-0.833 pg/L [98]
97.149% 0.005-0.01 upg/L [93]
Fenofibric Acid -148.19% 0.079 ug/L [50]
1.3%' 0.079-0.117 pg/L [80]
Gemfibrozil 51.596 0.453-3.525 pgl/L [50]
7696 0.415-17.055 pg/L [80]
30%-99% 0.05-3 pg/L [82]
Hydrochlorothiazide 53.296 2.514 ng/L [50]
53.29% 0.617-10.018 pg/L [80]
Ibuprofen 0% 0.4 pg/L [57]
52%-99.7% 89%-99.8% [77]
74.296 .0143-22.7 ug/L [50]
10096 3.9-15 pgl/L [79]
9594" 2.687-4.113 pg/L [80]
0%-98% 12.9-50.6 pg/L [85]
65%-100% 1-26 pug/L [82]
969" 1.7-5.1 pg/L [89]
98.3%-99% 5.32 ug/L [83]
-13.3%-53.3% 7.741-33.764 pgl/L [95]
62.5 1.1-3.5 ug/L [93]
-4.2%-99.2% 97.2%-99.2% 0.01-2.448 pg/L [90]
lopromide 78.196 9.205 ug/L [50]
839% 12-24 pgl/L [89]
709" 0.0001-7.5 pg/L [93]
-862% to -32% 0.026-3.84 pg/L [90]
lomeprol 73.5% 6.05 pg/L [50]
899% 6-14 pg/L [89]
lohexol 59.696 6.7 pug/L [50]
899" 7-11 pg/L [89]
lopamidol 17.496 2.3 pg/L [50]
179% 0.7-3.9 pg/L [89]
Lipitor (atorvastatin) 40%-8098 0.04-2 pg/L [82]
Meprobamate
Metformin
Metoprolol 2%-349% 0.460-1.460 pg/L [52]
55.8% 0.02-4.9 ug/L [50]
-35%-46.7% 0.81-1.2 ug/L [87]
-50%-90% 0.0046-0.473 pg/L [86]
6.59%' 0.02-0.052 pg/L [80]
64%-78.3% 0.033-0.076 pg/L [88]
65% 1.5-8.3 pg/L [89]
-1.9%-26.7% 1.05-1.35 pg/L [51]
Naproxen 81.696 0.206-23.21 pg/L [50]
8098 0.1386 pg/L [78]
60.996 1.196-5.228 pg/L [80]
0%-95% 2.54-4.09 pg/L [85]
60%-100% 0.025-7 pg/L [82]
35.9%-41.22%  0.262 pg/L [83]
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73.08% 0.6-2 pg/L [93]
Norfloxacin >9096 0-0.96 pg/L [52]
54.3% 0.066-0.25 pg/L [50]
30%-98% 0.04-2 pg/L [82]
69.2%-86.7% 0.078-0.18 pg/L [51]
Ofloxacin 75%-88% 0-.350 pg/L [52]
64.5% 0.007-2.275 pg/L [50]
64.196 0.848-5.286 pg/L [80]
0%° 0.0021-1.14 pg/L [88]
20%-99% 0.04-2 pg/L [82]
809%-92.3% 0.01-0.13 pg/L [51]
Paraxanthine 96.996 26.722 pg/L [50]
96.9% 4.547-98.5 pg/L [80]
Progesterone 0%’ 0.01-0.02 pg/L [98]
Propranol 48.596 0.036-0.51 pg/L [50]
-48%-45.29% 0.04-0.073 pg/L [87]
-55%-80% 0.0144-0.703 pg/L [86]
1% 0.012-0.061 pg/L [80]
0%-6096 0.2-0.39 pg/L [85]
59.2%-74.7% 0.072-0.309 pg/L [88]
65% 0.16-0.86 pg/L [89]
-590% to -235% 0.06-0.119 pg/L [95]
Roxithromycin 39.5% 0.0272-1.5 pg/L [50]
54.4%-79.2% 81.8%-97.2% 0.279-1.39 pg/L [96]
33% 0.39-1.23 pg/L [89]
8.79%6 0.012-0.05 pg/L [93]
-80%-43.8% 34.4%-73.5% 0.036-0.078 pg/L [90]
Sotalol 54%-71% 0.370-3.28 pg/L [52]
52.696 1.667 pg/L [50]
-60%-60% 0.129-3.2 pg/L [86]
-31.5%-45.4% 0.87-1.3 pg/L [87]
56.5%-83.2% 0.04-0.222 pg/L [88]
48% 1.2-3.8 pg/L [89]
59.4%-75% 0.03-0.130 pg/L [51]
Sulfamethoxazole 17.59% 0.02-0.674 pg/L [50]
209 0.088 pg/L [78]
57%-7198 0.2-0.85 pg/L [92]
43%-95% 1.2-3.4 pg/L [79]
17.3% 0.162-0.53 pg/L [80]
63%-68% 0.984-2.148 pg/L [81]
62.7%-76.9% 0.02-0.268 pg/L [88]
30%-92% 0.04-2 pg/L [82]
9.1%-49.79% 62.3%-76.9% 0.206-0.391 pg/L [96]
249 0.59-1.05 pg/L [89]
63.9%-70.1% 0.194 ug/L [83]
25% 0.07-0.6 ug/L [93]
-279%-65.5% 61.4% 0.024-0.145 pg/L [90]
Testosterone 50%-99% 0.001-0.02 pg/L [98]
83.33% 0.06 pg/L [83]
Triclosan 65%-75%8 [57]
76.8% 0.3-1.93 ug/L [50]
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92%-98% 0.17-0.82 pg/L [79]
74.5% 0.86-2.417 pg/L [80]
96.6%-97.3% 0.74 pgl/L [83]
Trimethoprim 1.49%6' 0.0535-1.3 pg/L [50]
-21%-929% 0.39-0.77 pg/L [79]
5.196 0.078-0.197 pg/L [80]
39.2%-70.6% 92%-100%8 0.0053-0.0597 pg/L [96]
6996 0.84-1.36 pg/L [89]
-47.6 10 -33.3%  0.021 pg/L [83]
-94.4% to -35% 0.213-0.3 pg/L [95]
a. Lab conditions, single substrate
b. Multiple substrates, lab conditions
c. Higher than field-like concentrations, lab conditicns
d. Field-like concentrations and species
e. ASP (Activated Sludge Process), MBR (Membrane Bioeetor)
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Table 3 Summary of previous studies’ findings on remaefficiencies for selected PCPPs using chemicalgu®es.
RR® — Chemical

RR® — Wet-air

RR® — Electro-

RR® - Ozone or

Concentration in

Author

Oxidation oxidation chemical

Ozone KO,

influent

Acetaminophen 100% 7.8-3.74 pgl/L [42]
ASA
Acebutolol 8696 0.810-9.867 ug/L [86]
Amitriptyline
Atenolol 979 0.72-0.91 pg/L [87]
28.1%-97.4% 0.911 pg/L [84]
Atrazine 10%-98% 7.8-3.74 pglL [42]
Bezafibrate 37.4%-96.5% 0.115 pg/L [84]
Bisphenol A 68%-95% 0.20-0.43 pg/L [91]
>9906 0.242 ug/L [99]
Caffeine 55%-100% 7.8-3.74 g/l [42]
-33%-100% 54-120 pg/L [79]
Carbamazepine 23%-100% 7.8-3.74 pgl/L [42]
88%-100% 0.130-0.40 pg/L [79]
85.2%->98% 0.106 pg/L [84]
Celiprolol
Ciprofloxacin 45%-1009% 0.43-1.10 pg/L [79]
36%->95% 0.522 ug/L [84]
Codeine >98.7% 0.378 pgl/L [84]
Diclofenac 90%-100% 7.8-3.74 pg/L [42]
>99.8% 0.433 ug/L [84]
Doxycyclin
Venlafaxine (Effexor 55%-100% 7.8-3.74 pgl/L [42]
XR)
29.1%->96.6% 0.179 ug/L [84]
Erythromycin 45%-100% 0.140-0.480 pg/L [79]
77.8%->86.1% 0.072pg/L [84]

170-estradiol

17p-estradiol

Estrone




Fenofibric Acid

Gemfibrozil 70%-100% 7.8-3.74 g/l [42]
84.9%-95.5% 0.332 pgl/L [84]
Hydrochlorothiazide 30%-100% 7.8-3.74 pgl/L [42]
34.8%->99.9% 0.707 pg/L [84]
Ibuprofen 0% 0.4 pg/L [57]
52%-99.7% 89%-99.8% [77]
25%-75% 7.8-3.74 pgl/L [42]
74.296 .0143-22.7 pg/L [50]
lopromide
lomeprol
lohexol
lopamidol
Lipitor
Meprobamate
Metformin
Metoprolol 60%-100% 7.8-3.74 pgl/L [42]
979 0.0046-0.473 pg/L [86]
1.2%-25.8% 0.10 pg/L [100]
37%->88.9% 0.027 pg/L [84]
Naproxen 1.7%-28.8% 0.10 pg/L [100]
23.0%-86%
>8996 0.109 pg/L [84]
Norfloxacin 85%-100% 7.8-3.74 pg/L [42]
-47%->78.9% 0.038ug/L [84]
Ofloxacin 92.3%-99.7% 3.594 ug/L [84]
Paraxanthin
Progesterone
Propranol 10096 0.0144-0.703 pg/L [86]
78.1%->93.75% 0.032 pg/L [84]
Roxithromycin 40%-100% 7.8-3.74 pg/L [42]
Sotalol 1009 0.87-1.3 pg/L [87]
Sulfamethoxazole 65%-92% 1.2-3.4 pug/L [79]
58.9%->91.6% 0.095 pg/L [84]
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Testosterone

Triclosan 67.9%-78.5% 0.246 ug/L [84]
78%-83% 0.246-1.486 pg/L [99]

Trimethoprim 83%-100% 7.8-3.74 pgl/L [42]
1009 0.39-0.77 pg/L [79]
90.4%->97.3% 0.073 pg/L [84]

Sertralie (Zoloft)

PooTo

RR (Removal Rate)

Lab conditions, single substrate

Multiple substrates, lab conditions
Higher than field-like concentrations, lab conditicns
Field-like concentrations and species

Table 4: Summary of previous studies’ findings on removéicedncies for selected PCPPs using physical séiparprocesses.
RR — RCF

RR — NF or

UF®

RR — MAR
or
WTLND ®

RR — UV®

TiO/UV

Adsorption — GAC®

Concentration

Author

Acetaminophen 97%- 1.6-8 pg/L [101]
10095
91% 0.0908 pg/L [78]
ASA 86%-90%% 25 ug/L [102]
100%’ 10.25-38 pg/L [101]
95%-1009% 0.132-5.448 g/l [103]
Acebutolol -4%° 62%-829%6 7%’ 0.810-9.867 ug/L  [86]
Amitriptyline 70%-10096 0.341-6.711 pg/L [103]
Atenolol 85%° 0.2006 pg/L [78]
5% 89%-99%  30%° 0.72-0.91 pg/L [87]
>999% 0.13-0.33 pg/L [88]
70%-959% 3.09-33.106 pg/L  [103]
Atrazine
Bezafibrate 95%-100% [104]
50%-81% 0.135-1.391 pg/L  [103]
Bisphenol A 95%- 6696 0.579ug/L [99]
10094
6.1-23 pg/L [101]
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Caffeine -10%-8098 54-120 pg/L [79]
82%-84% 25 pgl/L [102]
155.6 mg Diclofenac 10000-15000 pg/L [105]
1 g GAC
93% 1.519 pg/L [99]
Carbamazepine 93%’ 0.2013 pg/L [78]
55%-90% 0.130-0.40 pg/L [79]
24%-28% 25 pg/L [102]
>999% 0.029-0.052 pg/L  [88]
95%-99% 1.6-2.5 ug/L [101]
71%-93% 0.65-0.9 pg/L [92]
-50%-60% 0.104-3.11 pg/L [103]
Celiprolol
Ciprofloxacin 55%-100% 0.43-1.10 pg/L [79]
Codeine >999%° 0.014-0.02 pg/L [88]
Diclofenac 97% 0.1412 pg/L [78]
60%-95% [104]
75%-100% 0.14-0.28 pg/L [79]
24%-44% 25 pgl/L [102]
63.7 mg Diclofenac 10000 pg/L [105]
1 g GAC
10096’ 0.125-0.8 pg/L [101]
-48%-43% 0.026-1.161 pg/L  [103]
-141%- 0.12-0.5 pug/L [95]
35.79%
Doxycyclin
Venlafaxine (Effexor
XR)
Erythromycin 78%-90% 0.140-0.480 pg/L  [79]
>99% 0.005-0.013 pug/L  [88]
-100%- 0.144-10.025 pg/L  [103]
99%°
65.4%-79% 98.6%- 0.135-0.368 pug/L  [96]
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10094

6.3%- 0.153-0.258 pug/L  [95]
45.495
17¢-estradiol
17p-estradiol
Estrone
Fenofibric Acid 70%° [104]
Gemfibrozil 96%- 0.425-4.1 pg/L [101]
1009
Hydrochlorothiazide
Ibuprofen 80%-100% [104]
75%-100% 3.9-15 ug/L [79]
52%-72% 25 pg/L [102]
97%- 2.5-10.1 pg/L [101]
10095
85%-98% 0.968-6.328 pug/L  [103]
51.7%- 8.77-15.78 pg/L [95]
87.598
lopromide 65%-100% [104]
lomeprol 80%° [104]
lohexol 809%° [104]
lopamidol 25%-80% [104]
Lipitor
Meprobamate
Metformin
Metoprolol 10%° 95%-97%  15% 0.0046-0.473 pg/L  [86]
>999% 0.011-0.018 pg/L  [88]
-5%-65% 0.039-0.146 pg/L  [103]
Naproxen 78% 0.1386 pg/L [78]
70%-95% [104]
52%-93% 25 ug/L [102]
99%- 1.25-8 pg/L [101]
10095
58%-90% 0.4-3.504 pg/L [103]
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Norfloxacin

Ofloxacin >9906° 0.605 ug/L [88]
Paraxanthine
Progesterone
Propranol -28%° 96%° -10%’ 0.0144-0.703 pg/L  [86]
>9906° 0.046-0.075 ug/L  [88]
-20%-95% -20%-95% pg/L [103]
6.3%- 0.357-0.414 pug/L  [95]
45.495
Roxithromycin 85%-98% [104]
71.3%- 99.2%- 0.134-0.359 pg/L  [96]
91.59% 1009
Sotalol -4%° -4%-88%  11%° 0.87-1.3 pg/L [87]
>990% 0.0198-0.051 pg/L  [88]
Sulfamethoxazole 90%° 0.088 pg/L [78]
59%-989% [104]
>990% 0.024-0.038 pg/L  [88]
77%-107% 0.6-0.9 pg/L [92]
-20%-97% 0.003-0.274 pg/L  [103]
38.6%-829% 95.2%- 0.085-0.266 pg/L  [96]
10095
Testosterone
Triclosan 959 2.0232 ug/L [99]
Trimethoprim 80%-90% [104]
40%-80% 0.46-6.79 pg/L [103]
D 90%-100% 0.39-0.77 pg/L [79]
22.2%- 0.388-0.414 pug/L  [95]
46.396
45.9%- 86.4%- 0.015-0.02 pg/L [96]
86.99% 1009

Lab conditions, single substrate
Multiple substrates, lab conditions

PoooTo

Higher than field-like concentrations, lab conditso
Field-like concentrations and species
RR (Removal Rate), NF (Nano-filtration), UF (Ultirdtration), MAR (Managed Aquifer Recharge), WTLNW/ etland), RO (Reverse Osmosis), GAC
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Figure 6: Daily effluent mass flow of PCPPs exiting a WWTRhgsa 100 MGD Capacity as an example (Mass, Ib/da@ntration, g/L)*0.835).
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Figure 7: Monthly effluent mass flow of PCPPs exiting a WWiI$ing a 100 MGD Capacity as an example (Mass, IbtheConcentration, pug/L)*28.05).
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Figure 8: Yearly effluent mass flow of PCPPs exiting a WWTdhg a 100 MGD Capacity as an example (Mass, lbA(€oncentration, pg/L)*304.8).
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Conclusions

1. Interpretation of previous study results

Previous studies concerning treatment methodsfooving PCPPs and the concentrations found
in conventional WWTPs and the environment revetiietdl many compounds were recalcitrant. Generally,
47 compounds were studied from various classeaitogeneral insights into the drugs that existstFit
was examined what was going into the environmemhfwastewater effluents (see Table 1) and it was
found that many of the 47 compounds going to thérenment were not readily biodegradable. The
average concentration in the effluent was arouppb, so in general the compounds were exiting the
WWTP at extremely low concentrations. Many compisulike Atenolol, 17R3-Estradiol, Atrazine,
Fenofibric Acid, Lipitor Carbamazepine were notywamenable to biological treatment. Knowing that
these compounds were not extremely biodegraddigdreatment removal efficiencies of different
treatment processes were examined. Many compdikedatenolol, 173-Estradiol, Atrazine, Fenofibric
Acid, Lipitor Carbamazepine, Ethromycin, Ibuproféfetoprolol, Ofloxacin, Propranol, roxithromycin,
Sulfamethoxazole, and Trimethoprim have been oleskiw be recalcitrant (see Table 2). Generally,
antibiotics, beta-blockers, and psychoactive comgsuend to be poorly removed with conventional
biological treatment and in some instances funteroval can be obtained via MBR processes. Many of
the PCPP compounds were poorly removed by biolbgiceesses, but were removed with physical or
chemical processes (see Table 3 and Table 4). iCalepnocesses in general were effective for remgvi
PCPPs, with the exception of some antibiotics @idraspond well to ozone oxidation, and metoprolas
not removed by Wet Air Oxidation. Finally, the igal separation processes appear to be depermamt u
the concentration added and the properties of thlecules. For example, beta-blockers such as
Metaprolol and Sotalol were poorly removed in argnmbrane process, adsorption, or UV process. This
was likely due to the lack of favorable interactdyetween either the membrane surface or the sativa
carbon surface groups. Therefore, many of the comgs that were not very biodegradable can bectieat
with physical or chemical processes. While thesthods appear to be effective, many of the studee
conducted under laboratory conditions with synthetaste samples at higher concentrations than would

normally be found in the effluent.



Many of the PCPPs that were present in the WWTIRent and effluent have concentrations in
the ppt to ppb range, and therefore seem inconséglim terms of a mass load. To better undecstae
mass of compounds that on average pass througingid the role that concentration can have on the
potential removal of these compounds, Figures kefwonstructed. Using a readily biodegradable
compound, phenol, as a comparison, it became apipthice many of these compounds will have a hard
time competing with other compounds entering a WWT® the 47 compounds studied, only 12 met or
exceeded the NPDES or SDWA phenol limit prior to@entration, whereas 18 met or exceeded the phenol
limit with concentration after RO (see Figure 1&igure 2). Higher concentration of these compounds
provides a higher probability that the compounds wvidergo biological degradation. To provide @t
for the mass flows of compounds of interest, thydanonthly, and yearly mass flows for each of #he
compounds was shown in Figure 3, Figure 4, andrEi§u The daily mass load ranged approximately
from 0.0009 pounds per day for Estrone angtEZtradiol to 150 pounds per day for lomeprol (lolese
100 MGD plant flows). While the lower end of thesdues does not seem to constitute a substantial
contribution, compounding these values yields litgrtesults. The yearly mass load ranged
approximately from 0.3285 pounds a year for Estrame 1B-Estradiol to 54,000 pounds a year for
lomeprol. If compounds were not recalcitrant imdgical treatment, then the mass flows to the
environment should be lower than the influent nfemgs. To provide context for the mass flows of
compounds of interest, the daily, monthly, and leerass flows for each of the 47 compounds was show
in Figure 6, Figure 7, and Figure 8. The daily sn@sd ranged approximately from 0.0002 poundsipgr
for Estrone, 1d-Estradiol, and 1ff-Estradiol to 60 pounds per day for Atenolol anddi@ric acid. When
these values were scaled to a year, significartribotions could be seen. The yearly mass loagadn
approximately from 0.07 pounds per year for Estrdife-Estradiol, and 1F-Estradiol to 22,000 pounds
per year for Atenolol and Fenofibric acid. Conipgrthe mass flows on a given day to the efflueass
flows, it became evident that compounds are beengpoved during wastewater treatment. With all &f th
said, the concentrations that these compounds eveezing and exiting the plant (see Table 1) werthé
ppb to ppt range, but still constitute a sizeabéssrflow due to the volumes encountered in WWTAssa
result, even though the public and policymakers pergeive these compounds as being trace compounds,

they must still be taken seriously. Finally, calgsing that the numbers presented apply to a siti@fie
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MGD treatment plant, the mass load of these comg®uwhen averaged across the country becomes
substantial and helps to explain observed effaath as fish becoming all female downstream of a VAWT
[20].

There i . .
ereisa Table 5: Summary of Removal properties based of Eiatio

fundamental relationship Log Kow <2.5 Log Kow 2.5-4  Log Kow

>4.0
between Log K, and Number 4 15.4% 1 10.0% 1 125%
solubility, which plays a Concentrated
Number Removed 20 769% 8 800% 5  62.5%

role in PCPPsin a

Neither removed or| 2 7.7% 1 10.0% 2 25.0%

WWTP. Generally, as the Concentrated

Log Kow increases, the Note: Concentration occurs when EI>1.2, Removalicwhen El < 0.8, and
neither removal or concentration occurs when<OEB< 1.2

solubility of a compound

decreases and it becomes more likely that the cantpwill partition to a solid or surface phase, for
example sludge solids in a WWTP [106, 107]. Logkat Figure 9, Figure 10, Figure 11, in general PEP
were removed by the conventional WWTP processehleTs summarizes the removal or concentration of
compounds as a function of Log There were few exceptions to the removal of PC&Ring

biological wastewater treatment and these excepiimeiude: Atenolol (Log K, = 0.161, Effluent:Influent
ratio (El) = 2.797), 18-Estradiol (Log K, = 2.45, El = 5.465), Atrazine (Logl=2.611, El = 1.019),
Fenofibric Acid (Log K = 5.19, El = 104.44), and Lipitor (Logo= 6.361, El = 1.017). These
compounds become more concentrated rather thag beximoved during biological treatment. The
mechanism by which these compounds become morectated in the effluent than in the influent is no
well understood, but adsorption processes assdaidth sludge and reversible desorption in a cyclic
fashion could occur [108, 109]. Additionally, &&tlog K, increased, there was a larger amount of
chemicals coming out compared to lower Lag, Kalues (Log K,,<2.5: EI=0.1303, 2.5<Log k&<4:
El=0.1456, Log K,>4: EI=0.4634). Therefore, as the Log,KMncreases and the molecules become less
soluble and more hydrophobic, there will genertya higher concentration of the compound in the
effluent and the fractional removal will be les&/hile the list of PCPPs in this thesis is not extae, Log
Kow Was predictive of the concentration in the effluamd thus, if the Log k was known for any PCPP, it

likely would follow the same general trend as shawhigure 9, Figure 10, and Figure 11. As a reshé
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larger the Log Kow was the higher likelihood thdlgant will be found in the effluent. Potential
mechanisms underlying the removal of these compwililbe explored in subsequent chapters, although
potential removal processes include: sludge adsorfitreversible or reversible), biological degasidn,

and biological transformation.

2. Preview and Hypotheses

This thesis will seek to answer key questionsteel#o biological treatment, adsorption processes,
the viability of advance treatment processes, arsihiess considerations to remove PCPPs from water.
The hypotheses are: How does the concentratidmesetmicropollutants affect their ability to beatesl?
How are carbon adsorption and biological treatnadietcted by competition of other substrates? Totwha
extent will current technology allow for their satamoval from discharge sources?

The remainder of this work will explore methodsefoval of PCPPs in depth. In chapter two,
biological treatment will be analyzed with and weitth competitive effects to see if further biolodica
treatment will be fruitful. In chapter three, chiead adsorption will be analyzed with a Freundlich
isotherm model to determine how its applicationldauid in the removal of PCPPs. Finally, in chapte
four, advanced processes with special consideréiocost will be analyzed to assess their feasjtfibr

removal of PCPPs.
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CHAPTER 2

THE ROLE OF CONCENTRATION ON BIODEGRADATION

Introduction

1. Overview

Wastewater treatment plants are typically biologiesed treatment processes. Wastewater
treatment seeks to: “reduce BOD, reduce toxicaaigogens, remove metals, N, and P, and remove
pathogens” [110]. Biological treatment is a baetbased processes where the bacteria utilize the
compounds as substrates for catabolism [106].tHaravords, the bacteria feed on organic chemitals
make up BOD and reduce it over time [111]. Thddgucal activity occurs via an activated sludge
process. ASP involves the oxidation of organicteratvhich results in conversion to new cell mass a
then gravity sedimentation of the bacterial flookbjch separates the biomass from the effluent][110
the context of a WWTP, ASP constitutes only a portf the treatment process.

WWTPs operate in four definable phases: ScreefRirigyary treatment, Secondary treatment, and
Tertiary/Advanced treatment. First, the screemsitegp occurs at the intake to the plant and itsqeeps to
remove debris that would otherwise disrupt plargrafion [106, 110]. Next, primary treatment ocouies
gravity sedimentation, which removes solids (orgamid inorganic) on the basis of size and densitQ].
Afterward, secondary treatment via biological tneett usually consists of an ASP and nutrient refhova
[110]. Disinfection may occur by death of the ietfeus agents in the ASP and/or post disinfection
(usually by chlorination [110]. Finally, Tertiaddvanced (see chapter 4), includes chemical presess
such as ozonation, advanced oxidation, etc. [110].

Within WWTP, authors have reported substantialagimn in the removal efficiencies of PCPPs.
The PCPPs in the influent of WWTPs include: anatgesntibiotics, anticonvulsants, psychoactivegdru
cholesterol-lowering agents, imaging contrast meafia estrogenic compounds [110]. Many of the
concentrations of these compounds in the influanteasily exceed 1 pg/L, thereby exceeding trace
amounts, but not enough to make it a dominant epd&il0]. The removal is a function of secondary

treatment, filtration, and disinfection, and salkdention time [111]. The effect of this variation
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removal efficiency results in many of the efflueatsitaining recalcitrant compounds that are pensish
water supplies and potentially contaminate finistigdking water even after treatment [110].

Additionally, water bodies during dry spells camton significant contributions of effluent (50-99%nd
therefore become contaminated with PCPPs [11(jerdfore, the PCPPs enter into the environment, and

if they are recalcitrant, will be immune to ASP awtumulate in the environment.

2. Literature review

Numerous authors have written about the existehB&C®Ps in WWTP influent and effluents,
along with the subsequent concentrations thataned in the environment see Table 1, page 15). The
influent range of PCPPs was between 0.0001 andy/Q jndicating that there is a substantial vaaatin
the load of chemicals entering a WWTP. On therotlaed, the WWTP effluents demonstrated a range
between 0.0002 and 70 pg/L showing that removalteva®me degree occurring, but this trend did not
necessarily hold for every chemical studied. Hifkient discharge results in a mass flow to the
environment, which, then depending on the chariasties of the compounds, will have an excellent
reflection in the concentrations found in the eoriment. The environmental concentrations observed
various studies exhibited a concentration rangeds 0.0001 to 71. 9 pug/L. Finally, the removal
efficiencies for ASP WWTPs and MBR WWTPs are shawfable 2 (see page 18). These tables
demonstrate that many compounds are recalcitrazdrneentional ASP WWTPs. On the other hand, many

of the compounds that are biologically recalcitrd@monstrate potential for removal in MBR plants.

Methods

1. Literature Values and Previous studies

A comprehensive survey of the literature was cotetlito ascertain the concentrations of PCPPs
of interest and their treatability. 140 journaices were compiled with values for influent, etht, and
environmental concentrations (see Table 1). @4$&hL40 journal articles, 10 were comprehensiviewev
articles that formed the basis of producing thalflist of PCPPs. Minimum and maximum values were

compiled with measurements being taken within théddl States being given preference and non-US data
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being utilized when US data was not available. ifoldally physical and chemical data concerning
biodegradiblity, log K., and solubility data was estimated in EPISUITES[40].

Additionally, a literature search was also condddteascertain the effectiveness of different
treatment methods currently employed in eitherdedle or in the field. 140 journal articles weoenpiled
to determine the minimum and maximum values foheCPP in a given process (see Table 2, Table 3,
and Table 4). By assessing the current practicései field, it became possible to estimate theoneh

efficiencies for each of the various treatment rod¢h

2. Probability Plots and Distribution Determination

Probability plots were constructed to determinedisé&ributions of influent, effluent, and
environmental concentrations; as well, averagabefiterature values. All probability plots were

constructed in Exc@lunder the same procedure. First, the concenmisatibinterest were rank ordered

from smallest to largest. Then a probability wasmputed by using the formula: = rank

¥#of items to rank+1'
and taking the normsinv(p) and loginv(p). The aial values were then plotted with probability (as
number of standard deviations from the mean) versasentration (S with two standard deviations from
the mean), on log normal and normal scales to ehitterthe distribution for each parameter of interes

(based on curvature and fRalue).

3. Monte Carlo Simulation

In order to study the role of concentration on bigihdation, a Monte Carlo simulation was
conducted for CSTR and Batch reactors with andawititompetitive effects due to other substratdse T
Monte Carlo simulation was conducted in Microsoft&® 2010. The simulation utilized 1000 trials and
all variables were subject to the appropriate itistions. In order to roll the dice for each tridie
random() function in Excé&lwas utilized to generate a probability betweem® & for each of the
variables. The dice roll was separate for each@fariables of interest, Kkgy, Y, k, and $. To generate
values for each of these, the normsinv(p) and M(@nfunctions were used with the dice roll for leac

variable in the trial, with the relevant mean atahdard deviation (shown in Table 6). Faof, Ky, Y, and
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k, the values for phenol were used as a surrodateétie compounds of interest due to the wide abdity
of data, and the fact that Phenol is the a relptivi@degradable compound that is frequently foimd

industry and medicine. Phenol is also well regadawithin the current regulatory scheme and as such
provides an excellent model. The means and stdmi#asiations were compiled from Magbuana et al.,

which provided an excellent sampling of experimedga and literature values [112].

Table 6: Constants used in Monte Carlo Simulation for Bigrdelation [113] [106] [112]

Constants mg VSS/ mg Phenol kg, d*  k,d* Ky, mg/l S, mg/L
Mean 0.85 0.03 4.86 0.63 0.001889*
Standard Deviation 0.20 0.01 1.94 0.86 0.015625*
Distribution Normal Normal Log Log Log

*Values obtained by averaging and standard deviafi@ll the influent concentrations found
in Table 1. The 45 pharmaceuticals of interestetfoee form a distribution with a mean and
standard deviation. This distribution was log-natm

After extracting the parameters for each of thagrithe competitive and non-competitive trials
were completed. The dice were re-rolled for 10604 for each of the cases (CSTR and Batch with an
without competitive effects). Ultilizing the valuem the pertinent distributions, values for eatlhe
scenarios were found. First, equation 3k was sbloebatch with a non-competitive single substrate
(phenol). Then a CSTR was solved with a non-coitipesingle substrate with,. of 1, 2, 5, 8, 10, 12, 14,
16, 18, and 20 days. After completing the caléoitest for the non-competitive cases, the calculatiwere
redone to account for competitive effects by sawequations 7j and 8i. For each of the four sdesar
averages and standard deviations were obtainedsattre 1000 runs, and the average was plottedctwith

standard deviations indicated.

4. Results Analysis

The final results were plotted as a percent ottirapound that was removed by biological degradatlon
was assumed that the influent, effluent, and enwirent inputs contained 45, 44, and 38 compounds

respectively.
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Biodegradation: Minimum Achievable Substrate Concetration

1. Introduction
When organic compounds biodegrade, a portion oftinepound is used for energy to drive
metabolism of the bacteria; while the other pori®osed for growth as a carbon source [113] [108iat

is exhibited schematically in Figure 12.

CO, + H,0
Organic E
Compounds nergy
New Cells
(growth)

Figure 12: utilization of organic compounds.

Then, any model of biodegradation must include Isotbstrate utilization and microbial growth.
Simple first-order biodegradation models withoutgidering active microorganisms is incomplete ailtd w
yield erroneous results, especially when low salstconcentrations are considered [113]. Witheesip
low concentrations of substrates , a minimum a@h®s/substrate concentration,Sis reached when the
microorganisms can no longer grow faster than theyff, or the growth rate = the death rate (ertogs
decay) [113]. The values of,swill depend on the reaction conditions (flow reginand therefore differ
between batch or plug flow conditions and contiralpstirred conditions (CSTRs). The equations for

Smnin, €an be constructed for each case and are coedittethe subsequent sub-sections.

2. Batch Reactor

Beginning with the Monod Model of microbial metaisoh and separate rate equations for substrate
utilization and net microbial growth [113]:

Substrate utilization:

as kXS
—=- (2)
dt Kn+S
Net Microbial Growth:
dX_Y< dS) X =T kXS X
dt ~ dt T K, +S 2)

Growth Death
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Where, X is microbial biomass, Y is the microbialgt coefficient, S is the substrate concentratiois,

the specific substrate uptake ratgiskthe endogenous decay coefficient, apddthe half saturation

constant. In order for microorganisms to growtdeast maintain a level of subsistenGegpwth >

Death, or

And, dividing by X (microbial biomass):

L
Kn+S~

Now we can solve for the concentration of substnateded to support microbial growth, or:

YkSmin
— M —ky
Km + Smin

Then, rearranging and finally solving fogS

Smin Yk — kd) =kqKm
S _ kqKm

Also, the batch reactor situation is assumed tepeesentive of a plug-flow continuous reactor.

3. CSTR with Recycle

For ASPs, the system can be broken down into tretiae basin and clarifation (used to

(3a)

(3b)

(3c)

(3d)
(3e)

segregated/concentrate and recycle biomass). |8dds to several separate considerations in sofeing

the constituents in completely mixed processesds iShndicated in Figure 13 as the three distiness

balance envelopes that can be considered:
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C. Whole System

T A. Aerator

(waste biomass)

' |
: Air Basin B..2° Clarifier. |
I
| —
—7 I
I [
—Q, Si, X.:I x >' V, X, S Q+Qr, X, Se > : Q-Qw, Se, Xe»
I \/

I
| |
| Qr, Sr, Xr |
| Qw, Xw |
' |

Figure 13: CSTR with Recycle. Three envelopes for mass belanalysis: A) around the aeration basin,
B) around the secondary clarifier, and C) arouraddhtire system. Q is flow rate, X is microorgamis
concentration, S is substrate concentration. Sigisad indicate influent, r indicates the recytdep, w is
the waste biomass and e is effluent.

Starting with the Aerator (Envelope A),

dx YkXS
V—=0QX;, — 0X + QRXz +V

dt K,+S VkaX (4a)
Then assuming ¥=0 and dividing by V yields:
C{;—f=—§X+§RXR+I;:f_SS—kdX (4b)
Assuming steady state conditio% € 0), the equation becomes:
0=—§X+§RXR+I$f_SS—kdX (4c)
Then, around the entire system (Envelope C), tiatéan becomes:
Vd—X =QX;—QX,—Q,X, +V VkXS —VkaX (4d)
dt Kyp+S
Assuming that Xand X are equal to zero, the equation becomes:
Vd—X =—QuwXy +V VkXS —VkaX (4e)

dt Ky, +S
Dividing through by VX and assuming steady st%%:e=( 0) yields the equation:

QwX,  YkS

0= -
VX " Kp+S

ka (4f)
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Where% = 6., which is the biomass residence time (amountoé & bacterial cell (the biomass)

resides in the system, on average) and substttien:

0="14 S (49)
"0, Kp+S ° g

Rearranging the equation and solving fgr, $ields:

1 YkS,,;
—+ky = __Tmn (4h)
96 Km + Smin
1 .
(9_ + kd) (Km + S‘min) = YkSmin (4|)
c
1 1 .
YkSmin = K (9_ + kd) + Smin (9_ + kd) (41)
Cc c
1 1
YKSpin — Smin (e_ + kd> - K, (e_ + kd) (4K)
c c
1 1
St (Yk_(6_+kd)) (k) @
c c
And, finally solving for Sn,
1
K., (e_c + kd)

Smin =

(4n)

(Yk - (elc + kd)>

Note, for systems without recycle, such as maybaraed for a lak&q, = 6, (hydraulic residence time).

4. Multiple Substrate competition
Some bacteria utilize more than one substratecomapetitive fashion in order to grow. The resfiltios
is that the previous set of equations must be reatith incorporate the effects of multiple substsan

solution [113]. For two substrates, the substrate equation may be modified as follows:

as; —kXS,
— = (5a)
dt  Kpi+ S+ Kp1Kn2S,
This may be written as a summation for n-substfdte3] (look for additional reference):
ds —kXS
o1 1 (5b)

dt — Kpq+S;+ Ky * 2, (K iSi)
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Then, the biomass growth equation may be rewritien,

a _ .8 (5¢)
dt dt
dx, YkXS, (50)

dt B Km,l + 51 + Km,l * Z?:z (Km,isi)

This equation is then substituted into the equatfon batch reactors and CSTRs to derive a multiple
substrate competitive Monod model. Thg,$alues for multiple substrates can be found imralar

manner to a single substrate. This was done @gjogtion 5d by considering &8s our primary substrate.

5. Multiple Substrate Competition Batch Reactor

In order for microorganisms to grow or at leastmtein a level of subsistenagrowth > death:

YkXS, > X (6a)
= a
K1+ S1+ Ky * 21y (KniS) ~
And dividing by X (microbial biomass),
YkS,;
kg (6b)

=
Km,l + Sl + K(m,l) * z:ln=2(Km,iSi)

Now we can solve for &, or:

YkS, . 60
= C
K1 + 51+ Kmy * 21y (KiniS) ~ ¢
Collect S on each side:
YkSl,min - kdsl,min = dem,l + kd * Km,l * Z:Ln=2(Km.iSi) (6d)

Finally, rearranging and solving fog Q.

Km,l + Km,1 * 2:?:2 (Km,isi)

A 1min — Yk (66)

6. Multiple Substrate Competition CSTR with recycle

Beginning with the same configuration in Figure tti® analysis begins with the aeration basin (A),
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v ox X+ QRXz +V i) VkaX 7
- = - - a
ar = Win = QX+ QRXg Ky + S1+ K1y * 21y (K iSi) d (72)
Then assuming =0 and dividing by V yields:
0y pxy+ VkX5: kpX 7b
dt = V" VTR Ky + S+ Ky * Z, (KniS) (75)
Assuming steady state conditio% € 0), the equation becomes:
0=-2x+%px, + VXS kpX (7¢)
=—= = - c
VO TV R Ky + S+ Kangy * 2y (KmiS)
Then, around the entire system (C), the equaticnrbes:
& 0X; — QX, — Q, X, +V VXS VkgX 7d
dt B ' ¢ wew Km,l + 51 + K(m,l) * 2:ln=2 (Km,isi) d ( )
Assuming that Xand X are equal to zero, the equation becomes:
y X, +V VkXS, VkaX 7
- = — e
dt QW Y Km,l + Sl + K(m,l) * z:ln=2(Km,iSi) d ( )
Dividing through by VX and assuming steady st%ﬁe:( 0) yields the equation:
X YkS
0=— QW w 1 kd (7f)

VX K1+ S1+ Ky * 2y (K iSi)

WhereQ% = 0., which is the mean cell residence time (amoutinoé a bacteria resides in the system,
waw

on average) and substituting, then:

0="14 U k (79)
6c " Ky + 51+ Ky * Sy (KniS) J
Rearranging the equation and solving ferSyields:
Lk YkS: (7h)
— 4 ky =
Oc K1 + S1+ Kimy * 2y (Kin,iSi)
1 .
ViSy = 5+ a) * (Ko + 51+ Ky * 2 (Km151)) (7i)
c
1 1 1 n .
YkS; = (— + kd) * Ky + (— + kd> *S1 + (— + kd) * (K(m,l) * Zizz(Km_iSi)) (7
Oc Oc Oc

1 1 1
VS = (5 +ka) + 51 = (5 + ka) # K + (57 Ka )+ (Kanay * 2p (KmiS)) - (70
6c 6c AP ’ '
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1 1 1
8, 0, 17 g, : ’

(3 ) o+ 3 )+ (K 310

Simin = 1 (Tm)
Yk — R kg
c
1
K * (g_c + kd) * (1 + i, (Km,isi))
Stmin = 1 (7n)
Yk - 9.~ kg

Note, for systems without recycle, such as maybkarasd for a lakeq,. = 6,, (hydraulic residence time).
A summary of the equations derived for the minimauhstrate concentrations is presented in Table 7.

Table 7: Summary of derived minimum substrate equationydoious reactor types

;ﬁgit%fr Siin W/0 competition Smin With competitive effects
Xm m1+Kmy *Eisp (Kim,iSi
Batch Sminimum = v (€. 3€) Sy min = e 2(mi50) (0. Be)
kq E_l
CSTR W|th _ Km(gic"'kd) _ Km'l*(Qic+kd)*(1+zl?l=2(’{m.i5i))
recycle Sminimum = yik_(e% +ka) (eq. 4n) Simin = "y (eq. 7n)
CSTR
without Eq. 4n;0,, = 6, Eqg. 7n;0,, = 6,
recycle

Results

Utilizing Monod kinetics and accounting for compiet effects during Monte Carlo simulation,
the results are presented in the sections whidbviol The first set of results obtained examinea th
distribution of results obtained in batch, CSTR{ &terature review data to determine the undegdyin
distributions of values. These values were crucighe modeling exercise, since utilizing compeit
effects creates a dependence on the concentrdttbe other substrates in solution. Therefores thi

concentration and distribution must be determimedrder to proceed.

Probability Plots

Utilizing data that was compiled from the literatigearch, probability plots for the influent,

effluent, environmental, and average concentratidd®CPPs were compiled (see Figure 14, Figure 15,
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Figure 16, and Figure 17 respectively). The awerayl the minimum and maximum concentration for the
compounds examined demonstrated that log-normtlldiions were reasonable fits for influent, e,
and environmental concentrations with\Rlues of 0.8884, 0.9655, and 0.917 respectivalya result,
the influent case (Figure 14), was utilized ashthsis of the competitive average and standard ti@via
values, and was assumed to be log normal.

Once the Monte Carlo simulation results were olgiéj probability plots of the,g for both batch
and CSTR (see Figure 18, Figure 19), with and witlhompetition, revealed log-normal distributionsrey
a reasonable fit (visual linearity and:R0.9). This was expected, since most of the mpuere log-

normally distributed.

C=2.9531*S +1.1471
R?=0.8798

C=2.9391*S +0.485
R?=0.8884

C=2.9873*S-3.1689
R*=0.9717

@ Minimum
Average

B Maximum

Ln(Influent Concentration), ppb

-10

25 2 15 1 05 0 0s ! 15 > 25

S
Figure 14: Influent probability plot demonstrates generallpg-normal distribution for all three sets of
data, i.e. minimum, average, and maximum conceotatetected (data from a variety of sources, see
Table 1).
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C=2.6112*S + 0.1991
R?=0.9105
5+ C=2.599%S - 0.4668
R?=0.917
u
3 =4+
a
& C=2.5426*S - 3.9498
=1+ R?=0.9615
c
2
=
e
E @ Minimum
g1
o Average
Qo
t .
o B Maximum
2
£37
c
=
5 L
7+
[ |
* * o
-9 t t f t f f t t t {
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25
S

Figure 15: Effluent probability plot demonstrates generallpg-normal distribution for all three sets of
data, i.e. minimum, average, and maximum conceéofrstletected (data from a variety of sources, see

Table 1).
6 T
C=2.6128%5-05212
R? =0.9595 [ ]
4t ~.C=26153*S-1.1354
R*=0.9655
2 C=2.709*S - 3.2637
] R?=0.9415
o
o
o
T
L 04
=
i
<
i
9
5
3 27 # Minimum
£
] A Average
£
S 4 4 B Maximum
>
=
w
5
6 +
8
L 4 *
-10 -+ } } + t t 4 {
-25 -2 <15 -1 0.5 0 0.5 1 15 2 25

Figure 16: Environmental concentration probability plot demtoates generally a log-normal distribution
for all three sets of data, i.e. minimum, averagel maximum concentrations detected (data fronriatya

of sources, see Table 1).
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Tt C=2.9391%5+ 0.485
R?=0.8884

C=2.599%5-0.4668

5 R?=0.917
A C=2.6153*S-1.1354
W R?=09655
e
a
a
a
=1
§ + Influent
®
£ W Effluent
g A Average
E -4
S
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)
-3
5
il
=25 2 1.5 =1 -05 0 0.5 1 15 2 25

S

Figure 17: Average probability plot demonstrates log-normatritbutions for the averaged values for the

influent, effluent, and environmental concentrasi@ompiled from a literature search.

5 -
Smin,1 = 0.8674*S+ 2.0228
R?=0.9951
a1 4 Smin=0.8377*S+14936
R?=0.995
3 +
2 27
o
o
=
E # Smin
k] 1+ M Smin,1 - Competitive
0+
1+
[}
*
-2 t t t t t t + 1
-4 -3 -2 -1 0 1 2 3 4
S

Figure 18: S, batch reactor probability plot demonstrates logama distributions for the values obtained

by 1000 trials for both competitive and non-comipeti cases.



7T * C=0.8542*S +4.1488

R?=0.998

pov L)

v
I
t

@ Sminl - Competitive

W Smin

Ln(Concentration), ppb
S

w
I
t

C=0.2168*S + 1.4001
R?=0.9678

-4 -3 -2 -1 0 1 2 3 4
S

Figure 19: S, CSTR reactor with 8, of 5 days probability plot demonstrates log-noruiatributions
for the values obtained by 1000 trials for both petitive and non-competitive cases.

Non-Competitive Kinetics

When competitive effects are disregarded, an idedlcase is modeled where a single substrate is
being consumed by a bacterial species without degathe other organic and inorganic compounds that
would be present in the influent of a WWTP. Theults displayed in Figure 20, represent the most
optimal case for determining the substrate conagatr necessary for the rate of bacterial growtedoal
the bacterial death rate. If this concentrationdsexceeded, then the bacterial counts will dieirzohd

further utilization of the substrate will cease.
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US EPA Priority Pollutant
Limit, Phenol = 18ppb
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Plug flow

” \

MCRT, d

Figure 20: Minimum substrate concentrationg;Sfor batch and CSTR reactors without competition.
Non-competitive phenol degradation demonstratagatantially lower minimum concentration for plug
flow reactors than CSTR reactors. The range ofaijpgy parameters in a WWTP shows that the minimum
necessary concentration for a substrate decreaemereasing MCRT (based on Monte Carlo simulatio
of equations 3e and 4n, using phenol as a surregétgrate, and parameters listed in Table 6).e:Nbe
shaded region of this figure is one standard dievidtom the average.

In terms of a typical WWTP, MCRT is one of the doant variables that can be controlled by the
operators of the plant. This parameter has aidraect on the minimum substrate concentration
necessary to sustain bacterial growth. Ultilizing tange of MCRTSs that are typical for WWTP operadi
(5 to 20 days), demonstrates that the minimum aunaton necessary to maintain bacterial countgesar
between 37 ppb to 13 ppb for MCRTs of five and tiyetays respectively. This means that in ordeafor
PCPP to be potentially biodegraded, it must extleisdevel in the influent. On the other hand, ftheg
flow reactor demonstrates a small range gf ®ith an average of 4.47 ppb with a standard deviaif
2.23 ppb. One might also note that the batchug-fibw results appear to be the limit for the CSTR
(CSTR—PF a9, — «). There is no dependence on the MCRT in the fiwg case, but it is interesting
to note that the & is substantially lower than in the CSTR case. Jigaificance of this is that a few
more compounds than in the CSTR case maybe biodiedjidue to the lower minimum concentrations.

Very few of the compounds included in this studyénfluent concentrations that exceed thg Balues
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predicted in Figure 20. As a result, within mostWWPs, biological degradation is not expected targd
extent. If these compounds were concentratedffizismt levels to maintain bacterial growth, theguld
then be potentially biodegraded and would becomatiaactive substrate for the bacteria. Addititnal
the US EPA priority pollutant limit intersects theerage CSTR minimum concentration with a mean cell
residence time of 13 days for CSTR and the mininfamthe batch reactors are always lower than thé li
for phenol. The implications of this is that tH#éwent that is leaving most facilities regulateg MPDES
permits will not exceed the median MCRT for CSTERS as a result, will most likely not undergo any
further biological degradation. Also, any spediethe influent that are below,§ will tend to be
outcompeted by the higher concentration substratas.helps to explain the phenomena of some PCPPs
that are in the ppt range that simply pass thrdhgtplant.

Unfortunately, real world conditions do not involaesingle substrate with a single bacterial
species. Waste streams entering a typical WWTR@rplex mixtures of compounds and bacteria,
necessitating that competition will occur and tighbst concentration substrates will be preferéntia

degraded.

Competitive Kinetics

When competitive effects are taken into accountpae realistic case is modeled where multiple
substrates are competing to be consumed a bacpégales. This competition would occur due to the
complex nature of the organic compounds that agsemt in the influent of a WWTP. Therefore, the

results obtained iRigure 21, represent a more realistic case for determirtiegotacterial concentration

necessary for the degradation of a single substfaténimal concentration to occur. If this minimu
concentration is not met, then the bacterial cowiitsdwindle and biodegradation will cease.

In terms of a typical WWTP, the MCRT is one of th@minant variables that can be controlled by
the operators of the plant. This parameter haastid effect on the minimum concentration necgssar
sustain bacterial growth. Utilizing the range o€RITs that are typical for WWTP operation, modeling
demonstrates that the minimum concentration negessanaintain bacterial counts varies between @ p
to 13 ppb for MCRTSs of five and twenty days respety. Additionally, the US EPA priority pollutant

limit never intersects the CSTR range. On therdtlaed, the plug flow reactor demonstrates a sraatje
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of Syin With an average of 7.58 ppb with a standard dieviaif 2.36 ppb. There is no dependence on the
MCRT in the plug flow case, but it is interestimgrtote that the &, is substantially lower than in the
CSTR case. The implications of this is that tHfeieht that is leaving most facilities regulatedMyDES
permits will not exceed the median MCRT for CSTRsl as a result, will most likely not undergo any
further biological degradation. Also, any spediethe influent that are below,g to begin with will tend

to be outcompeted by the higher concentration epedihis helps to explain the phenomena of some
PCPPs that are in the ppt range that simply passgh the plant.

80
70

60

CSTR
US EPA Priority Pollutant
Limit, Phenol = 18ppb

20

Batch or

Plug flow
10

MCRT, d

Figure 21: Minimum substrate concentrations,$for batch and CSTR reactions with competitive
substrate effects. Competitive degradation dematest a substantially lower minimum concentratiom f
plug flow reactors than batch reactors. The rafgmerating parameters in a WWTP shows that the
minimum necessary concentration for a substrateedses with increasing MCRT (based on Monte Carlo
simulation of equations 6e and 7n, using phenal ssrrogate substrate, and parameters listed ile Bab

Discussion

Biological degradation of any organic molecule fsiaction not only of the type and amount of
bacteria present within the culture, but also,atvecentration and number of chemical substratesatiea
present within the wastewater. Within WWTP infite there are thousands of compounds that will
eventually be competing for different bacteria tvidt specifically digest them. While a single baga
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species will not digest all of these compounds;ghéll be multiple compounds that are most likely
competing to be the substrate of choice for thetiquaar bacterial species. As a result, the miodel
exercise demonstrates that adding just one mor@etitine substrate means that the minimum
concentration necessary for degradation must iseraad almost double (equal concentrations or Bqual
competing substances). This means that only comgmthat are present in the highest concentratidhs
be effectively degraded biologically. Thereforeprder for a PCPP to be potentially biodegradeauist
be present in the influent at a sufficient levebeopreferentially degraded.

Accounting for competitive effects amongst speaieseased the necessary minimum
concentration substantially by adding one competisiubstrate into the reactor. It is importamabe that
these concentrations with two substrates compedsgits in approximately a 75% increase in the
minimum concentration of that substrate for a CSif a 70% approximate increase for batch/plug flow
reactors. This indicates that as more substratesarsidered to be competing for the same bacterial
species (a more realistic scenario); there wilhlferther increase in the minimum concentratiothef
compounds to allow bacterial colonies to be mairgdi In the context of WWTP influent, there wid b
scenarios where there are more than two substatepeting for a bacterial species, which would przd
an underestimation of the minimum concentrationhgymodel. Additionally, different kinetic pararaet
(Km, k, and k) for each substrate will affect the relative cdmition of that substrate to raising
competitively the overall minimum concentration &rother substrate. This will become crucial asafio
substrates will have to meet the same minimum adnation, and will instead be based upon what other
substrates are present and competing for thatielcpecies.

If the 45 compounds that were considered forghigly are considered at their influent
concentrations, less than 10% of those compoundddviiee even potentially biologically degraded (see
Figure 22). This assumes that the maximum conatoitr of that compound is present and that the
minimum substrate concentration is utilized to proelthe most optimal result. This will not neceibga
be the case for a WWTP where more than two substratybe competing for the same bacterial species.
The general result shows that as more speciedddezlathe minimum concentration necessary for
biological degradation increases. As a result,tduae complex nature of the waste stream entering

WWTP, there will rarely be an optimistic case whargngle substrate is interacting with a singleté@al
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species. Even if the most optimistic case is assijm compound would need to be present within the

influent waste stream above thg313-37 ppb depending on MCRT). Very few of thenpmunds in this

study fit within those parameters (less than 20%)en, either the biokinetic parameters are more

favorable than those used as a surrogate, i.ekk10r Ky < Kim phenot OF for many PCPPs there must be

other processes occurring within the treatmenttglaat remove these compounds.
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Figure 22: Utilizing the best case scenario of non-competikiveetics; most WWTPs behaves as a CSTR
and very few of the compounds of interest are pitesethe influent at a sufficient concentration to
undergo further biodegradation. Removal of thedlgcted compounds of analysis demonstrates that in
terms of a CSTR less than 18% of the 45 will beaesd, while in the batch case fewer than 55% vell b
removed. This finding is crucial, since it demoatis that removal of any species is very depengsor
the concentration of that species present in thein As a result, at best less than 18% of th€PE

would be removed if only two species were in coritipet with one another.

Membrane Biological Reactor, MBRs

It should be noted that MBRs are a special clagsar&actors, operated as a CSTR with a

membrane to restrict the flow of solids (biomasshhie final effluent. This implies that MBRs capenate

at higher MCRTSs, and then, the results for MBRs lvdae more similar to batch reactors (MCRT > 20
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days). Data from the literature (see Table 2, paagdirely supports this view, showing lower efftu

concentrations of PCPPs than CSTRs for many suibstod interest.

Conclusions

Biological degradation can only account for a srpalittion of the removal that is witnessed within
a WWTP. Potential removal mechanisms for subsridiat are substantially lower than the minimum
substrate concentrations modeled are sludge adsofgither reversible or irreversible) [114], chieat
transformation as a result of the employed treatmpestess, hydrolysis, or photolysis [115]. Whiiere
may be other processes occurring within the WWTURhér studies must be conducted to ascertain the
exact fate and transformation of these PCPPs. Mewender normal circumstances, it is unlikely tinest
fate can be readily understood and quantified dube difficulty and expense of measuring these

compounds and their reaction byproducts withinpliaat.
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CHAPTER 3

THE ROLE OF CONCENTRATION ON ADSOPRTION PROCESSES

Introduction

1. Adsorption Overview

There are two different types of sorption processascan occur, either as as reversible or
irreversible reactions. First, absorption is defirby, the substance being drawn in, and is integrato
the absorbent [106, 116, 117]. Conceptually, phiscess can be demonstrated with a sponge that is
compressed and then immersed in water, and whesptirge is released, the water becomes a parnt of th
sponge. The second process is adsorption andsoatien the sorbate binds to the surface of therbbsb
[106, 116, 117]. Conceptually, any chemical tlatld bind to the surface of the sponge and notrehée
matrix space would be considered to be adsorbgddease). For the purposes of this study, atlsars
of interest and is the driving force governing poéential removal of pollutants. There are twdediént
types of processes that govern adsorption prodggdysisorption which occurs as a result of Van de
Walls forces or other weak attractive forces betwibe adsorbent and the sorbate and 2) chemisorptio
which occurs as a result of chemical bonding octiea between the adsorbent and the sorbate [110%, 1
117]. Physisorption, or physical adsorption eigarsible whereas, chemisorption is the irreveesibl
transformation of solute catalyzed by the surfdabe® adsorbent [106, 116, 117].

Reversible processes are characterized by “adearjgidtherms” and numerous models have been
developed to describe the behavior of the adsormahtadsorbate. Isotherms are a graph of the ambun
adsorbate that has adsorbed onto the adsorberfuastimn of the gas pressure or concentratiomef t
adsorbate at a constant temperature [106, 116, g shape of the isotherm led to the developroent
different models to describe the empirical datae primary isotherm models are linear, LangmuirTB&
a generalization of this model), and Freundlichg[1D16, 117]. The shapes of each of these modejs v
the linear model does not reach a maximum whekeakdangmuir model eventually reaches a maximum

value (noting that this is rarely observed in thie linless high concentrations are utilized [106, 117].
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The Freundlich model’s shape is depended on thHEsoconcentration to some power, n, where: § it i

equal to one produces a linear graph, if it is thags one resembles an inverse exponential cuaygesiand

if n is greater than one, resembles an exponenti@e shape [106, 116, 117]. Selection of a mixel

dependent upon inherent assumptions for each mogelor PCPPs and micropollutants, the most

common model applied is the Freundlich.

There are numerous types of adsorbents each finatit applications and properties with the

most common being activated carbon. Good ads@theve a large exposed surface area and the more

surface area exposed, the better the adsorberit [C8nmonly encountered adsorbents are shown in

Table 8 below.

Table 8: Common Adsorbents Utilized in Industrial, Chemical, Commercial, and WWTP Processes

Natural
Peat
Lignite
Fuller's Earth
Bentonite

Synthetic and
Chemically Modified

Activated Carbon
Bone Char

Activated
Alumina

Silica Gel
Bauxite
Molecular Sieves
Chitosan

lon Exchange
Resins

Source: [118]

Adsorbs more than lignite...compaction in the eamif Peat->Lignite->Coal
decreases surface area, thereby decreasing thetais@apacity

Formed by decaying of biological material via bieofical and geochemical
processes

Sedimentary clay or clay like material

Impure clay composed mainly of montmorillonite. malifferent types, but
named after predominate element (K, Na, Ca, or Al)

Carbon chemically processed to increase surfaee are
Produced by charring bone, have lower surfaceta@aAC

Manufactured from aluminum hydroxide

Granular and porous form of SO2 made from silicate

Aluminum ore that can be chemically modified intoaasorbent

Zeolite metal aluminosilicates - Composed of poralusninosilicate
frameworks of SiO4 and AlO4

Made by chemically treating shrimp and other creesta shells

Synthetic organic polymer substrates that are fdrim® a bead matrix. Four

different functional groups: 1) strongly acid, 2osgly basic, 3) weakly acidic,
and 4) weakly basic
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One of the most utilized adsorbents in industrel ahemical processes is activated carbon. Itis
composed of a graphite lattice and can be prodralatively inexpensively [118, 119]. Activated ban
can come from any carbon containing substancest botmonly is derived from: coal, peat, wood, or
coconut shells [118, 119]. Also during the produtiprocess, the surface of the adsorbent canlydaeli
modified in many instances to allow for adsorptiothe desired application. Finally, activatedomar has
been shown to effectively adsorb organic substaaodson-polar substances making it suitable as a

potential treatment technology for micropollutajit$8, 119].

2. Derivation of Freundlich Model

The Freundlich Isotherm model was first proposetid9 as an empirical equation that fits a
curve of adsorption density (sorbate/sorbent) éoctbncentration of solute in the liquid or gas pues at
equilibrium. Traditionally, the equation has béerated as an empirical equation, but Weber
demonstrates that the Freundlich model is a speas® of Gibbs Surface Energy [117, 120, 121].

Beginning withl,, Gibbs surface excess,

C, do’
=g, = —— 2a
a =9 =" pr4c, (22)

— &0—8 — O dqe
RT Q. dC,

or, qe (2b)

Where:q, is amount of sorbate absorbed to the adsorbefacgy€, is the solution equilibrium

concentrationg, is the initial surface tension of the pure solyamids” is the surface free energy. The

surface free energy is given by:

0" = 05(1 = d) + o5 (2¢)

Where isp,, the fractional surface coverage. Integrating theipus equations yields:

RTQ,
In(q,) = %m(ce) +InK (2d)
0 N

67



Which reduces to the Freundlich equatiomif: :fi, or:
-

Os

1
qe = K;C" (2e)

or, q. = K¢Ce (2)
One limitation of the derivation shown above sttt surface excess being equal toghds only valid
when there are “high surface concentrations andrésidual concentrations of solute in solution”{11

120, 121]. Equation 2e can be further modifiecgsblgstituting ge = C‘I’)—_C and taking the log of both sides
0

yielding:

log (CO _ C) = log(Kf) + %log(ce) (2f)

Dy

3. Derivation of Competitive Freundlich Model

The Freundlich isotherm, derived in the previougtisa, was a useful tool when a single
component was of interest, but this was rarelyctse in situations outside of the laboratory sgttin
Therefore, a multicomponent isotherm model wasireduo understand the effects of competitive
substances in solution and how they affect one ettdr’s ability to adsorb. A multicomponent isertim
was proposed by Sheindorf and Rebhun in 1981 astvé@ome known as the SRS equation [122]. In
order to derive a multicomponent isotherm, eachpmment must be assumed to follow the Freundlich
isotherm. The SRS equation can be derived byirsgantith an exponential distribution of adsorption

energies,

Ni(Q) = ae AT (3a)
=1k (3b)

Where, N(Q) is the number of sites having adsorption en€¥gyT o be able to arrive at a Freundlich
model, a competitive Langmuir model can be utiliasch starting point. Then, the surface coverage a

every energy level can be described by,
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9, = b;iCe,; (30)
14 T b;Ce
Q
b; = bjyeRT (3d)

Where, bis the adsorption coefficient, which varies witle adsorption energy for that particular
component. From here, if there is an incrementakiase dQ in Q, then it becomes possible to find

fraction of the total sites that have that rangadsforption energy, or:

dor;(Q) = 6;(Q)N;(Q)dQ (3e)

Integrating equation 3e from negative infinity tosfiive infinity, allows for the total coverage bgrbate i

to be found:
*© b RQ_TC Q
e . _niQ
Or = f - = *aje RT dq (3f)
14 Z}‘zlbojeﬁCe,j
aRTb 1 i—1
Op = ——= Cf(2f=1b0jcj)n (39)

L

Simplifying where K. ; = aiRTbglF anda;; = ? which is the competition coefficient. The fifatm of
ot

the multicomponent isotherm is given by,

q; = Kr,C; (z]k=1(aijcj))ni_1 (3h)
And solving for one of the components in a bi-selswlution yields,

q1 = Kp1C1(Cy + ag5C5)™ 1 (3i)
This model does collapse down to the original Fdich monocomponent isotherm equation if=C,

q1 = Kp1Cy % (Cp + agp x 071 (3)
G = KpaC T = K CF (3k)
The multicomponent isotherm was useful for deseglthe behavior of numerous sorbates in solutian b

does presuppose that the competition coefficiemtogafound for each species interacting with orwhaar.

When competition occurs under isothermal condititims competition coefficient approaches unity @nd
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they compete equally with one another, thgp = 1. In this study, it will be assumed that any mixed

sorbates will be equally competitive.

4. Literature Review

Generally, adsorption of organic substances lik€Ps, has been previously reviewed and has
demonstrated good removal of many of these commouriRemoval efficiencies were compiled during a
comprehensive literature review conducted in trst Gihapter of this work (See Table 4, page 25)e T
papers reviewed were restricted to GAC, howevertyhe of GAC differed in most cases. These asthor
demonstrated a wide variation in removal efficiesadf compounds with a few general trends observed.
First, when higher than field like conditions (pgincentrations) were utilized, substantially betéznoval
was observed than when field like conditions weikézed, removal in many cases was dependent upon
what else was in the samples and whether or natdhmpound was readily removed. For example, many
studies utilized field-like conditions and showeat@lent removal, but conducted their experiments i
distilled water instead of wastewater or synthetistewater. As a result, the competition effdutd t
would be present in synthetic wastewater and wagtwere not evaluated. Second, the papers
demonstrate a potential for removal of certain PORHRile a substance like caffeine, exhibited a wide
range of removal from -10% to 80% [99]. Adsorptimocesses appear to be mediated by the presence or
lack of hydrophobic interactions with the surfa¢eh® adsorbent [123]. While this explains a portof
the behavior, the surface groups of activated celmoay also undergo electrostatic interactionsismido
the sorbate [123]. While both of these explanatiare common in literature, the exact mechanism of
adsorption of PCPPs is still not well understood il require further research to explain the pbreena
described in peer-reviewed literature.

Adsorption has been well addressed by various asithat studies tend to be restricted to one to a
few compounds in solution. Some of the most imgpurPCPPs to be removed due to their potential are
estrogenic compounds. Novel materials have beakredtfor the adsorption of Bisphenol A andol7
Ethinyl Estradiol with single-walled carbon nanats{SWCNT), which demonstrated a high adsorption
capacity and hysteresis for both compounds [124jother estrogen derivative, 17-} Estradiol, waisitn
labeled (able to detect down to 1.36 ng/L) and destrated removal efficiencies of 95% from pure wate
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and raw water samples [125]. While some estrogemmnepounds are absorbable, another estrogenic
compound nonylphenol was poorly adsorbed due to loig K., [126]. Like estrogenic compounds,
Naproxen and carbamazepine removal appears tdumetion of hydrophobicity and as log,Kincreased,
the compounds became less and less adsorbed [A@6]tionally, caffeine was adsorbed in a dose
dependent fashion, whereas diclofenac was noteaffly adsorbed [105]. Therefore, at least for
estrogenic and other pharmaceutically active comgsuone predictor of adsorption density of a paldr
compound is log K,. Another set of compounds of interest are artiitso Unlike estrogenic and other
pharmaceutically active compounds, one of the imagbrtant factors in the removal of antibioticgls.
For trimethoprim, the Toth isotherm describes tth&oaption behavior better than the Freundlich isoth
and adsorption capacity appears to increase wittedsing pH [127]. Sorption is dependent uponaotd,
at acidic pHs the surface charge of the sorbertsanization of sorbate help to drive the adsomptio
process [128]. While activated carbon is a usafisiorbent, adsorption of nalidixic acid onto rasimastly
superior. This is due to the fact that the aroonatig forms key bonds with neutral and anion-exglea
polymers to allow adsorption to occur [129]. Adulitally, below the pKa of the nalidixic acid, nealtr
aromatic polymer matrices are better suited to kengpthe compound [129]. Therefore, for antibistic
pH appears to be the dominant variable controbibgorption.

While numerous authors have published papers oadberption of phenolic compounds, there is
not a wide body of literature available with comssafor modeling and predicting the behavior of PEP
As a result, the adsorption of phenolic compoundsewised as a surrogate for PCPPs. Phenolic
compounds are among the most well characterizeghgonas in the literature. Additionally, there is a
large body of literature available that allow fbetcollection of a broad range of constants wittgéa
degree of certainty that their values are accur@tee values from various studies are shown in Agpel
(see page 117). Numerous types of adsorbentsbesreexamined, but activated carbons are the most
common, along with bentonite. Phenolic compoundsagll studied and the parameters for Freundlich
isotherms can have large variations: Phenal @€008-89.43, n: 0.037-3.84615) [130, 131, 133, 134,
135, 136, 137, 138, 139], 2-Chloropheno}:(&566-169.2, n: 0.286-28.57143) [132, 140, 148I)14-
Chlorophenol (K 0.03458-101.504, n: 1.873-3.737) [132, 142, 1Bf¢hlorophenol (K 1.75-220.9557,

n: 0.144-3.925) [132, 136, 137], Trichlorophenol: (K 965-588.7, n: 0.1512-6.821) [132, 143, 136,137
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Pentachlorophenol (K14.12-31.33, n: 2.132-3.236) [132], and P-Nitrepdl (K: 0.0302-166.5, n:
0.1494-4.235) [141, 142, 136]. This wide degreegasfation demonstrates that a single set of values

cannot be utilized.

Methods

1. Literature Values and Previous Studies

A comprehensive survey of the literature was cotetlito ascertain the concentrations of PCPPs
of interest and their treatability. 140 journaices were compiled with values for influent, etht, and
environmental concentrations (see Table 1). @4$&hL40 journal articles, 10 were comprehensiviewev
articles that formed the basis of producing thalflist of PCPPs. Minimum and maximum values were
compiled with measurements being taken within théddl States being given preference and non-US data
being utilized when US data was not available. ifoldally physical and chemical data concerning
biodegradiblity, log K., and solubility data was calculated in EPISUITESwhen citations were not
available in EPISUITES 4.1 [40]. From this dgiembability plots were constructed to determinedtad
deviations for use as parameters for modeling.

Additionally, a second literature search was cotetligvith respect to Freundlich models for the
removal of Phenol by Activated Carbon adsorptidhis literature search revealed 45 articles angethe
values were compiled. All of these papers werectetl to have GAC as their adsorbent, althouglether
was some variation on the type of GAC across thapers. In order to compare the values obtaired fr
these papers, the units of Kere converted to a single set of unified uniee(dppendix I, page 115).
Finally, Phenol was chosen as a surrogate forehmval of PCPPs, since it is the most studied
environmental contaminant, has similar properiiethe PCPPs of interest, and represents a comghand

readily participates in the adsorption process.

2. Probability Plots, Statistical Analysis, and Distrbution Analysis

All distribution fitting was conducted with EasyKit Professional 5.5, produced by Mathwave

Data Analysis and Simulationbt{p://www.mathwave.com/en/home.h)mIiThis program is able to test the
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fit of 55 different probability distributions (s&gpendix Il, page 120) and provides recommendatans
the best fit to utilize the data provided. In artierecommend the best distributions that fititiutted
data, EasyFitXL utilizes three goodness of fit Med&omogorov Smirnov, Anderson Darling, and Chi-
Squared). With each distribution, and goodned# tdst, the program determines whether the distion
fits given a significance value) of 0.2, 0.1, 0.05, 0.02, and 0.01. In the evkat the best distribution fit
does not have significance at any of the valuestdp distribution is still assumed to be acceptdhi is a
visual fit. Finally, all statistical analysis suas mean, standard deviations, and p-values warg fwith
the built in functions specific to the distributiselected. The final output for choosing distribos for

each set of data can be found in Appendix Il (zage 121).

3. Modeling Exercise

In order to accomplish the modeling portion of éxercise, Matlab R2012a was utilized to
construct an algorithm based on Freundlich adsmqgn. 2f). The program was created to solve
equation 2f, where: C is the equilibrium concenrgtG, is the initial concentration, Js the carbon dose,
1/n and K are constants from the adsorption isotherm grapB,[117]. The final program is shown in
Appendix IV (see page 151). It should be noted tie initial version of this program decoupledna &;
and generated separate distributions for thesahlas, but this was not statistically valid. Thegvam
was run for the 10%, 50%, and 90 percentiles feritifiuent concentration to the adsorption procdss:.
each one of these concentrations, 45 different were performed corresponding to each paired set of
and K values from the literature. These values were iala at one specific carbon dosage and the process
was repeated for carbon doses of 0.01, 0.1, (2102, 4, 6, 8, 10 g/L. To plot each data pdim,
distribution for a certain carbon dose at a spedaifiluent percentile was evaluated in EasyFitXlthathe
same procedure as described in the previous sechifiar each distribution was found, the mean and

standard deviation for that specific set of runsA), allowed for one data point to be plotted.isTh
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process was then repeated for the next carbonal@sspecific influent concentration. After modgliwas
completed, these points were then connected tdeceei@lationship between carbon dose and theeimiflu
concentration. It should be noted that the originadel decoupled Kand n values and created random
distributions for each that were not statisticalppropriate. To have any significant resultsaikd n must
be coupled together. Finally, probability plotsrevall constructed with Matlab’s built in statisti¢ool

box with the distributions found for each set ofre.

4. Competitive Freundlich Isotherm

In order to study the role of competitive effectsamlsorption density, a Monte Carlo simulation
was conducted for a multicomponent isotherm. Thatd Carlo simulation was conducted in Microsoft
Excel’ 2010. The simulation utilized 1000 trials andyoki was varied according to the distribution of
literature values. In order to roll the dice fach trial, the random() function in Ex€elas utilized to
generate a probability between 0 and 1 for theatds of interest. To generate avidlue, the loginv(p)
function was used with the dice roll for each vialgain the trial, with the mean and standard déewator
K (U=1.45615=2.673). After the inverse, the closest of thegmhin and Kvalues were utilized for that
particular dice role. For#and n, the values for phenol were used as a sateddor the compounds of
interest due to the wide availability of data, &nel fact that it is a fairly absorbable compourat {b
frequently found in industry and medicine. Pheadllso well regulated within the current regulgtor
scheme and as such provides an excellent mode&.mBans and standard deviations were compiled from
a comprehensive literature review for Freundlichstants (see Appendix I, pg.115). Each trial was
completed for a different set of competitive phesmhcentrations, Ggno0f 0, 1, 2, 5, 8, 11, 14, and 18
ppb. Equation 3i was solved for each trial foiv@g Cenenos @and equilibrium concentrations of PCPPs of
0.1,0.2,0.3,0.4,05,06,0.7,0.8,0.9,1,2,25, 3,35,4,45,5,55,6,6.5,7,7,8.8,9, 9.5, and 10
ppb. At each relevant concentration of PCPPs1@®® trials were averaged to obtain a single adisorp
density value for a given equilibrium concentrat@rCeypenoiand Cecpr The final results were plotted as

Adsorption density versus the equilibrium conceidraof PCPPs.
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5. Results Analysis
The final results were plotted as a percent otctirapound that was removed by adsorption. It
was assumed that the influent, effluent, and enwivent inputs contained 45, 44, and 38 compounds

respectively. The plotting of results in this fashallows for trends to be extracted.

Results

Utilizing Freundlich isotherms and accounting faultitomponent systems during Monte Carlo

simulation, the results are presented in the sextio ) .
Table 9: An example ranking of probability

distributions for the individual Freundlich
Parameters.

Rank n Kf
Weibull

which follow. The first set of results obtainechexined

the effect of carbon dose and the underlying

distributions behind the n and:Kterature values. Cauchy

Log-Logistic Log-Pearson 3
These values were crucial to the modeling exercise, Dagum Burr
since utilizing competitive effects depends on the Dagum (4p) (é_s)g-Log|st|c
concentration of the other substrate in solutibor the Kumaraswamy Dagu.m
Exponential (2p)  Weibull (3p)
final set of modeling results, a competitive isothevas Weibull Lognormal
(3p)
utilized to examine the role of competition on the Frechet (3p) Gen. Gamma
(4p)
removal of PCPPs. Therefore, for the competitive Exponential Lognormal
. . . Log-Pearson 3 Pearson 6
isotherms to be calculated, it was necessary offird g )
Fatigue Life (3p) Burr (4p)
the distributions associated with various constants Weibull (3p) Fatigue Life
(3P)
Gen. Gamma (4p Log-Logistic
Burr Frechet(3p)
Inv. Gaussian Dagum (4p)
(3p)
1. Distribution Analysis Burr (4p) Pareto 2

Freundlich isotherm constants, n angwere
first determined by distribution fitting in ordes t

successfully be applied to Monte Carlo modelindgpe T
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Pearson 6 (4p)
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end result was that a log normal distribution waleced as the best visual fit for each of these [&ble
9). Although this was not the best fit, a log natmwas selected to keep the values coupled, se#udt
followed the same distribution. An Anderson-Dglitest for n revealed that@t0.01 and 0.02 a log
normal distribution could not be rejected, whileakta values in the Kolmogorov-Smirnov test, the
distribution was rejected. Ultimately for n, awds inspection of a log normal fit, demonstrated a
reasonable fit and in combination with the AnderBanling test, allowed for the lognormal distrikartito
be selected. As foran Anderson-Darling and Kolmogorov-Smirnov teasswerformed and revealed
that at all significance levels£0.01,0.02, 0.05, 0.1, and 0.2) the log normarithigtion could not be
rejected. Furthermore, the distribution providegbad visual fit to the data. Therefore, the reaste
visual fit and the results of the Anderson-Darlargl Kolmogorov-Smirnov tests allowed for a log natrm
distribution to be selected. The mean and standiewthtion of the lognormal distribution for End n
were: K (1=1.45615=2.673) and n (u=0.3726371.2159).

The average influent concentration was utilized#@PPs to arrive at a range of values for
modeling. The previous results on a distributioalgsis were presented in Shown in Figure 14 (e
This figure demonstrates that the data followsgarlormal distribution reasonably well with a fitteend
line of R = 0.8884. Additionally, Kolmogorov-Smirnov, Anden-Darling, and Chi-Squared tests were
performed to ascertain whether a log-normal distidn was a reasonable fit. For the Anderson-Dgrli
and Kolmogorov-Smirnov tests, revealed that asighificance levelso=0.01,0.02, 0.05, 0.1, and 0.2) the
log normal distribution could not be rejected whie the Chi-Squared test all significance levelsept
for 0=0.2 stated that the log normal distribution coutd be rejected. Therefore, while EasyFit XL rathke
the lognormal distribution as f7the results of the Chi-Squared, Anderson-Darlamg} Kolmogorov-
Smirnov tests, along with visual fitting allow ftive lognormal distribution to be confirmed for tnerage

influent values.
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2. Non-Competitive Adsorption

- Table 1C: Summary of Non-Competitive Adsorption
When competitive effects are results as a function of Carbon Dose

disregarded, an idealized case is modeled wherjRertgaat Initial Projected
) PCPP final %
Dose Concentration X
. . . concentration Removal
a single substrate is being adsorbed onto the (g/L) (ppb) (ppb)
activated carbon surface without regard to othe 0.1 0.0859 0.0235 72.6%
1.6242 0.5218 67.9%
organic and non-organic compounds that would 30.6950 13.1954 57.0%
0.0859 0.0231 73.2%
be presentin a WWTP. The results are 1.6242 0.4804 70.4%
30.6950 11.2601 63.3%
displayed in Figure 23 and represent the most
play 9 P 0.0859 0.0228 73.4%
optimal case for adsorption of PCPPs. Carbon 1.6242 0.4440 72.7%
30.6950 9.6441 68.6%
dose will play a crucial role in how much 0.0859 0.0228 73.5%
1.6242 0.4312 73.5%
removal occurs of a given single substrate. 30.6950 8.8925 71.0%
. 0.0859 0.0227 73.5%
In terms of an activated carbon
1.6242 0.4175 74.3%
process, carbon dose is one of the dominant 30.6950 8.2321 73.2%
0.0859 0.0227 73.6%
variables that can be controlled by plant 1.6242 0.4239 73.9%
30.6950 7.6527 75.1%
operators. This parameter has a large effect at 0.0859 0.0226 73.7%
. 1.6242 0.4133 74.6%
lower doses on removing PCPPs, but eventuall 0
30.6950 7.4245 75.8%
the benefit of adding more activated carbon 0.0859 0.0226 73.8%
1.6242 0.4101 74.7%
does not have a substantial effect. This 30.6950 7.3034 76.2%
) 0.0859 0.0225 73.8%
asymptote occurs around 2 g/L of activated 1.6242 0.4075 74.9%
30.6950 7.2219 76.5%

carbon for the 33and 58' percentiles, and at
around 4 g/L for the 87percentiles (see Table 10). The largest respsesms to occur between 0.001 to
0.5 g/L of carbon. For removal efficiencies, a/R PCPPs were 77.6%, 78%, and 78.4% removed éor th
339 50" and 61 percentiles respectively. There was little additil response going to 10 g/L, which
resulted in 83.2%, 84.2%, and 85.4% removal fera#’, 50", and 67 percentiles respectively
percentiles (see Table 10). While there is a difiee between a carbon dosage of 10 g/L and 2hg/L i
terms of raw percentages, it should be noted titesr dactors such as cost may drive operator dBtssas

to how large of a dose to add. It should alsodiedhthat there is more of a dose response to PO&Ps

that were present at concentrations above the geeraue and it would be expected that as the
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equilibrium concentration continues to increaseaxlithe far extreme of the distribution, that tosel

response will become more extreme.

10 L 2 T

——50%
—|—67%
33%

Carbon Dose (g/L)
w

0

0.01 0.1 10 100

1
Ce (ppb)
Figure 23: Removal of PCPPs at influent concentrations of3#% 50", and 66' percentiles (mean
tstandard deviation) demonstrates a carbon dosendept removal, with a high degree of response even
at low dosages. Note: the last data point istii&i concentration of an average PCPP, which e086
ppb, 1.624ppb, and 30.695ppb for th& 330", and 66' percentiles respectively.

Unfortunately, real world conditions do not invela single substrate being adsorbed onto
activated carbon. Waste streams within a WWTRanmeplex mixtures of organic, inorganic, and
biological materials, necessitating that compatitiall occur and that this competition will have an

inhibitory effect on the lower concentration subses.

3. Competitive Adsorption
When competitive effects are taken into accoumpae realistic case is modeled where multiple
substrates are being adsorbed onto a single aadieatrbon surface. This competition would occue tiu

the other organic and non-organic compounds thatduoe present in a WWTP. Therefore, the results
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that are displayed in Figure 24, represent a nmemalistic case for determining the adsorption dgruit

PCPPs in the presence of a competitor.

25

20

15

= Ce pheol: 0, only PCPPs

«—Ce phenol: 1
~—Ce phenol: 2
= Ce phenol: 5
(e phenol: 8
10 «Ce phenol: 11

Ce phenol: 14

Ce phenol: 18

Adsorption Density (mg/g)

Ce_PCPPs (ppb)
Figure 24: Two component competitive degradation of PCPPsodeted and demonstrates that as the
concentration of the competitive species increabesadsorption density decreases. The range BPBC
was 0.1 to 10 ppb and was modeled with equationsiig phenol parameters fof &d n, and phenol as
the dominant competitive species.

In terms of an activated carbon process, carboa dnd competitive species concentration are
some of the dominant factors that will affect tlds@ption density. As competitive species are ddde
form a multicomponent adsorption process, the sgeawrith the highest concentration with dominate the
adsorption density if they are adsorbed equallg.thfe equilibrium concentration of phenol increasech
zero, to one, to two, to eighteen ppb, the resylidsorption density being approximately 18.8, 2.8,
and 0.75 ppb respectively for PCPPs. It was itgmbito note that the addition of one competitooreg
ppb at the average PCPP concentration of 1.6pplijebrease in adsorption density was over 50%
indicating that isothermal equally competitive saigs will have a significant impact on how muctaof
single substrate will be adsorbed. Therefore,hblps to explain some of the literature valuesretewer

concentrations of compounds tend to not undergorptien and remain untreated.
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Discussion and Conclusions

Adsorption onto activated carbon is not only action of the carbon dose, but also the
concentration and number of chemical substratdsatiegoresent within wastewater. Within the WWTP
influent, there are thousands of compounds thatheiin competition with one another for the siv@sthe
activated carbon surface. As a result, the comgetimat are present in the highest concentratamkng
as they allow for favorable surface interactionsl, lve preferentially adsorbed and will decrease th
adsorption density of the lower concentration stgd.e., PCPPs. This implies that the conceatratf
compounds like PCPPs need to be much higher thaantly present in order to become competitive with
the dominant species. Therefore, in order foramg given PCPP to be adsorbed, it must eitheraseran
concentration relative to the dominant speciesnast have more favorable surface interactions thi¢h
activated carbon surface groups to become more etitinp. Additionally, the amount of carbon that i
added will have an effect on the amount of remdivall occurs. While only a monocomponent system was
analyzed in this work, it is likely that there wdidlso be a dose response in a competitive situaths the
amount of carbon added to the system increased, Wauld be more surface area available for adsorpt
The result of this would be that there would $idl preferential adsorption of the highest concéintra
compounds, until their concentrations became coitheetvith the other species. Then there would be
increased competition for the remaining spots.

Competitive species in water and wastewater treatiplants will have an effect on whether or
not a given species will adsorb onto the activatbon. With only one competitive species under
isothermal conditions, the adsorption density oPP€ decreased by more than half. This effect of
decreasing adsorption density will be compoundethbycomplex nature of water and wastewater. The
net result will be a drastic decrease in adsorpiemsity for lower concentration PCPP compoundsghvh
are not in a position to outcompete other compourgpical domestic wastewater influent concentirai

are characterized as shown [106]:
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COD-430 mgl/L,

Alkalinity-200 mg/L,

BOD-190 mg/L,

TSS-210 mg/L,

VSS-160 mgl/L,

TKN-40 mg/L,

NH4-N-25 mg/L,

Phosphorous-7 mg/L.

Given that the average PCPP compound is presém imfluent at 0.0016 mg/L, these other compounds
that can be adsorbed are present at much higheewowations in the influent and will most likely be
preferentially adsorbed. The only other meansvefaoming the difference in concentration would Hoet
the competition coefficients would be substantiatigre favorable for the PCPPs than for the othgoma
constituents of the wastewater effluent. To acd@hphis, the competition coefficient can parall
compensate for a large concentration coefficieut ttere is a practical limit on how large this iméent
can become. The competition coefficients repoge&heintuch, state that a coefficient of 10 isaligu
expected as a maximum [122, 134]. Therefore,htgbly unlikely that PCPPs will be preferentially
adsorbed before the other major constituents ofemasder. In the context of WWTP effluent, therdl W
scenarios where there are more than two substatepeting for the same adsorption site, and depgndi
on the competition coefficients and Freundlich ¢ants that may change over time, the model may
underestimate the impact of additional speciesgopiesent in the water. Therefore, the competition
coefficients amongst the sorbates will play a kadg in determining how much of a given substande wi
be adsorbed successfully and if another substanoeiie preferentially adsorbed, then that will hane
impact on the ultimate amount adsorbed of the laeecentration substance.

While activated carbon adsorption has been thesfof this chapter, sludge sorption (adsorption
onto the biomass grown on wastewater constitué@s)een posited as a removal mechanism for some
PCPPs. Sorption can occur via either adsorptia@beorption [123]. Adsorption occurs by “hydroplwob
interaction of the aliphatic and aromatic groups.@bmpound with the lipophilic cell membrane aof th
microorganisms and the fat fractions of the sludged absorption occurs by “electrostatic interandiof
positively charged groups with the negatively cledrgurfaces of the microorganisms” [123]. Withttha
said, these sorption processes appear to only &ppIZPPs that are not highly polarized, whichtliese

highly polarized substance sorption onto sludgesgentially negligible [123]. On the other hampkafic

interactions have been reported for flurochinolosed tetracyclines [123]. Some authors have obser
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sorption for 17e Estradiol between 10-30% and that the variabdég be explain by “sorbent-specific
characteristics such as organic carbon conterticfgasize, pH, salinity, and ion content that earfrom
plant to plant” [144]. Therefore, some adsorptidrcertain PCPPs may occur onto the biomass. This
helps to explain the removal efficiencies observetiable 4 (see page 25) and further research baust
conducted to determine the extent to which sorpgti@tesses occur under wastewater influent comditio
with extreme competition for the removal of PCPPs.

Therefore, adsorption by activated carbon may bsedful process for the removal of PCPPs as a
tertiary treatment in a WWTP as long as therel&k of high concentration competitors to impede th
process. Future research must address: 1) thesotconstants for competitive adsorption for PCRPs
the mechanism of removal for activated carbon gudor of PCPPs in the presence of higher
concentration adsorbents, 3) further materialsaresefor novel adsorbents that will be more selector
PCPPs, 4) development of better models to preldécbehavior of new pharmaceuticals in adsorption
processes, and 5) decreased cost for regenerdtimtivated carbon to allow for more wide usade.
should be noted however that under normal circumests, the determination of constants and
concentrations is extremely difficult due to th#fidulty and expense in measuring these compounds.
Therefore, improved instrumentation will becomeassary to allow for proper quantification of marfy o

the research goals enumerated above.
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CHAPTER 4

ALTERNATIVE TREATMENT METHODOLOGY, COST ANALYSIS, A ND
CONCLUSIONS

Introduction

1. Reverse Osmosis

Reverse Osmosis (RO) is a commonly applied prdoeske removal of undesired solutes and
has been applied for the production of fresh wiaten seawater. Like microfiltration, ultrafiltratn, and
nanofiltration, RO is characterized by the pore $hat dictates its rejection of solutes [41, 145% the
pore size decreases, the membrane becomes inglgasiore selective and allows fewer and fewer sslut
to pass through the membrane. The primary funaifdhis technology has been its application ofewat
desalting [41, 145]. The driving force for the Rfcess is pressure, and there is resistance dhe to
buildup of ionic compounds in the rejection strddh 145]. As a result, osmosis is partially agpees
process, and equilibrium occurs when the osmotsqure prevents the passage of a solvent across the
membrane [41, 145]. Therefore, if more solut@ibe driven across the membrane, then a pressure
gradient will be needed. Osmosis, by definiti@thie diffusion of a solvent from one side of aisem
permeable membrane to a more concentrated sotlgensorder to equalize the concentration of the tw
sides [41, 145]. There are three different osmmtéssure situations that can exist. The firgtuirstance
is a hypotonic situation, which donates water a&emembrane to dilute the hypertonic side, causiag
concentration of hypotonic side to increase [4B]140n the other hand, the hypertonic side causger
to move across a membrane to dilute the hyperwide& (higher concentration of solute) [41, 145].
Finally, if there are equal concentrations on Isities, the sides are balanced and are referredisotanic
[41, 145]. These traditional definitions are fenwosis processes, and RO operates in reversetejEe
stream contains all of the concentration, while tidrasses the membrane to the other side is puier wa
[41, 145]. Therefore, to drive the water from tuacentrated to the diluted side a pressure gradiast

be utilized to drive water against its natural dgeatl
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Depending on the application of RO, different mialsrare better suited to certain conditions.
The first category of membranes are seawater marabravhich operate with water that contains sak on
3-5% by weight basis and requires a pressure diffeal of 800-1000 psi to operate [41, 145]. These
membranes tend to be utilized for desalinizatiosezwater for generation of freshwater. The second
category of membranes are brackish water membraunésh operate with water that contains salt
concentrations of 2000 to 10,000 ppm and requéss pressure at 200-400 psi [41, 145]. The drop in
operating pressure as compared to seawater, iwdhbe drop in osmotic pressure that must be oveeco
in order to drive clean water across the membr#ieally, low-pressure nanofiltration operates @d-1.50
psi at salt concentrations of 200-500 ppm [41, 14Hjerefore, as the amount of ionic substancesedse
in concentration, the osmotic pressure decreasdsha necessary pressure to create clean water
decreases, thereby decreasing overall energy esgeirts. Membranes can be composed of different
materials, and these materials have differentiefiies associated with them. In order of develepm
and efficiency, the common materials are: 1) Ceflal Acetate, 2) Polymers, and 3) Composites [44], 14
Therefore, a choice of membrane is usually a trfidetween flux and rejection, so as the flux ires,
the pore size decreases and as does the rejetsotutes.

RO treatment has numerous pros and cons assouidleitis usage that must be considered to
determine whether or not to apply the technolog® advantages include: generation of high qualdyew
output; effective removal of organic compoundstssalatural minerals, and micropollutants; remafal
95-99% of TDS; removal of chemicals such as asbeatsenic, some pesticides, fluoride, lead, mgrcur
and radium; low installation cost; and commercialxailable membrane modules with low installation
time [41, 145, 116, 146, 147, 148, 149]. RO disadages include: increased membrane fouling and
operating costs, high quality inflow requiremeritdéq of a pretreatment), high maintenance costs and
membranes costs, dangerous molecules are stilt@sleake through the membrane, since rejectiantis
100%, removes healthy minerals in water that hausetadded back in (trace elements key in biology,
limited treatment per square foot of membrane coetpto alternatives and slow process [41, 145, 116,
146, 148, 149]. Therefore, depending on the apfitin and value of the water being produced, the

advantages can outweigh the disadvantages, alldeirigO to be effectively utilized.
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A comprehensive literature review demonstratesRt@tgenerally removes many biologically

recalcitrant PCPPs. RO literature review can loedoin Table 4 on page 25.

2. Filtration

Filtration has many different applications andiimgipally characterized by pore size and
operating pressures needed for filtration to ocdultrafiltration, microfiltration, and nanofiltrain are not
fundamentally different and are differentiated bg size of the molecule that is rejected [116, 150]
Microfiltration (MF) has pore sizes between 0.03tfr§ nanofiltration (NF) has pore sizes between
0.0005-0.02pum; and ultrafiltration (UF) has pomesibetween 0.002-10pum [116, 150]. These membranes
work by discriminating on the basis of moleculessighape, and flexibility, and the filtration preses
powered by pressure (except microfiltration dogsneeessarily have to be) [116, 150]. Unlike R@ijck
requires high pressures to overcome the osmotaspre, UF, NF, and MF are not affected by osmotic
pressure, and these membranes operate at low-pratiffarences, 5-100 psi [116, 150]. Typical

operating parameters, which allow these membranke tperated economically, are a pressure differen
. al

of 10-50 psi and a water flux of 20-% [116, 150]. Overall, UF, NF, and MF are currentbed

commonly due to their lower cost compared to ansyg€em, but they do not remove nearly as many

compounds as a RO system due to larger pore sizes.

Membrane filtration treatment has

numerous pros and cons associated with its usag

that must be considered to determine whether or ol ST
" — -
not to apply the technology. The advantages of W —=
== =
utilizing filtration over other technologies are it —
SEEed e
proven track record in industrial, chemical, and e
Jg (=dyc) —> — 2
biomedical applications, and it is cost effective U
Turbulent, Laminar Gel Membrane
. well-mixed boundary layer layer
when the value of the recovered product is greate  bulksolution (thickness 3)

Figure 25: A gel layer is formed where rejected
than the process cost [41, 116, 145]. On the oth&ly| tes need to back diffuse to the main stream.

R duced fror [41].
hand, filtration has disadvantages associated with eproduced frot [41]
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it including: become increasingly energy intensigepore size decreases (i.e. microfiltration-
>ultrafitlration-> nanofiltration), high incidenad membrane fowling and gel layer formation like RO
prohibitive cost, and decreased membrane fluxds d@treasing pore size, thereby decreasing thatite
volume that can be treated at one given time [46, 145]. The formation of a gel layer formatigrai
natural part of the membrane operation processsagepicted in Figure 25. As the membrane runs and
pressure is applied to the membrane, a gel layefosin thereby decreasing performance [41, 116]14
This gel layer will become consolidated with anreasing applied pressure gradient, thereby creating
inverse relationship between pressure and the tiwmaef a gel layer [41, 116, 145]. The gel laier
where rejected solute collect and must back diffasethe mainstream. As a result, resistancefaiith to
a purified solution crossing the membrane [41, 1U&]. At high-enough pressures, this gel restan
controls the flux across the membrane, and membesmigtance begins to play a smaller role [41, 116,
145]. Therefore, careful attention must be pai@mbkelecting an operating pressure for these merbdra
since the gel layer can have major effects onlthedcross the membrane.

A comprehensive literature review demonstratesttigtNF, and MF are generally effective at
removing many biologically recalcitrant PCPPs. WIF, and MF literature reviews can be found in €abl

4 on page 25.

Table 11: Oxidation potential of various

compounds
3. Advanced Oxidation
Advanced Oxidation Processes (AOPs) are

F~ 3.06 2.25
utilized to (fully or partially) degrade biologidgl OH~ 2.80 2.05
) 072 2.42 1.78
recalcitrant compounds. In general, AOPs generate 0, Py =
hydroxyl radical to oxidize compounds [106, 151]. | LA 20
Mno; 1.68 1.24
Hydroxyl radicals can be produced from Ozone or clo- 1.49 1.10
cl- 1.36 1.00

Ozone/UV process as well as hydrogen
clo, 1.27 0.93
peroxide/ozone or hydrogen peroxide/UV processes 0, 1.23 0.90

Reproduced from: Metcalf and Eddy, Tchobanoglous, G., Burton , F. L. &

[106 151] All of these processes prod uce hydroxy Stensel, H. D., 2002. Wastewater Engineering: Treatment and Reuse. New
! ’ York: McGraw-Hill Higher Education.

radlca|s Wh|Ch have the ablhty to attack Orgar"C Added: Crittenden, J. C. et al., 2005. Water Treatment - Principles and
! Design. 2nd ed. Hoboken: John Wiley and Sons Inc..

compounds of interest. There are other compouratscan be utilized to oxidize compounds (see ilda
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11), but they have similar mechanisms of actionsnt® another [106, 151]. When conventional oxislant
such as ozone, oxygen, and chlorine, fail to remmganic compounds, then the use of AOPs may be
considered [106, 151]. If a hydroxyl radical akaorganic matter, it will result i, 0, CO,, and salts if
taken to completion [106, 151]. As a compoundegrdded, there are various amounts of completiain th
occur: 1) Primary, where there are structural ceangparent compound; 2) Acceptable, where theze ar
structural changes reducing toxicity; 3) Ultimasich converts organic carbond@,; and 4)
Unacceptable, where the structural changes incteaidty [106, 151]. If positive reactions (1-8%cur,
then hydroxyl radicals will interact with the orgaicompound and will begin to degrade the compound.
order for this to occur, there must be a productibhydroxyl radicals, or an equivalent moleculéhe

oxidizer chemistry with key reactions is outlinegldw [106, 151, 152]:

Ozone/Hydrogen Peroxide (H,0, Hydrogen Peroxide /UV

accelerates OH~ production) H,0, + UV (1= 200 — 280nm) = HO + HO'
H,0, + 205 > HO' + HO" + 30,
0; +2H 4+ 2 - 0, + H,0
O3+ H,0+ 2e” - 0,4+ 20H

Chlorine Dioxide
Oxidation reduction: C10, + e~ — CIOS
Other key half reactions

UV and TiO, ClOy +2H,0 + 4e~ & Cl~ + 40H~

Irradiafion with UV yields: T10; + UV — ClO7 + H,0 + 2e” < ClO; + 20H~

e~ + h,his a valance band hole _ s -
ClO7 +2H* + e~ © Cl0, + Hy0a
Holes can then form hydroxide radicals by

interacting with water or hydroxide: Potassium Permanganate
. +
h+H,0 - OH + H MnO; + 4H* + 3¢~ © Mn0,(s) + 40H"
h+O0H - OH
e”+0,- 0, Other key half reactions
20; +2H,0 > H;0, + 20H™ + 0, MnOj + 4H* & Mn0,(s) + 2H,0

-+ H,0, » OH™ + OH'
e+l - on 4 MnOj + 8H* < Mn2* + 4H,0

Many of the starter substances above produce hydradicals (with the exception of potassium
permanganate), but each of these substances caimteeact by a hydroxyl-like attack to lead tomiate
degradation.

The mechanism by which compounds are degradeddsaton, of which, there are four primary
means by which hydroxyl attack can occur. Hydraxylicals are used to oxidize trace amounts of
refractory organic molecules and are not usedifinfiéction due to their short half-life [106]. @Hirst
mechanism of attack is radical addition, whichharacterized by the chemical reacti@n+ HO" - ROH

[106]. The second mechanism of attack is hydradestraction, which is characterized by the chemical
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reaction'R + HO" - R + H,0 [106]. The third mechanism of attack is electi@msfer, which is
characterized by the chemical reactiffi:+ HO' - R ! + OH~ [106]. The final mechanism of attack is
radical combination, which is characterized by¢hemical reactionH0° + HO" - H,0, [106]. Each of
these mechanisms has potential byproducts of ceectf aldehydes and carboxylic acids, as interatedi
products of the degradation of an organic pollufa6]. As a result, these intermediates can pitasew
pollutants that must be remediated. Thereforeattezk of hydroxyl radicals can occur in multiplays.

Advanced oxidation has numerous pros and consiassdavith its usage that must be considered
to determine whether or not to apply the technaloglge most prominent advantage of advanced oxidati
over alternative technologies is that oxidatioa @estruction process. Thus, if taken to comptetioere
is onlyH,0, CO,, and salts [106, 151, 152, 153]. Additionally, R®are more effective than conventional
oxidants, due to the high oxidation potential ofltoxyl ions, and AOPs effectively remove many
recalcitrant organic compounds [106, 151, 152, 153 the other hand, AOPs have numerous
disadvantages including: carbonate and bicarbdnaeme wastewaters can neutralize the hydroxyl
radical produced by AOPs; natural organic matter r@duced metal ions interact with hydroxyl radscal
and kill the reaction; and AOPs are sensitive to gt$pended materials, residual TOC [106, 151, 152,
153]. Furthermore, the chemicals and equipmerdedér AOPs tend to be expensive, and generally
there are increased maintenance costs over tragitixidation with chlorine or ozone [106, 151, 152
153]. Finally, if a UV process is added, turbidign affect the effectiveness of the radiationrtapce
hydroxyl radicals. Therefore, in the proper apgtiien, oxidation can be a useful method for congplet
removal of recalcitrant compounds.

A comprehensive literature review demonstratesAl@®Ps are generally effective at removing

many biologically recalcitrant PCPPs. A literatuegiew can be found in Table 3, on page 23.

4. Ozonation

Ozone is a highly reactive molecule that in thedostratosphere serves to block UVB light from
the sun, but its properties as an oxidant are maheuseful for the treatment of various molecul@szone,
04, is a highly unstable gas that can be utilizedxiolize molecules, and it works by rupturing an
organism'’s cell wall [106, 154]. This mechanisncefl wall rupture is extremely useful in drinkimgter
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disinfection and provides an excellent alternatovehlorine disinfection. Ozone is produced in the
atmosphere by UV light and lightening during a ttiemnstorm [106, 154]. Its properties are quiteinics
and include, a blue color at 25°C, distinct odaplesive quality when above 20% by weight in air,
solubility governed by Henry’s Law (1940-5980 atmlen[0-30°C]), and greater stability in air thantera
but short half-life [106, 154]. Ozone has fourtitist decomposition reactions that govern its béai)
03 + H,0 - HOY + OH™, 2)HO% + OH™ — 2H0,, 3) 05 + HO, - HO + 20,, and 4HO + HO, —

H,0 + 0, [106, 154]. Therefore, in order for these reawito occur and degrade organic compounds,
ozone must be successfully generated.

Ozone generation is a multistep process and cam dgovarious different processes. These
generators can either work by cold electrical digsgk or UV light, where UV lamps emitting 185nmhlig
split oxygen gas int@~, which binds t@, to stabilize, forming; [106]. The UV process is a
substantially less-energy intensive process condpareold electrical discharge, where this process
mimics the atmospheric lightening that is respdeditr generating natural ozone in the environment.
Due to its short half-life, 0zone must be generatesite, and it can present a health hazard toaverk
[106]. Air or pure oxygen can be utilized as apuinfor the generation of ozone and will resultlifierent
amounts of ozone produced. First, air that has deied can produce 1-3% ozone by weight or theair
be enriched with oxygen resulting in a higher yieldzone [106]. Second, pure oxygen can be atliz
and will produce 3-10% ozone by weight, makingit@eal source for producing ozone and allowing for
more economical treatment [106]. Therefore, tloelpction of ozone, while expensive, can be
accomplished with relatively low cost inputs.

Ozone has numerous pros and cons associated svitkdge that must be considered to determine
whether or not to apply the technology. As mergtbabove, ozone can be utilized to generate hytroxy
radicals, but it can also be an excellent oxidant®own. Ozone has numerous advantages ofatpeus
including: effective odor elimination, decreasegg@en demand, since one of the decomposition reectio
produces oxygen; thereby increasing dissolved axygamoval of the bulk of colors, phenolic, and
cyanide compounds, and requires a short contaet @30 minutes, for degradation [106, 155, 154G, 1
158]. Furthermore, unlike chlorine, ozone doesfaoh chlorinated disinfection byproducts, non-

brominated disinfection byproducts can be removihd iological active filter or carbon column, and
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ozone intermediates form are usually short live@b[1155, 156, 157, 158]. Itis crucial that thpseducts
can be relatively easily removed, since chlorinalisthfection products are quite resilient and assailt,
can be expensive to remove [106, 155, 156, 157, 168 the other hand, ozone has numerous
disadvantages including: high capital and treatngests, high demand for electric power for ozone
generation, high corrosiveness (steel, iron, amgrene), high transfer efficiency (>90%) is reqdifer
ozone, in order for it to be economical, and highdrd potential from off-gas presents a worker tthaad
must be destroyed [106, 155, 156, 157, 158]. Magewmzone treatment produces numerous undesirable
byproducts including Formaldehyde, Acetaldehydego&hl, Methyl glyoxal, Acetic acid, Formic acid,
Oxalic acid, Succinic acid, Pyruvic acids, Bromiate, Bromoform, Brominated acetic acids, Bromopicri
Brominated Acetonitriles, Cyanogen bromide, andrbgdn peroxide [106, 155, 156, 157, 158]. Some of
these byproducts are desirable such as hydrogemiger which can serve as an additional oxidantcard
help to drive reactions to their completion. Tliere, ozone can be an excellent tertiary treatrfemmt
removing difficult compounds.

Improving on traditional ozone treatment Table 12: Pros and Cons of adding UV to Ozone

Treatment

methods is the addition of UV light, which

improves overall treatment of wastes and allows fol Low footprint to add UV Pretreatment is often

modules required to remove TDS
enhanced efﬁCienCy in the treatment of OrgaﬂiC No residual toxicity from High capital and treatment

uv costs
compounds. Combining UV with ozone allows for e UV and Ozone have

. resistant organics (i.e. inherent risks that must be
the advantages of both compounds to be utilized  ympa) enEEEd
. . . ... Destructi that High turbidity, solid

with ozone as a chemical oxidant, and UV radiatior <> ¢ Processd 1gh TUrBIctlys SOl

has a larger effect particles, and heavy metal

i traditionally recalcitrant ions reduce treatment

able to damage proteins, DNA, and RNA [106, sy e

159]. This combination allows for chemicals to be _
Cost of combined system

are less than operating UV

treated that might otherwise be resistant to individuall
Oor ozone Indiviaually

conventional ozone treatment. UV radiation can  Source: [106].

break many covalent bonds including those in P@Bsins, polyaromatic compounds, and BTEX, where
ozone oxidation fails to oxidize those compound¥$[1159]. UV radiation has a synergistic effectios
chemical oxidation effects of ozone, and the meigmas unknown, but further efficiency can be gdine

by treating with a peroxide module [106, 159]. Fathese systems have been implemented, but they
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have shown great promise in research settingsresodme commercial settings. The pros and coriseof t
addition of UV are shown in Table 12.
A comprehensive literature review demonstrates@zmne is generally effective at removing

many biologically recalcitrant PCPPs. A literatuegiew can be found on Table 3, on page 23.

5. Wet air oxidation

Wet Air Oxidation (WAO) is used in high organic ¢ent wastewater, and, particularly for toxic
or for refractory organic (non-biodegradable) waster. WAO operates at 125-320°C and 0.5-20 MPa,
where increased temperature and pressure allovisdi@ased oxygen solubility in water and the insexl
pressure keeps water in liquid form [152, 160]. ugilizing high temperature and pressure, oxidatbn
organic contaminants is more complete and hasdtiecabenefit of little waste product as long asaoig
material is present to oxidize [152, 160]. If thés inorganic material present, these compountibevi
mostly left in solution [152, 160]. WAO resultsdarbon oxidized t@ 0,, nitrogen oxidized t& H5, and
sulfur and halogens converted to inorganic halatessulfides [152, 160]. The degree of oxidat®a i
function of temperature, oxygen partial pressuné, rgaction rates of pollutants in the waste strg51,
160]. As aresult, there are many operating pararmi¢hat can be controlled or optimized to enguoper
degradation of organic compounds.

Currently, there is only one commercially
available WAO processes, the Zimprarocess. By

1996, 200 units were installed, with greater th@#o5

£
of these utilized for sludge treatment [161, 162]. feapm

Air Compressor

Sludge contains high amounts of organic wasteishat

igure 26: Process schematic of the Zimpro

not amenable to conventional treatment methods an({rocess. Source: [161].

usually is treated by incineration or landfill disal [161, 162]. The alternative to this is thengio®
process, where the main reactor tends to be aakbiibble with or without internal baffling, which
operates under the following parameters: 1) opggdatmperatures tend to be 150-320°C, 2) operating
pressure is variable and used to control wateraegion, and 3) optimal retention time of 1 hourt b
ranges between 20 minutes and 4 hours [161, 1B8¢ limitation of utilizing this column design ism
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uniform mixing and residence time, resulting in aorform treatment [161, 162]. Therefore, the
treatment stream must be examined after treatroesrigure that the degree of treatment achieved is
adequate, and if not, further treatment withinrébector maybe necessary. The process diagraréor t
Zimpro® process is shown in Figure 26. The process atively simple and requires an air compressor,
heat exchanger, reactor (where oxidation occursaargkothermic oxidation reaction occurs), feed
exchanger, and pressure control valve [161, 18Rk separator is crucial where the effluent is sspd
into vapor (vented) and liquid effluent, sent fiaditional biological treatment as needed [161,]162
Therefore, the process has two different outpush ®f which can be a highly oxidized waste strézeh
is substantially less toxic than the original ieffd. This process is owned by Sienfewsater and has
been thoroughly tested and implemented around trkelwlespite some of the disadvantages of this
technology.

Wet Air Oxidation has numerous pros and cons aatetiwith its usage that must be considered
to determine whether or not to apply the technalo§gme advantages of this technology include ri@tya
of compounds can be treated simultaneously, acteféepre-treatment for high concentration wastewat
resulting in biodegradable organics, a potentialige elimination in toxicity and reactivity and ©Qand
an ability to recycle and/or recover process liquédl, 162, 163, 164]. Moreover, unlike incineoatithe
wastes are destroyed in the liquid phase and dbawa to be dried out first, which is an extrenmetergy
intensive process [161, 162, 163, 164]. In teoff@OD, which can be used to help measure how much
energy maybe required to make a process sustajn&l® requires greater than 20,000 mg/L to be
sustainable, whereas incineration requires subalignnore at CODs greater than 300,000-400,000.mg/
[161, 162, 163, 164]. Additionally, the WAO prosetoes not produce NOXs and does not contribute
significantly to air pollution like incineration @g [161, 162, 163, 164]. Therefore, WAO has many
advantages over incineration as a treatment methadt also has many drawbacks. These disadvestag
include, high capital costs, waste must be initngd phase (excludes solid wastes unless they are
dissolvable), treatment is limited to oxidizablesteavater with organic and inorganic compounds (moll
work on PCBs for example), and there are safetyigaions from operating at high temperature and
pressure [161, 162, 163, 164]. Therefore, depgnalinthe content of the waste and the air quality

requirements, WAO may provide an excellent treatrogtion.
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While WAO has many positives, there are wastesatahot treated easily with WAO and instead
are better suited to Supercritical Water Oxida{i®@WO) [152, 165]. Unlike WAO, SCWO operates
under supercritical conditions, which occur abové°® and 22.3 MPa [152, 165]. The supercritical
condition allows for a more rapid oxidation over WA152, 165]. The removal rate is a temperature
dependent process, so for example, at 400-450°Q9%% conversion in 5 minutes, whereas at 600-
650°C, 99.9999% conversion in less than 1 minud@,[165]. Therefore, depending on how much energy
will be invested to raising the temperature inrbactor, will dictate the rates of oxidation reastivithin
water. Water provides an excellent medium for atiwh since it can dissolve both organic compounds
and gases, and the peak efficiency for SCWO is vanganics are 1-20% of the waste stream by weight
[152, 165]. SCWO works by injecting supercritivastewater into a reactor and then addipgwhich
results in oxidation of the organics until essdhtiaone remains [152, 165]. Typical wastewatbis are
treated with SCWO are pesticide waste, petrochdpiogessing waste, cyanide containing metal
finishing wastes, spent caustic wastewaters, aganiéc chemical production wastewater [152, 165].
Therefore, as a treatment method for hard-to-tkeates, SCWO carries the exact same advantages of
WAO, and does not contribute to SOX and NOX emissid 52, 165]. These are highly favorable
characteristics for the removal of difficult to &teorganic wastes, but there are drawbacks togageauof
this technology. The primary drawback of SCWOdgasion, which is a large problem that must be
considered in weighing whether to build a planhor[152, 165]. Few plants have been built and
implemented due to this corrosion issue, and asuatt SCWO remains a virtually untested industrial
process.

A comprehensive literature review demonstrates3i@/O is generally effective at removing

many biologically recalcitrant PCPPs. A literatoegiew can be found in Table 3, on page 23.

6. Plasma Arc Waste Disposal

Plasma Arc waste disposal is an extremely effectie¢hod for reducing all types of waste to
basic components and energy. Pyrolysis, whichdsuhderlying mechanism of Plasma Arc waste
disposal, occurs in an oxygen-depleted environraedtunlike combustion that is exothermic; it is an

endothermic process requiring the heat input ofgfeéma [166]. Hot plasma is formed by ionized igas

93



strong electrical arc with a power of 2-20 MW proihg 2000-6000°C plasma [167]. The plasma is
formed by a plasma torch, which is two electroaét) a carrier gas in between them, which thendiens
energy to waste [166]. When waste comes in comdbtthe plasma, inorganic compounds are melted to
form non-toxic dross while the organic componemésdissociated into simpler gases ¢f BO, and C®
[167, 166]. The simpler gases; &hd CO, form syngas after reaction with water axyen, which after
purification can be used to generate heat and turbane for electrical energy generation [167,]166
Also, metals can be recovered from the dissocigifmeess and resold, helping to offset cost, wthige
remaining dross can be used as a constructioniagfli7]. The dross is essentially vitrified et
process and is hon-leachable making it exceptipnaieful for hazardous waste that may not be
completely destroyed in the process or elementsatieetoxic in the environment [166]. Therefdirés
process is very attractive in situations where ddteaste is generated, metal recovery is attractv
where environmental concerns over placing mateiradsland fill become paramount. This technology
has been implemented on smaller scale in the Wsidburt Air Force Base in Florida, processing abou
10 tons/day and in Arlington, Oregon by InEnTecgassing 25 tons/day as a test system [168]. The
largest operating systems abroad are found in Waisllapan, which utilizes a 150 tons/day, anthatp
just opened last summer in Morcenx, France is @sing industrial waste and wood chips [168]. These
plants pale in comparison to the planned GeoPldanility in St. Lucie County, which would have bedh
600 tons/day and produced approximately 220 MWHergrid, but the downturn in the economy, crippled
this project [169]. Finally, loans issued for Fula BioEnergy to build a 400 ton/day plant outdRino,
NV to open in 2014, which will stand as the larggsnt to date [168]. As more plants are built amate
hours are successfully logged, it is clear thatélcbnology has great potential and that finanaiiligbe
the largest hurdle to successful implementation.

The Plasma Arc waste disposal process is a relasumple system with four main components.
First, the waste feeder, the design of which vatiegsending on the waste being fed into the sysbein,
typically there is a sealed portion that is pushhmywaste into the reactor [166, 170]. Seconthés
process chamber or reactor where both AC jouleiiggabne and DC arc plasma zone are utilized [166,
170]. The DC plasma arc is created with a potediiference across the electrodes with one being

positive and the other being negative, while AGeptital is applied directly to glass [167]. By ctargly
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applying current to the glass, it becomes possibteparate out the components. There are themtgs
streams out of the reactor, a solid and a syngaamat Third, the process gas cleaning is wherg&yis
taken from the reactor through a heat recoverynsigenerator, where steam is then used to drivebingu
[166, 170]. Atthe same time, as the steam goadon, the syngas goes through a series ofdi(taree
stages: 1) hot particulate removal, 2) wet scrubbd@oves additional particulates and acid gaseb3an
carbon filter to remove trace elements) to a badgsroduce additional steam to drive a turbines[1670].
From the turbine, electrical energy is generatduelp power the plant and any remaining energybean
sent to the grid [166, 170]. Finally, the solidsaatream exiting the reactor is where glass andlme
recovery occurs. Separate streams are formetiéaglass products and metals, which can then be
recovered and either sold or used as a construatigregate [166, 170].

Plasma Arc waste disposal has numerous pros arsdassociated with its usage that must be
considered to determine whether or not to applytebbnology. Plasma Arc waste disposal has many
advantages over traditional incineration plants:dhick cooling of produced syngas prevents the
formation of dioxins and furans, which are normallgombustion byproduct of incineration; no toxéta
like incineration to dispose of; <50% of NOX arfih ®f SOX and Mercury emissions compared to
traditional incinerator; and 300:1 volume reductaancompared to 5:1 for incineration due to ash
production [168, 167]. Also, this technology alk¥or the destruction of hazardous, municipal, e
and ash wastes including being able to destroyreldcs waste, which has no treatment method ctiyren
[168, 167]. Additional benefits of Plasma Arc wadisposal include, the filtered Syngas that isipoed
is as clean as natural gas; clean energy is prdducéhe process; burning of municipal waste desgea
landfill requirements; and the stripping processdpices HCI and NaHSQOwhich can be resold for
industrial purposes [168, 167]. Many of the draeksaassociated with Plasma Arc waste disposal are
economically based: high cost since there is ame# on electrical power and huge upfront capast and
a lack of willingness to finance these projectsalagous to the capital needed for building a nugbéent)
[168]. Additionally, many critics of this techn@g point to a perceived lack of reliability [168].
Furthermore, there are concerns about syngas eghetigch could affect climate change, have public

health implications, and potential failure of tiveels creating a safety issue.
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Methods - Cost Analysis

A cost analysis of potential treatment method$Pf6PPs was conducted to ascertain, which of the
many technological approaches would be the mosteffective. Modeling was undertaken in Excel®
2010. In order to conduct the modeling, two priyresurces of data were utilized including acquirtogt
information from the manufacturers when it was e and in the absence of available data, a
comprehensive literature review was conductedr th@literature review, two or more sources were
utilized to generate high, low, and average costyder to generate a viable range of values for th
modeling exercise.

In order to compare the costs of various treatmmthods, cost curves must be constructed for
each of the methods for removing PCPPs from wasesve#fluents. For this analysis, the treatment
methods considered include, filtration (NF and |[H&D, UV, GAC, biological processes, chemical
oxidation, ozone, Wet Air Oxidation, and plasmawaeste disposal. The range of flow rates consitere
include, 10 MGD, 50 MGD, 75 MGD, and 100 MGD to B6D of wastewater. These values were
selected to represent a range of treatment plaes$ sas well as to reflect the 90% waste volumeatizh
that would occur as a result of the RO process Ugper range of values is important for procedies,
RO, that potentially must treat the entire volurhgvaste from a WWTP. Three different scenariosewer
considered for each of the treatment systems, dverage, and high cost scenarios. It was assumaedm
interest rate of 10% was applied to any capitalsctisat had to be finance by loans within calcolai of
the total cost per unit of treatment. Total costésenassumed to include operations, capital, and
maintenance costs when available. Finally, grafflt®st curves were plotted for each of the resglti

scenarios with bands to demonstrate the rangetefipal costs.

Results

A rudimentary cost analysis was performed to compad, GAC, Biological, and WAO
treatments. The results are shown in Figures 27-PBese results demonstrate that ozone treatisient
consistently one of the most expensive treatmetibip for large volumes of wastewater, whereas

conventional biological treatment has been the roost effective. These results do not includesiRkn
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Arc Waste Disposal, which is considered separaeti’has a cost that ranges between $60-$86 pef ton
treated municipal solid waste (MSW). These couist then be applied to the mass content of the
wastewater flow in order to determine how much apilens would cost. Utilizing this back-of-the-
envelope method for calculating costs, a set of estimates can be obtained for Plasma Arc Waste
Disposal and is presented in Table 13. The casithates that were obtained provide a wide range of
values and are highly dependent on the water cbofehe waste. This water content can have tfecef

of adding 1000 times the cost to the treatmenhefwastewater treatment stream.

$1,000,000.00

Thousands

$100,000.00

$10,000.00 =

[ [ ]
$1,000.00 ] .—I—.—.X—

X

$100.00 —mf—~;

$10.00 ®

$1.00

$0.10

$0.01

$0.00

0 200 400 600 800 1,000 1,200 1,400 1,600
Millions of Gallons per Day

BMRO XGAC X Biological Ozone Wet-air oxidation

Figure 27: Lowest projected total costs associated with varibeatment methods on a daily basis.
NOTE: these estimates allow for relative comparssionbe made. Sources: [41, 152, 171, 172].
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Figure 28: Average projected total costs associated with vartceatment methods on a daily basis.
NOTE: these estimates allow for relative companssionbe made. Sources: [41, 152, 171, 172].
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Figure 29: Highest projected total costs associated with wa@rtbeatment methods on a daily basis.
NOTE: these estimates allow for relative comparssionbe made. Sources: [41, 152, 171, 172].
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Table 13: Daily cost estimate of Plasma Arc Waste Disposal Treatinehiding Capital, Operations,
and Maintenance costs. NOTE: that water contetitisnrough analysis is assumed to be either 0% or
100% and thus the additional weight would be resjiba for adding cost. Source: [173, 174].

MGD 1 10 100

Low Cost (with water) $ 320,000 $ 3,207,000 $0838,000
High Cost (with water) $ 360,000 $ 3,591,000 %,930,000
Low Cost (without water) $ 420 $ 4,230 $ 42,300
Low Cost (without water) $ 475 $ 4,740 $ 47,370

Discussion of Practicality

Several trends and limitations can be noted albwutdst analysis that was conducted above.
First, limited data was available for the cost gsial, and therefore, there is a need for incredatal
availability to hone in on the actual costs. lditidn, full lifecycle cost estimates are largelyavailable.
The implications of this lack of data availabildye that the results must be used with cautiorshod!d
not be used as absolute values. Therefore, furtisearch is necessary to develop a fuller piatfitee
costs associated with these treatment methodss cbhild be accomplished if corporations would be
willing to aggregate their processes into a daabakich could mask the individual corporation’s
proprietary processes. Several trends with imptioa were noted from the modeling exercise, wisiah
be used to make decisions on which type of teclyyasbould ultimately be applied for the removal of
PCPPs from wastewater. Firstly, biological is afsvéhe cheapest, and ozone is always the most sixpen
treatment process. Secondly, Wet Air Oxidationicilis considered to be an expensive process, is
surprisingly more cost effective than is perceiiethe industry. Thirdly, activated carbon is atso
expensive process, and as was shown in the preoi@er, susceptible to competitive effects of the
dominant species, and is dependent upon the daselodin added. As the carbon dose increasesptiie ¢
increases. Finally, as the volume of waste tad@ted increases, the slope decreases eventualipgo
a sort of plateau in cost. This reflects the ecaies of scale principle, where the cost to addiaain
output decreases, thereby making larger scalegpiaate cost-effective than their smaller scale
counterparts. Hence, Wet Air Oxidation in termaafost-benefit analysis is the most favorable, and
generally as all of the plant types get largery thecome more cost effective.

In terms of cost-effective treatment, the methadsubssed in this chapter are not likely to be

cheap enough for widespread application. Fromaatjmality standpoint, more research must be coeduc
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on Plasma Arc Waste Disposal. It is unlikely tthé$ technology will be applied directly to a wastder
treatment stream due to its cost, but rather, it beautilized to generate electricity from MSW.
Furthermore, as discussed previously, biologicdl @AC processes will not be likely to treat PCPRs o
the scale of a WWTP. Therefore, the highest p@kfur direct application to wastewater stream iddue
Wet Air Oxidation, which has numerous technologemadl environmental advantages with its

implementation.

Conclusions

1. Implications of research: ethical, moral, legal

The combination of ethics, morality, and legal angmts will provide a potential impetus for
action. For example, when considering climate geamwater is becoming an increasingly valuable
resource, and the population and climate pressgieg applied to areas of the world are causing awedv
reusable sources of water to be explored. Asudtrése usage of technologies such as water riegyaind
RO will become more commonly deployed. Additiogad blend of ethical, moral, legal, and business
considerations will be crucial for helping to shaguilic opinion and legislative agendas in the faceew
scientific discoveries.

From the perspective of the morality and ethiles,grecautionary principle and concern for future
generations will help to drive society’'s views afemands for the regulation of PCPPs. John F. Kagnne
Jr. said, “Our most basic common link is that werddabit this small planet, we all breathe the eain,
we all cherish our children’s futures, and we drenartal” [175]. While this quote spoke to theves race
and threat of nuclear war between the Soviet Uaimththe United States, it is just applicable to
environmental issues 50 years later. Water i;ddmentality scarce resource, and it is being trioliged
across the globe creating pressure. Therefoheinifanity is able to adapt appropriately and profidsh
sources of water for future generations (givingritthe same opportunities as our generation was
afforded), then there is an ethical obligationnswee that as a society, there is not a deplefioesources.
As a result, society is called to investigate anglement emerging technologies like RO, water riegc
and aquifer recharge to ensure that future geeatiave access to safe water. Without this, thidrbe

an injustice that may threaten our children’s fatuFinally, the precautionary principle dictateattthe
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deployment of advanced, albeit expensive technefolifke plasma arc waste disposal, should be
undertaken to avoid the associated dangers of PCR#tsexample, estrogenic compounds in the
environment pose a threat to environmental andipuiellth, and while at their current concentration
these compounds do not pose a risk to humans, igh#ére potential for adverse effects to occur.
Therefore, a novel technology should be applieditoediate these water supplies. While the potentia
application of ethical frameworks like the precantiry principle could help to motivate the publicia
employ action, there is still a lack of legal framuek that could help to regulate PCPPs.

The legal entity that is responsible for regulatf@PPs is the Federal Drug Administration
(FDA), which with adaptation of the current legedrhework, could be able to consider the environalent
and potential public health consequences of acatioul of these compounds in the environment. dn it
current form, the FDA prioritizes public healththe primary consideration of drug approval while
completely disregarding environmental protectiofglL While this is the current state of affaitdsi
conceivable that current statutes could be apptiede FDA and pharmaceutical companies to at e bar
minimum consider the environmental impacts of PC®Psven to prevent their release into the
environment. The main laws that may be pivotdhia role would be the National Environmental Pplic
Act (NEPA), Clean Water Act (CWA), Safe Drinking YéaAct (SWDA), Resource Conservation and
Recovery Act (RCRA), and Toxic Substances Contral ASCA) [176, 177]. Potential mechanisms of

regulation within the relevant laws are shown ibl€al4.
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Table 14:Summary of current statutes, which could be adajgtedgulated PCPPs
Law Potential Implications and Effects
« Apply law to FDA and require Environmental Impact
Assessment (EIS and EA) process

» Do not categorically exclude pharmaceuticals (cotredion at
point of entry less than 1 bbp)

NEPA

« Apply technology forcing mechanism under Section

CWA 301(b)(2)(A)
« Consider PCPPs as toxic pollutants by classifyfregrt as such
« Utilizes a health based rationale, and this lanoisas useful

since “little is known about the impacts of exp@sat low
SWDA concentrations of pharmaceuticals over long periddigne”

« Sitill offers EPA a potential regulatory mechanismEPA by
promulgating standards

* Governs land disposal of hazardous waste, but elsemp
domestic sewage or anything from domestic sources

* Flushed PCPPs are outside the purview of the act

* Hospitals and nursing homes are subject to RCRAIgigpions

TSCA - Explicitly excluded pharmaceuticals from its covggra
Source: [176, 177]

RCRA

While there are many environmental laws on the bptile most promise for regulating micropollutasts
with RCRA, SWDA, SWA, and NEPA. With that saide#fe laws would place a large strain on the
pharmaceutical industry and WWTPs. Further re$eanuld need to be conducted to ascertain which
type of technology would qualify as the best adddaBAT — under the CWA) without becoming so cost
prohibitive as to make either of these industriesrly burdened. Additionally, the public healtmieét
must remain at the forefront of this decision pescas laws and regulations potentially could become
promulgated.

Itis likely that PCPPs will become regulated imsoform or another over time and therefore, it
will be necessary to utilize emerging and establistechnologies to remove these contaminants. The
implementation of different technologies will thganerate new types of wastes that will need to be
disposed of. For example, the use of filtratioogeisses results in membranes that must be dispisbe
use of ozone processes creates the potentialrfpoltion issues and regulation under the CAA] #me
use of adsorption processes generate potentiathrtaus waste from activated carbon that cannot be
regenerated. SDWA, RCRA, and CWA all become patytecome applicable with new treatment

technologies and may place additional costs anderas slowing enactment. Therefore, the

102



implementation of new treatment methods will neitatsfurther application of existing statutes, siag

an increase in costs and adding potentially neviremmental harms to be concerned about. Withghid,
the value of removing micropollutants from dischesdo the environment may offset the concerns over
new hazardous waste generation.

Finally, new environmental regulation could be deped specifically aimed at preventing
environmental impact and adverse public health ahfsram endocrine disrupting compounds and
micropollutants. This act like would take a forrmigar to the CWA and would set effluent limits fro
point sources to help protect human health anétiveonment. While no such regulation or statste i
being considered, it is highly probably that if ti8 were to adopt the Precautionary Principle apjilies
to environmental issues, then this sort of actad@oime into fruition within the next few decaddhe
implications of such an act would be tremendouaiypfable for the protection of health, but woulaly
increase the costs of treatment of water and waderw Therefore, the enactment of such a statatédwv
need to be carefully considered in the contextostsand benefits.

This work recommends such a statute be enactednhptiue to the moral imperatives of the
precautionary principle, and the moral imperatiokaffording future generations the same opporiesit
that our generation was afforded, but also forpbiential economic and technical stimulus that sach

large scale implementation would spur.

2. Paths forward

Given the expense associated with each of thewat&rtiary treatment methods outlined above,
it is highly unlikely that a combination of them uld be employed and thus the optimal treatment ateth
to move forward with would have the ability to revediologically recalcitrant molecules, be energy
efficient, and be acceptable from a cost and beaefilysis. In terms of what effectively removies most
PCPPs, there are only a few contenders includirgg, Aif Oxidation, Plasma Arc Waste Disposal, and
UV/Ozone treatments. With that said, each of tipsees of technologies each have their own prds an
cons associated with them. In terms of capital, dlasma Arc Waste Disposal is the most expensive,
while biological treatment is the cheapest. Ondtter hand, in terms of overall versatility and

minimization of environmental impacts, Plasma Aradfé Disposal does the most good. Therefore, it is
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recommended that Plasma Arc Waste Disposal beedilior the final treatment of PCPPs after RO
removes a majority of the contaminants of wastemeffluent. A close second treatment option wdugd
Wet Air Oxidation. The recommended treatment mashia this thesis are shown in Figure 30 on page
104.

There are numerous benefits to treating the reteofaRO with Plasma Arc Waste Disposal.
First, in the retentate stream, there are mangmifit valuable metals that can be recovered wiish th
technology which can be resold to help offset treait costs [167, 166]. Additionally, the retentate
contains many biologically recalcitrant PCPPs, Widan be completely degraded along with other
organics to form syngas. Any other inorganic texigll be vitrified and will be impermeable confierg a
huge advantage over incineration where toxic aahestill generated. Furthermore, the 300:1 volume
reduction that will not need to be disposed ofrinther fashion and the water will be vaporizedsigngas
production. Water will come back into the processmy the combustion process primarily in the farn
CO and H with some impurities. This process may preseoblems, since Plasma Arc Waste Disposal
was originally designed for the destruction of deliastes and not liquid wastes so it is unclearthdre
this could actually be implemented. Further reslearould be required to determine whether the synga
products that would come from a process that isiiocg in water.

On the other hand, Plasma Arc Waste Disposal carileed to generate electrical energy from
MSW and used to power WAO to degrade micropollwanthis would be the ultimate combination of

technology since the input of MSW into

l an be used to power——

the Plasma Arc Waste Disposal would
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€02 and H20

resale to help offset the huge capital that or Solids
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. . Waste Disposal Energy Distribution
would be needed for this unique Al et — T

No pre-
processing

operation. With the electrical energy

requirements met, WAO could be Msw

conducted on the effluent from the Figure 30: Ideal treatment methods for the removal of PCPPs
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WWTP. This would not only decrease the COD ofdfikient entering the environment, but also the
water would be saturated with oxygen. Finally, él&lation of organics would help to keep
micropollutants out of the environment.

With the high promise of treatment with WAO anddptea Arc Waste Disposal, further research and
development must be conducted to allow for widespieplementation of this technology, which is
believed to be one of the best solutions for remgpWCPPs from wastewater. The treatment scheme
suggested for the removal of PCPPs is shown inr€ig0. Unlike, WAO which is a liquid phase progess
Plasma Arc Waste Disposal is a solid phase prosedfie organics and metals amenable to treatmesit m
be consolidated into a solid phase or research bausbnducted on the feasibility of applying this
treatment method to the liquid phase. One potemtzhanism of consolidating the liquid effluentas
utilize an evaporator, although this does creagentted for further energy production. On the ottzard, it
may be more cost effective to apply WAO and utilirdy the energy from Plasma Arc Waste Disposal to
run this process via the pyrolysis of waste proslu&ither of these options present feasible atéres to
solving the issues associated with PCPPs beingatiged into the environment and will decrease the
burden on the environment in terms of landfill regments. In order to proceed with this kind of
recommendation further research and development Imeusonducted in Plasma Arc Waste Disposal and
its application to the liquid phase treatment, ifgiisy and characterization of end products frdme tiquid
phase, and improvement on reactor materials (etiksearch from fusion) to extend plant life.
Additionally, financing will need to be extendedalow for plants to be built, but it is unlikelizdt banks
will extend financing for these high capital cokimis. Therefore, either federal or private eqfiitys are
envisioned to finance the loans for these massipéa expenditures. Furthermore, it is predidteat as
climate change becomes a larger issue and carlfggtobecome more of a reality, the application of

Plasma Arc Waste Disposal will become a more anceratiractive disposal methodology.

3. Future Research and Approaches

There are many different potential approachesdbald be utilized to help treat biologically
recalcitrant PCPPs that are not yet technologicaligconomically feasible. This thesis has exadhine

many different treatment methods, but there isrstit a technology that can be easily appliedl&clles
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of WWTPs. Therefore, continued research and deweémt in conjunction with technological innovation
and financing will be needed to help address thexal of micropollutants in the coming years.

The first set of solutions to the micropollutandiplem involves conditioning or engineering of
algae or bacteria that could be added within the WPWIn the past, bioaugmentation was touted as a
method for the removal of undesired compoundsWAVHTP. The implementation of bioaugmention
requires that bacteria be grown and conditionaiéacompounds that are desired to be removed harsd t
high concentrations of the compounds are utilizedcclimatize these bacteria [178]. Once sufficien
yields are obtained, the bacteria are freeze doiettansportation to their final implementatiotesiusually
a WWTP [178]. These conditioned bacteria are #uohed to the biological treatment process during
wastewater treatment [178]. The bacteria utilift@dhese treatment processes is usually a blesgexdies
or strains that are proprietary and has been edilfor WWTP, cleaning of grease traps, biological
treatment of industrial waste products, and dedrmadaf hydrocarbons and petroleum distillates [[178
Biotechnology and genetic engineering may provéulige designing microbes for the degradation of
selected compounds, and this is an area whereigemgineering may prove useful. The applicatibn o
these microbes to the removal of PCPPs would redbe usage of advanced techniques in genetic
engineering that have not previously been neede@stewater treatment. Naturally occurring or
classically selected microbes have been able &b tnany of the compounds of interest, but “theeg ar
however, some situations where biotechnology offetential advantages: for example, to engineer a
naturally occurring derivative pathway so thasitontinuously active in the bacteria, even inghsence
of a molecule ordinarily needed to activate thépaly...” [179, pp. 271-275]. While past experiendthw
many bioaugmentation strategies has not produggdyhiavorable results, observed increases in
efficiency were actually due to improvements innplaperations and not due to the addition of the
conditioned bacteria, there is still room for ttéshnology to have an impact on the removal of
micropollutants. A related strategy that can bglief is algae treatment via biotransformation igfamic
chemicals like DDT, napthaline, and phenol inteslEsic substances [180]. It should be noted dlgee
are rarely capable of complete degradation, althqagtial degradation can be expected with some
biotransformation [180]. Therefore, there is agntial to modify algae utilizing genetic enginegrio

create natural pathways for the degradation ofracgeompounds including PCPPs. Another potential
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source of degradation of these compounds coulé\®rse engineering the bacteria that produce mfany o
these pharmaceutical agents. Further researchdsbewonducted on algae and bacteria to effegtivel
degrade PCPPs, as the addition of these compoumdld wrovide a biologic method for their removal.
Another potential method would be to isolate theyemes that are responsible in bacteria or algae for
degradation and mass produce them. These enzyukkthen be added during the wastewater treatment
process to degrade micropollutants of concerndbatot respond to conventional biological treatment
could also be imagined that algae or bioaugmemtatiould provide an excellent means of removing
PCPPs.

In terms of pros and cons, there are numerousreiffgpotential reasons for implementing
bioaugmentation or algae to degrade micropollutadtse of the largest drawbacks associated with the
implementation of bioaugmentation or algae is &< of developing these particular processes.etizen
engineering processes are expensive and can ledlartrial and error process to get to the exacos
pathways necessary to allow for algae or bacterdegrade substances of interest. Additionally, th
implementation of bioaugmentation requires thatitheteria be conditioned at high concentratiorthef
compounds to be degraded. Pharmaceutical compauadsmarkably expensive, and conditioning
bacteria with high concentrations will be extremekpensive. Furthermore, considering the amount of
bacteria needed to treat micropollutants for alsitrgatment plant, a substantial operation woeleldto
be established in order to yield enough conditidn&cteria. On the other hand, treatment with atgae
bioaugmentation has the advantage of being easylement (freeze dried bacteria can be addedeto th
WWTP), requires no additional capital expenditdfrsequipment at the WWTP, amdsitu treatment has
shown that bioaugmentation is an effective strafegglegrading organic compounds. Therefore, algae
and bioaugmentation should be further investigétethe removal of PCPPs, and if feasible, couldbe
viable method for removing these compounds.

Another attractive set of solutions revolve arotimel usage of sorption processes by utilizing
novel methods. New materials could be utilizesfoption processes that address the expense associa
with regenerating the sorbent and making the serfecific to the micropollutants of interest. One
possible means of removing micropollutants, comes fbiomaterials research, where surfaces can be

coated with different receptors, antigens, etallmw for molecules to bind or not bind to a sug4&81].
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In a similar fashion to medical devices, novel mate could be devised with the receptors that BRCPP
bind to within the human body, thereby making tbebents highly specific. For example, if the remlov
of Esterone is desired, then placing an estrogegpters or estrogen G protein-coupled receptoth®n
surface of the sorbent would be a means of seldgtiremoving Esterone compounds [182]. While it is
likely that these surfaces would not be easily negated, research could be done to address thibitibss
of these types of surfaces. Additionally, to immgaurface area, which improves sorption efficiency
nanoparticles coated with these receptors couldibized to remove compounds of interest. Another
novel material that may prove to be useful for wateatment technology is graphene. Membranes
composed of graphene have already been proposedaiternative to RO for desalting water, allowiog
improved flux across the membrane [183]. Also,rdile that functional groups play on a nanoporous
graphene filter, demonstrate a degree of customfitzalvhile preserving that flow can still occur83].
These types of materials definitely have the paéta revolutionize water treatment and become the
breakthrough that is needed to address sorptioffilnation as a potential means of removing
micropollutants. Therefore, while not technologjicdeveloped yet, research and development shoaild
directed at novel sorbents and membranes like grapto aid in the removal of PCPPs. It shoulddied
that a similar problem to RO will be encounteredhia reject stream where there will be a conceangat
effect and that will need to be treated. Finalyovel material for sorption could be discovertwat ts
easily regenerated and has tight reversible bindifgure research should be directed towards these
adsorbents along with the fabrication of graphenehat adsorption becomes a more viable treatment
methodology for treating micropollutants.

In terms of pros and cons, there are numerousréiffgootential reasons for implementing
graphene, nanotechnology, or developing a novélestito remove micropollutants. First, graphere is
high potential technology that in the future cob&lutilized to remove PCPPs. Currently, grapherstili
so new that fabrication costs are high and futmeettain, so it remains unclear how to mass-prothise
material. This is the largest drawback, in confiomcwith it is a largely unproven technology, lwith
time will become more studied. On the other hgndphene has many positives: it provides higher flu
than RO allowing for smaller modules and less epasgded to generate pressure differentials teedriv

filtration, and the surface is modifiable to impeofiux rates. Additionally, the structure of theghene
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without punching holes into it is impermeable terwhelium, making the material extremely attractisea
filter that operates on the size exclusion prirefdl83]. While graphene holds great promise, atoth
potential technology to be utilized is nanotechgglavhere the receptors of interest are covering
nanoparticles. Nanotechnology for water treatnhestmany disadvantages over other approaches
including: receptors must be isolated and reprodiuadich is an expensive process, high cost dsbear
number of molecules that have to be manufacturredi)arge processing costs. On the other hand,
nanotechnology has many potential benefits inclgiditgh specificity for the compounds of interest,
won’t remove minerals from the water like RO, ahdre is a wealth of knowledge that can be utilired
generating these types of particles from biomateresearch. Finally, if society follows previguaths,
depending on a novel material to be discoveredatious out of the problems associated with PCRP is
potential option. Waiting for a novel materiallde developed has many shortcomings such as, basic
research and development is slow and costly, researd development advances are sporadic, research
and development costs are huge and there is rairtgrin that a breakthrough will be found in aeyiv
timeframe. Alternatively, a breakthrough couldakeionize the industry, and may allow for costeetive
and seamless removal. Many of the compounds efést do theoretically adsorb, so this method of
removal holds promise. Therefore, sorption proeesmld promise especially with graphene processes,
and as a result, continued research should be ctedlin this area to increase the probability hatajor
breakthrough could occur.

Additional methods also revolve around the applicabf currently available industrial and
chemical processes to the treatment of PCPPs.i-Malje flash distillation (MSF) has been usedras a
alternative to RO for producing desalted water. AM&rks by flashing a small amount of water inteash
in multiple stages, running past cold water resglin a countercurrent heat exchanger [184]. ahgelst
demand of this technology is energy; so many titheplant is coupled to a cogeneration facility vehe
the heat can be used to heat the influent watdreoMSF [184]. While desalting is the traditionabge
for this particular technology, it could be imagirthat the flash distillation process would be ukédr the
removal of PCPPs from wastewater. The result pfyamg this technology would be a very high quality
effluent which would be largely devoid of micropghnts, unless these compounds possessed large vapo

pressures or were able to become volatilized. &beg, MSF may hold promise as a technology for the
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removal of micropollutants from wastewater. Anatpetential mechanism of removal of PCPPs is
Chromatography. The mobile phase is where compmoahuhterest are dissolved, while these compounds
move through the stationary phase within an inséninfil85]. Different compounds will move at dikéeit
speeds, causing a separation of these compouned bfishe compound’s partition coefficient [185}s

a result, given that there is a large degree aétran in partition coefficients of PCPPs; chrongaphy

could be utilized hypothetically to separate themmpounds. Research and development would be deede
to scale up these processes to the size of a WWERhe separation needed for this process woultheo
extremely high in resolution, which should helgtove down potential costs. Finally, molecular
differentiation could be utilized as another meahgemoving micropollutants from wastewater. Whilat
perfectly related, density overlap sorting recehtlg been utilized to separate plastics for reagcliThis
process allows for mixed plastics to be separatetthe basis of multiple variables (temperaturesguee,
shear, and mass) [186]. This novel process alfowsignificant waste reduction by sorting by déysi
Therefore, if this process were applied to the nemhof PCPPs, it may be possible to separate these
particles based off shear, pressure, temperatudemnass difference. While this application wowdduire
further research, it potentially would be very vioeixploring considering the success that the pissti
industry has experienced with this technology.

In terms of pros and cons, there are numerousréiffgpotential reasons for implementing MSF,
chromatography, or density overlap sorting formdrmoval of PCPPs. MSF has numerous pros including
being a straight forward process, has no reducatitrensfer due to scaling in the reactor, anchtksence
of suspended solids do not affect the process [184] the other hand, MSF is energy intensivesteam
is partially consumed during the process, hasehbarring problem of having a left over substancedat
that is now highly concentrated in the liquid phas®l the output stream will not necessarily be
completely devoid of PCPPs [184]. An alternatiwehinology is the application of chromatography to
remove micropollutants of interest. One of the hpoemising technologies is density overlap sorting
which has the pros of utilizing pressure, tempeegtand shear to differentiate materials, wheretmos
technologies only utilize one of these factors [[18bhis technology also has a lower capital inmrestt
than other similar processes and allows for higdlitwfinal products to be produced [186]. Like mya

separation technologies, density overlap sortirfaghly energy intensive and as a result, the rexV
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products must be quite valuable to offset a pathisfcost. Finally, chromatography holds pronvigth its
ability to separate out mixtures effectively, busiultimately not very cost effective and is savhat slow
depending on the complexity of the feed mixture5L8Although, with further research, a fast system
much like the quick gas chromatography used inogisto screen for bomb materials, could be deeop
to remove PCPPs from wastewater [187]. Therefohde these applications would require further
research, there is the potential, especially withsity overlap separation, to remove many of thEPCof
interest.

Finally, truly novel processes and treatment methmmild be developed to treat micropollutants
and will require truly out of the box thinking &aldress these recalcitrant compounds. Materigésareh
will be necessary, along with processing enginggian any new process to be implemented to remove
PCPPs. There are three relatively new technoldbegotentially could be utilized in the treatrheh
water to remove PCPPs including, fabric filterinighamovel materials that could repel undesired oigs
capsular perstraction (“enveloping of pre-selectaghnic solvents within a porous hydrogel membtane
form liquid-core microcapsules”) [188], and nandteclogy of some form. To construct filters, a rlove
hydrophobic material is required. One such mdteda repel water and adsorb oil, while anotheremialt
has been discovered and considered for use ijakets that are both breathable and lightweig88]1
There is the potential for these materials to kapsetl for the removal of PCPPs by utilizing these
compounds successful rejection of water and adsorpf hydrophobic compounds, to trap the PCPPs in
the hydrophobic portion and thereby generate oleater. Further research and development would be
required in order to even demonstrate the potefatiamplementing this type of technology. Additedly
the usage of nanotechnology and capsular perstragtay hold promise as strategies for the remadival o
PCPPs from water [188, 190]. Whelehan et al. destnated the viability of capsular perstraction for
rapidly removing seven PCPPs of interest, but tiegperiments would need to be repeated in the gbnte
of wastewater effluent to ascertain the role of petitive substrates amongst other factors. Likedrthe
potential nanotechnology efforts, these methodkhbeilexpensive and will require large scale
manufacturing to allow for the treatment of wastewat the scale of a WWTP. Therefore, further
research should be undertaken to determine howteammlogy could play a role in potentially remayin

micropollutants, as well as into methods for masslpcing these particles. Additionally, nanotedbgg
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in the form of nanoparticles may hold promise for &bility to remove PCPPs from water [190]. Again
further research would need to be conducted dsettype of nanoparticles would be suitable for
effectively, rapidly, and cost effectively removingcropollutants. Therefore, truly novel procesaed
treatment methods may hold a plausible solutioriferremoval of PCPPs from water, but these tectasiq
are so new that it is extremely difficult to predfcand when they could be available for usagthnfield.

If prioritization of research funding must occureh the most promising technologies to remove
PCPPs from water should preferentially be fundest tivose that are more of a stretch. As a reétitteo
analysis in this work, the funding potential shogtdto Plasma Arc waste disposal, Wet Air Oxidation
reverse oSmosis,

. . /" Biological WWTP ™\
bioaugmentation, and (e )

\_75 ng/L in influent _/
grapheme filters. The rest of Effluent

100 MGD + 10 MGD (Recycle)
0.754 pg/L (out of plant)

the technologies that are Recycle Concentrated
] Retentate for /]')ﬁ")\
) . . ] biological treatment No—>{ En\lroniwm )
outlined in this work still have e e
the potential to be a part of the Yes

solution for removing R
Tertiary ~OMGD__| Lo ~90 MGD__ Discharge clean)
treatment ~7.54 ug/L ~0 pg/L ‘\ water /
micropollutants from water,

but they will require heavy Mass

Concentration Volume Total
Point in System (ug/L) (MGD) (Ibs)

investment in research and
Biological WWTP Effluent 75 100 6245931
development prior to RO retentate and Recycl 7.5 10 6245¢
Combined Recycle and
Effluent out of 2nd Pass of
WWTP 0.69 110 63084

said, these solutions should
Figure 31: With the addition of the recycle loop from the ratge, the

not be discounted and should concentration of the influent increases, thereloyeasing the likelihood
that biological degradation will occur.

still be funded.

4. Model plant design

In order to effectively remove PCPPs from wastewatiizing current technology, there a
numerous different paths that could be taken toorenthese compounds effectively. It should bedhote

that while there are numerous treatment technotogybinations that could accomplish this task, the&s
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are disregarded. As part of a theoretical exertigeplant design paths are meant to establishhwhi
technologies could accomplish the removal. Théwardesign paths are shown in Figure 32 (page. 114)
One optimal treatment path relies on tertiary treatt of WWTP effluent in the form of Wet Air Oxidaib

to ultimately degrade the PCPPs of interest. Whisld require the Wet Air Oxidation module, likedy
Zimpro® process, to be scaled to the size of the treatpiant (100-1000 MGD). One of the advantages of
this path is that utilizes established technology that as the technology becomes more widely
implemented, the capital cost is likely to decreagmother likely treatment path utilizes Reve@&smosis
as the first step in the treatment sequence afeffl From here Plasma Arc Waste Disposal carsée 1o
generate energy for the RO process and the tettieayment process or with additional researchacbel
directly applied to the retentate. A final treatthscheme would be to recycle the retentate ofdke
biological WWTP. This would increase the mass flaiPCPPs into the biological process, thereby
potentially allowing for these substances to beaged (see Figure 31, page 112). By recycling the
retentate stream into the treatment plant, an iaddit 10 MGD of water will flow into the plant aha
average concentration of 7.54 pg/L. The effedtedtment in this fashion is a 10 fold reductiotha

mass load to the environment, which potentiallyids@dverse environmental impacts. Therefore, by
selecting an optimal treatment scheme, there ipdltential to avoid adverse effects and to remoaaymn

of these PCPPs of concern.
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Figure 32: Potential treatment methods demonstrate that #ireraumerous paths for the removal of PCPPs. &ttt different paths will have different costs
and benefits associated with it and will achieviéedént levels of removal. The least expensive pédthinvolve a recycle loop of the rententate foological
treatment, which could be powered by Plasma Arcté/Bssposal (produces energy from municipal andstdal wastes).



5. Final Thoughts

Currently there are not any viable technologieisdat these recalcitrant compounds in terms of
applicable technology, cost-effectiveness, or sxlithato current WWTP volumes. First off, biolagil
treatment, either as plug-flow or CSTR, for manytef PCPPs is not going to occur due to the comaeti
effects associated with the many compounds pregdmngjher concentrations in the WWTP. Secondly,
PCPP adsorption density will be a dose dependertps and with the costs associated with activated
carbon, it is highly unlikely this technology wile able to be implemented in the field. Additibpahe
higher concentration species will be more competitind be sorbed preferentially over PCPPs.
Therefore, both sorption processes and biologieatinent have similar shortcomings with respect to
higher concentration species being preferentigiigaved due to competitive kinetics.

There are currently available technologies, thetaled correctly, which could adequately remove
PCPPs from water, but technological breakthroughyg make implementation more cost-effective and
likely. The current best available technologyrrivey a major technological breakthrough is Wet Air
Oxidation in combination with Plasma Arc Waste isal. In this treatment scheme, the addition of RO
could be considered and then Plasma Arc Waste Bégpould be utilized to treat the retentate. Eosv,
the addition of RO will still present the challengfemembrane fouling which must be solved in orfder
RO to be a viable technology. Finally, technolagiiereakthrough will be crucial to successfully oaimg
micropollutants from WWTP'’s effluent. Technologithat hold the most promise include: Wet Air
Oxidation, RO, bioaugmentation, and grapheme §lte3pecifically, there is optimism surrounding
graphene filters as a breakthrough, which couldtdraly reduce the costs associated with RO asudgnt
membrane fowling. As a result, then applying Wet@xidation to the retentate might be a good metho
of removal. Future research will be needed to adedechnologies to the point of large scale
implementations and to drive down the large capgitakts associated with many of the potential treatm
technologies.

As a society, we have a moral obligation to ensaéthere are adequate sources of fresh water
for future generations. By implementing technoésgsuch as Plasma Arc Waste Disposal, there is the
ability to fulfill the obligation to future geneliahs for water and to help impact climate changa in

positive fashion by making sure that less tragtesined for landfills. Additionally, by furtheugfying



the water destined for the environment, the negatonsequences of PCPPs to the environment will be
avoided and further degradation of water supplidisbe avoided. While there are many positives and
cause for optimism, there should always be a caatioundertone. The lessons drawn from nucleaepow
plants, which like many of the proposed alternate@hnology implementations are capital intensive,
demonstrated that there is resistance to fundin Erge upfront capital expenditures. Generally,
economics tend to drive policy, and thus, therémékd to be further research to determine howited
down the capital costs of alternative treatmenthods that are able to effectively remove PCPPs from
wastewater. Therefore, while the economics magrbeailing most decision, hopefully society’s e#tic
and moral framework will prevail and chose to immpént new technologies to remove PCPPs from
wastewater; thereby, improving water quality faiufe generations and preventing additional

environmental damage.
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Appendix I: Freundlich Literature Values

Compound n K Original K ¢ units Converted K Carbon Author
(mg/g)(mg/L)*n
Phenol 0.69 0.22 (mg/g)(mg/L)(n) 0.22 EFB 500 [130]
0.3 2.79 (mg/g)(mg/L)(n) 2.79 EFB 800 [130]
0.616 6.193 (mg/g)(mg/L)(n) 6.193 GAC, NS [131]
2.525253 0.851 (mg/g)(mg/L)A(n) 0.851 RGM1 [132]
2.267574 0.863 (mg/g)(mg/L)*(n) 0.863 RB2 [132]
2.336449 1.452 (mg/g)(mg/L)(n) 1.452 ROWO.8supra 132]
2.380952 0.209 (mg/g)(mg/L)(n) 0.209 Cgran [132]
0.54 21 (mg/g)(mg/L)(n) 21 Fitrasorb 300 [133]
0.037 0.371 (mg/mg)(mg/L)*(1/n) 37 GAC [134]
1.694915 2.11 (ma/g)(mg/L) (n) 2.11 Modified Bentenph 4 [135]
2.272727 3.72 (mg/g)(mg/L)*(n) 3.72 Modified Bentonite, ph 7 [135]
3.030303 8.35 (mg/g)(mg/L)(n) 8.35 Modified Bentenph 12 [135]
2.47 0.04177 (mol/L)*(L/g)*n 38.097 PX-21 [202]
0.1912 89.43 (mol/L)*(L/g)™n 89.43 Filtrasorb-400 136]
3.142 53.985 (mg"(1-1/n))*(L"1/n)/g 53.985 GAC [137]
0.56 0.17 L/mg 0.17 GAC-70 [138]
0.42 0.32 L/mg 0.32 Com GAC-70 [138]
0.37 0.6 L/mg 0.6 GAC-80 [138]
2.380952 37 (ma/g)(L/mg)”~(1/n) 37 GAC [138]
3.134796 36.3 (mg/g)(L/mg)™(1/n) 36.3 F-400 [138]
0.4 0.046 (moles/g)*(L/mole)™n 44.355 Coconut shell Activated Carbon [247]
0.38 0.021 (moles/g)*(L/mole)*n 25.461 Coconut EAetivated Carbon [138]
0.167 0.008 (moles/g)*(L/mole)*n 111.207 Coconut shell Activated Carbon [138]

0.117 0.011 (moles/g)*(L/mole)*n 271.093 CoconuwlkActivated Carbon [138]




3.846154 50 mg/g 50 Filtrasorb-400 [119]

2.066116 2.512 (mg/g)(mg/L)(n) 2.512 RGM1 [132]
2.178649 2.518 (mg/g)(mg/L)(n) 2.518 RB2 [132]
2.439024 3.75 (mg/g)(mg/L)(n) 3.75 ROWO.8supra 213
2.717391 0.667 (mg/g)(mg/L)(n) 0.667 Cgran [132]
28.57143 169.2 (mg/g)(L/mg)”(1/n) 169.2 SA4 [140]
3.875969 39.3 (mga/g)(L/mg)~(1/n) 39.3 CA1 [140]
31.25 1554 (mg/g)(L/mg)™(1/n) 155.4 PKDA [140]
0.286 35.4 (mg/g)(L/mg)*(1/n) 35.4 Cagran [140]
2.841 0.916 (mg/g)(mg/L)*(n) 0.916 Modified Bentieni [141]
2.302 0.566 (mg/g)(mg/L)(n) 0.566 Maodified Bentonite [141]
2.793 57.795 (mg™(1-1/n))*(L"1/n)/g 57.795 GAC [137
1.872659 3.034 (mg/g)(mg/L)(n) 3.034 RGM1 [132]
1.972387 3.076 (ma/g)(mg/L)(n) 3.076 RB2 [132]
2.040816 4.256 (mg/g)(mg/L)*(n) 4.256 ROWO0.8supra [132]

2 0.955 (mg/g)(mg/L)(n) 0.955 Cgran [132]
3.593 0.03458 (mol/L)*(L/g)*n 134.341 PX-21 [202]
3.737 101.504 (mg"(1-1/n))*(L"1/n)/g 101.504 GAC 3

1.828154 6.934 (mg/g)(mg/L)*(n) 6.934 RGM1 [132]
1.960784 5.794 (ma/g)(mg/L)(n) 5.794 RB2 [132]
2.293578 9.333 (mg/g)(mg/L)(n) 9.333 ROWO0.8supra [132]
1.858736 1.75 (mg/g)(mg/L)(n) 1.75 Cgran [132]
0.144033 220.9557 2?2 220.956 Filtrasorb-400 [136]
3.925 128.728 (mg"(1-1/n))*(L"1/n)/g 128.728 GAC 3
1.934236 13.37 (mg/g)(mg/L)*(n) 13.37 RGM1 [132]
2.159827 9.55 (mga/g)(mg/L) (n) 9.55 RB2 [132]
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2.109705 13.8 (mg/g)(mg/L)*(n) 13.8 ROWO0.8supra [132]

1.620746 2.965 (mg/g)(mg/L)(n) 2.965 Cgran [132]
1.25 22.04 (mga/g)(L/mg)~(1/n) 22.04 [143]
1.219512 31.48 (mg/g)(L/mg)”(1/n) 31.48 [143]
1.190476 35.42 (mg/g)(L/mg)*(1/n) 35.42 [143]
0.1512 588.7 ??7? 588.7 Filtrasorb-400 [136]
6.821 284.41 (mg"(1-1/n))*(L"1/n)/g 284.41 GAC [137]
3.236246 28.84 (mg/g)(mg/L)(n) 28.84 RGM1 [132]
2.688172 26 (mg/g)(mg/L)(n) 26 RB2 [132]
3.134796 31.33 (mg/g)(mg/L)(n) 31.33 ROWO.8supra 132]
2.132196 14.12 (mg/g)(mg/L)*(n) 14.12 Cgran [132]
p-Nitrophenol 2.358 1.1824 (mg/g)(mg/L) (n) 1.1824 Modified Bemite [141]
4.235 0.0302 (mol/g)(mol/L)*n 190.211 PX-21 [202]
0.1494 166.5 - 166.5 Filtrasorb-400 [136]
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Appendix II: EasyFitXL Distributions

=

Bernoulli Error Function Geometric Levy Pareto Reoral
Beta Exponential Gumbel Max Logarithmic Pareto 2 Rice
(Lomax)
Binomial F Gumbel Min Logistic Pearson 5 Student's
Burr Fatigue Life Hyperbolic Log-Gamma Pearson 6 Triangula
Secant
Cauchy Frechet Hypergeometric Log-Logistic Pert fahmn
Chi- Gamma Inverse Gaussian Log-Pearson 3 Poisson Wakeby
Squared (LP3)
Dagum Generalized Extreme Johnson SB Lognormal Phased Bi- Weibull
Value Exponential
Discrete  Generalized Gamma Johnson SU Negative  Phased Bi-
Uniform Binomial Weibull
Erlang Generalized Logistic Kumaraswamy Nakagami  wétd-unction
Error Generalized Pareto Laplace Normal Rayleigh

Source;_http://www.mathwave.com/products/easyfiscdeml#dist




Appendix III: Final Data Distributions

33%, Ce = 0.01mg/L

¢\ Omubuon | Smmov | Daiing | CfiSauare
Statistic| Rank | Statistic| Rank | Statistic| Rank

1 |Beta 0.36315| 1 34.211| 28 N/A

22 |Gen. Pareto 0.36563| 2 14.499| 6 N/A

15 | Frechet 0.36991| 3 23.69 | 14| 15.153 42

40 |Pearson 5 0.37237| 4 46.465| 29| 17.71 43

41 |Pearson 5 0.37238| 5 46.465| 30| 17.71% 44

33| Log-Logistic 0.38241| 6 | 22.829| 12| 6.4607 24

35 | Lognormal 0.38301| 7 26.776| 17| 5.962¢ 19

36 | Lognormal 0.38301 8 | 26.776| 16| 5.9629 18

14 | Fatigue Life 0.38385| 9 | 31.866| 24| 1.992: 7

19 | Gen. Extreme Valup0.45275| 24 | 13.442 3 2.757¢ 9

# Distribution Parameters

19 | Gen. Extreme Valuigk=-1.456 ¢=0.003 1=0.00694

20 |Gen. Gamma k=19.378=0.01887 3=0.01044

21 |Gen. Gamma k=0.33402=1.1094 p=0.00225

22 |Gen. Pareto k=-4.8204=0.06708 n=-0.00518
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33%, Ce = 0.1 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
40 | Pearson 5 0.3742 1 39.38§ 28| 8.9734 39
39 | Pearson 5 0.37422| 2 | 39.388| 29| 8.9742 40
35| Lognormal 0.37432| 3 27.454| 17| 6.215] 31
34 | Lognormal 0.37432| 4 27.454| 16| 6.215] 30
21 |Gen. Pareto 0.38013| 5 14.338| 5 N/A
15 | Frechet 0.38285| 6 24.604| 13| 16.49¢ 43
12 | Fatigue Life 0.38619| 7 32.231| 22| 2.028: 6
13 | Fatigue Life 0.38619| 8 32.231| 21| 2.028: 5
18 | Gen. Extreme Valug0.44318| 23 | 12.643 2 2.957: 8
20 |Gen. Gamma 0.47845| 31 | 33.335| 27| 3.6362 1F
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.5454 6=2.7898E-4 u=7.1357E-4
19 |Gen. Gamma k=20.628=0.02092 $=0.00103
20 |Gen. Gamma k=0.35502=1.2229 3=2.0507E-4
21| Gen. Pareto k=-5.2424=0.00737 p=-5.3399E-4
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33%, Ce = 0.2 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
35 | Lognormal 0.37176| 1 27.634| 16| 4.422°¢ 23
34 | Lognormal 0.37176| 2 27.634| 15| 4.422¢ 22
39 |Pearson 5 0.38489| 3 | 40.759| 29| 9.3973 40
40 | Pearson 5 0.3849 4 40.75¢ 28| 9.3977 4
15 | Frechet 0.38641 5 | 24.935| 13| 28.02 44
13 | Fatigue Life 0.38692| 6 3235 | 22| 2.039 7
12 | Fatigue Life 0.38692| 7 3235 | 21| 2.039 8
21| Gen. Pareto 0.38721 8 14.369| 5 N/A
18 |Gen. Extreme Valup0.43852| 22 | 12.346 2 2.008 6
19 |Gen. Gamma 0.66962 47 | 72.096| 40| 1.831¢ 3
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.5871 6=1.3466E-4 1=3.6093E-4
19 |Gen. Gamma k=21.02 =0.02161p=5.1074E-4
20 |Gen. Gamma k=0.36% =1.2616 $=9.9428E-5
21 |Gen. Pareto k=-5.4476=0.00385 p=-2.7125E-4
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33%, Ce = 0.5 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
47 |Rice 0.36863 1 71.713| 42 N/A
35 | Lognormal 0.37275| 2 27.843| 16| 4.497¢ 23
34 | Lognormal 0.37275| 3 27.843| 15| 4.497¢ 22
25 |Inv. Gaussian 0.37739 4 | 42.476| 31| 7.926: 36
12 | Fatigue Life 0.38779| 5 | 32.494| 21| 2.053 8
13 | Fatigue Life 0.38779| 6 32.494| 22 2.053 9
3 |Burr 0.38837| 7 | 32.556| 23| 5.7467 32
15 | Frechet 0.39078| 8 | 25.403| 13| 25.974 43
21 |Gen. Pareto 0.39707| 9 14.5 6 N/A
18 | Gen. Extreme Valup0.43204| 21 | 12.024| 2 1.239 4
20 |Gen. Gamma 0.46896| 30 | 33.604| 26| 3.8207 17
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.6444 6=5.1268E-5 u=1.4651E-4
19 |Gen. Gamma k=21.666=0.02247 p=2.0288E-4
20 |Gen. Gamma k=0.37068=1.3129 p=3.8531E-5
21 |Gen. Pareto k=-5.7383=0.00163 p=-1.1106E-4
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33%, Ce =1 mg/L

oy | <mogoror | SN | o squaed

# Distribution 9
Statistic| Rank | Statistic| Rank | Statistic| Rank

25 | Inv. Gaussian 0.37257 1 42.231| 27| 8.859¢ 36
34 | Lognormal 0.38573 2 28.079| 14| 4.484 24
35 | Lognormal 0.38573| 3 | 28.079| 15| 4.4839 23
13 | Fatigue Life 0.38837| 4 | 32599 19| 2.0621 10
12 | Fatigue Life 0.38837| 5 | 32.599| 20| 2.0621 9
15 | Frechet 0.39409| 6 25.722| 12| 25.55%¢ 41
48 | Uniform 0.39491| 7 54.794| 35 N/A
45 | Rayleigh 0.39881 8 | 65.302| 36| 7.1163 34
21 |Gen. Pareto 0.40511| 11 | 14.655 5 N/A
18 | Gen. Extreme Valup0.42726| 19 | 11.844 1| 0.60012 1
20 |Gen. Gamma 0.46405| 28 | 33.667| 22| 3.9154 1€
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.6861 6=2.4691E-5 u=7.3957E-5%
19 | Gen. Gamma k=24.26%=0.02185p3=9.9738E-5
20 |Gen. Gamma k=0.38488=1.3683 p=1.8894E-5
21 |Gen. Pareto k=-5.9568=8.5356E-4 n=-5.6464E-5
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33%, Ce =2 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
25 | Inv. Gaussian 0.38518 1 42.518| 28| 9.068/ 37
13 | Fatigue Life 0.38893| 2 | 32.685| 19| 2071 11
12 | Fatigue Life 0.38893| 3 32.685| 20 2.071 12
49 | Uniform 0.39237, 4 54.545| 35 N/A
35 | Lognormal 0.39316/| 5 28.179| 14| 4.557¢ 28
34 | Lognormal 0.39316| 6 28.179| 15| 4.557¢ 27
46 | Rayleigh 0.39443| 7 62.282| 36| 7.282¢ 35
21 |Gen. Pareto 0.41933| 13 | 14.876| b5 N/A
18 | Gen. Extreme Valug0.42368| 18 | 11.857 1 0.653¢ 1
20 |Gen. Gamma 0.46377| 30 | 33.719| 22| 3.9862 21
# Distribution Parameters
18 | Gen. Extreme Valupgk=-1.7254 6=1.1934E-5 p=3.7339E-5
19 | Gen. Gamma k=24.316=0.02288 3=4.9812E-5
20 |Gen. Gamma k=0.39304=1.4051 p=9.3181E-6
21 |Gen. Pareto k=-6.1688=4.4541E-4 p=-2.8784E-5
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33%, Ce =4 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
25 | Inv. Gaussian 0.38243 1 31.41 18 | 7.6824 36
13 | Fatigue Life 0.38937| 2 | 32.761| 21| 2.0779 11
12 | Fatigue Life 0.38937| 3 32.761| 22| 2.077¢ 10
49 | Uniform 0.39014| 4 | 54.562| 36 N/A
46 | Rayleigh 0.39052| 5 59.33 | 38| 7.4093 35
34 | Lognormal 0.39686| 6 28.264| 15| 4.631: 28
35| Lognormal 0.39686| 7 28.264| 14| 4.631: 27
18 |Gen. Extreme Valup0.41979| 12 | 11.875 1 | 0.65068 2
21 |Gen. Pareto 0.4257 | 17 15.08 5 N/A
20 |Gen. Gamma 0.4752| 32| 33.73% 25 4.0515 2
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.7596 6=5.7831E-6 =1.8806E-%
19 | Gen. Gamma k=24.408=0.02396 3=2.4848E-5
20 |Gen. Gamma k=0.40188=1.4437 3=4.5936E-6
21 |Gen. Pareto k=-6.3558=2.3076E-4 p=-1.4606E-5
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33%, Ce =6 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
46 | Rayleigh 0.38821 1 | 57.651| 38| 7.4291 35
49 | Uniform 0.38877| 2 | 54.661| 37 N/A
13 | Fatigue Life 0.38949| 3 | 32.804| 21| 2.079% 10
12 | Fatigue Life 0.38949| 4 | 32.804| 20| 2.079 11
34 | Lognormal 0.39859| 5 28.326| 14| 4.653¢ 28
35 | Lognormal 0.3986| 6 | 28.32¢ 15| 4.6530 2]
25 | Inv. Gaussian 0.40015 7 | 30.873| 18| 7.1864 34
15 | Frechet 0.40044| 8 26.902| 12| 30.32¢ 42
18 |Gen. Extreme Valup0.41687| 12 | 11.869 1| 0.49355 1
21 |Gen. Pareto 0.4303| 17 | 15.25Z 5 N/A
20 |Gen. Gamma 0.47946| 33 | 33.724| 23| 4.0869Y 22
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.7787 6=3.7776E-6 L=1.2560E-5
19 | Gen. Gamma k=24.964=0.02432 3=1.6468E-5
20 |Gen. Gamma k=0.4087d=1.4716 3=3.0310E-6
21| Gen. Pareto k=-6.463=1.5653E-4 n=-9.7883E-5
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33%, Ce =8 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
46 | Rayleigh 0.38641 1 56.443| 38| 5.514] 37
49 | Uniform 0.38761| 2 | 54.738| 37 N/A
12 | Fatigue Life 0.38981| 3 3283 | 25| 2.08471 13
13 | Fatigue Life 0.38981| 4 3283 | 24| 2.0847 14
40 | Pearson 5 0.39432 5 43.44 | 33| 9.5284 39
39 | Pearson 5 0.39432 6 43.44 | 34| 9.5284 40
25 | Inv. Gaussian 0.39858| 7 | 30.842| 20| 5.293§ 36
34 | Lognormal 0.39905| 8 28.361| 17 4.681 31
21 |Gen. Pareto 0.40638| 13 | 14.527 4 N/A
18 | Gen. Extreme Valug0.41154| 15 | 11.652 1| 0.70956 2
20 |Gen. Gamma 0.48099| 37 | 33.702| 27| 4.127] 2%
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.7847 6=2.8060E-6 1=9.4204E-6
19 | Gen. Gamma k=25.312=0.02461 3=1.2299E-5
20 |Gen. Gamma k=0.4136&6=1.4915 p=2.2566E-6
21| Gen. Pareto k=-6.4968=1.1766E-4 n=-7.3042E-6
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33%, Ce = 10 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
46 | Rayleigh 0.38579| 1 | 55.565| 38| 5.5099 36
49 | Uniform 0.3874| 2 | 54.78¢ 37 N/A
12 | Fatigue Life 0.38982| 3 | 32.851| 21| 2.085 13
13 | Fatigue Life 0.38982| 4 | 32.851| 22| 2085 14
25 |Inv. Gaussian 0.39795 5 114.07| 45| 5.294¢ 35
34 | Lognormal 0.39884| 6 | 28.383| 15| 4.702% 30
35| Lognormal 0.39884| 7 28.383| 16| 4.702: 29
15 | Frechet 0.40183| 8 27.245| 14| 0.025Z 1
18 | Gen. Extreme Valup0.41412| 14 | 11.922 1| 0.56352 3
21 |Gen. Pareto 0.42521| 16 | 15.356| 5 N/A
20 |Gen. Gamma 0.48169| 34 | 33.69 | 25| 4.1403 26
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.7999 6=2.2241E-6 u=7.5771E-6
19 |Gen. Gamma k=25.344=0.02498 =9.8626E-6
20 |Gen. Gamma k=0.4168=1.5048 =1.8041E-6
21| Gen. Pareto k=-6.5828=9.6090E-5 p=-5.9309E-6
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50%, Ce = 0.01 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
41 |Pearson 5 0.37273 1 39.363| 27| 11.524 42
40 | Pearson 5 0.37274, 2 39.363| 28| 11.524 43
33| Log-Logistic 0.37655/ 3 19.023| 11| 13.41¢ 45
22 |Gen. Pareto 0.38202| 4 | 14.351| 6 N/A
36 | Lognormal 0.38888| 5 20.735| 14| 0.64475 6
35| Lognormal 0.38888| 6 20.736| 15| 0.64475 7
15 | Frechet 0.38921| 7 20.467| 13| 19.28¢ 48
32| Log-Logistic 0.39288| 8 22.071| 16| 7.312¢ 37
50 | Uniform 0.40373, 9 58.017| 38 N/A
19 | Gen. Extreme Valug0.44349 17 | 12.835| 3 3.0671 15
21 |Gen. Gamma 0.5031| 38| 26.604 22/ 3.1923 1.
# Distribution Parameters
19 |Gen. Extreme Valupgk=-1.5287 6=0.05349 pn=0.1341H
20 |Gen. Gamma k=19.882=0.014813=0.19817
21 |Gen. Gamma k=0.29072=1.0316 =0.03943
22 |Gen. Pareto k=-5.1616=1.3689 pn=-0.10049
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50%, Ce = 0.1 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
33| Log-Logistic 0.38575 1 17.97 11| 17.094 44
32 | Log-Logistic 0.39655| 2 19.914| 16| 3.596; 24
50 | Uniform 0.39673| 3 54511 37 N/A
1 | Beta 0.39798| 4 | 10.925| 1 | 16.81f 43
41 |Pearson 5 0.40041 5 42.87 30 | 12.861 40
40 |Pearson 5 0.40042| 6 42.87 31| 12.86: 41
22 |Gen. Pareto 0.4038 7 14.57 6 N/A
16 | Frechet 0.4039 8 19.047 12 15.1¢ 4;
35 | Lognormal 0.40391| 9 | 19.398| 13| 7.5495% 37
19 | Gen. Extreme Valug0.43065 15 | 12.009 2 1.321] 12
21 |Gen. Gamma 0.50119| 36 | 25.169| 22| 1.106: 11
# Distribution Parameters
19 | Gen. Extreme Valugk=-1.6631 6=0.00477 pn=0.0139
20 |Gen. Gamma k=19.286-=0.01514 p=0.0199
21 |Gen. Gamma k=0.28188=1.0541 p=0.00361
22 | Gen. Pareto k=-5.8356=0.15762 n=-0.01059

132




50%, Ce = 0.2 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
27 | Kumaraswamy 0.36706| 1 11.539 1 25.297 41
25 |Inv. Gaussian 0.37014| 2 113.3 | 43| 8.150% 34
40 | Pearson 5 0.38284| 3 | 32.206| 25| 9.3147 35
39 | Pearson 5 0.38285| 4 | 32.206| 26| 9.3149 36
31| Log-Logistic 0.38969 5 18.278| 11| 16.809 40
49 | Uniform 0.39408 6 | 54.284| 36 N/A
32 | Log-Logistic 0.39983| 7 | 20.227| 16| 3.669§ 23
14 | Frechet 0.40507, 8 19.435| 12 25.74 42
15 | Frechet 0.40637, 9 19.703| 13| 32.32i 43
18 | Gen. Extreme Valug0.42592| 15 | 11.875 2 | 0.69251 7
20 |Gen. Gamma 0.50777| 37 25.47 21| 1.129¢4 10
# Distribution Parameters
18 | Gen. Extreme Valuek=-1.7051 6=0.0023 p=0.00702
19 |Gen. Gamma k=19.884=0.01516 p=0.00989
20 |Gen. Gamma k=0.28496=1.0734 =0.00177
21| Gen. Pareto k=-6.0586=0.08233 =-0.00539
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50%, Ce = 0.5 mg/L

Kolmogorov Anderson

# Distribution Smirnov Darling Chi-Squared
Statistic| Rank | Statistic| Rank | Statistic| Rank

43 |Pert 0.37477, 1 43.276| 34 N/A

25 |Inv. Gaussian 0.38141 2 59.369| 39 7.78 30

39 |Pearson 5 0.38461| 3 3197 | 28| 9.385¢ 31

40 | Pearson 5 0.38464, 4 31.97 29 | 9.3873% 32

49 | Uniform 0.39075| 5 54.377| 38 N/A

13 | Fatigue Life 0.39368/ 6 | 26.251| 26| 31.24§ 38

12 | Fatigue Life 0.39368| 7 26.251| 27| 31.24¢ 39

31 | Log-Logistic 0.39371 8 | 18.435| 11| 25.603 37

18 |Gen. Extreme Valup0.41993| 16 | 11.807 2 | 0.69775 7

21| Gen. Pareto 0.42048| 17 | 15.001 6 N/A
20| Gen. Gamma 0.50862| 39 | 25.332| 22| 53.15¢ 43
# Distribution Parameters

18 | Gen. Extreme Valugk=-1.7582 6=8.7415E-4 1=0.00284

19 |Gen. Gamma k=20.282=0.01669 p=0.00392
20 |Gen. Gamma k=0.3033d=1.1339 3=6.8854E-4
21|Gen. Pareto k=-6.34838=0.03479 u=-0.0022
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50%, Ce =1 mg/L

oy | <mogoror | AN | o squaed

# Distribution 9
Statistic| Rank | Statistic| Rank | Statistic| Rank

39 | Pearson 5 0.36384| 1 | 30.485| 26| 85794 28
40 | Pearson 5 0.36661 2 | 30.501| 27| 8.683% 29
49 | Uniform 0.38844| 3 | 54.598| 38 N/A
31| Log-Logistic 0.3986 4 18.86¢ 10| 27.7183 3«
23 | Gumbel Min 0.40589| 5 | 12.872| 2 | 12257 10
32| Log-Logistic 0.40646| 6 20.764| 16| 1.248¢ 11
15 | Frechet 0.40702| 7 20.203| 13| 34.31; 35
14 | Frechet 0.41184| 8 19.994| 12| 27.67: 33
18 |Gen. Extreme Valup0.41566 11 11.83 1 | 0.69009 9
21 |Gen. Pareto 0.42718| 12 | 15.234| 5 N/A
20 |Gen. Gamma 0.51844| 39 | 25.801| 23| 0.11747 6
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.796 6=4.2162E-4 1=0.00143
19 |Gen. Gamma k=20.642-0.0164 p=0.00196
20 |Gen. Gamma k=0.30106=1.1395 p=3.3800E-4
21 |Gen. Pareto k=-6.5645=0.01808 =-0.00112
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50%, Ce =2 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
40 | Pearson 5 0.37183 1 30.436| 27 5.9 32
39 | Pearson 5 0.37184| 2 | 30.436| 28| 5.8997 31
49 | Uniform 0.38634| 3 54.87 | 39 N/A
25 |Inv. Gaussian 0.39097, 4 122.15| 46| 5.462¢ 30
23 | Gumbel Min 0.40246| 5 | 13.061| 2 | 1.318¢ 13
31| Log-Logistic 0.40258| 6 19.121| 11 27.2 36
15 | Frechet 0.40877, 7 20.409| 13| 33.844 43
32| Log-Logistic 0.40925| 8 21.002| 16 1.282 12
18 | Gen. Extreme Valuz0.41162| 9 11.901 1 | 0.67146 9
21 |Gen. Pareto 0.43352| 13 | 15.487| 5 N/A
20 |Gen. Gamma 0.52129| 39 | 25.895| 22| 26.78¢ 3t
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.8319 6=2.0354E-4 u=7.2075E-4
19 | Gen. Gamma k=21.098=0.017123=9.7295E-4
20| Gen. Gamma k=0.31%=1.1768 p=1.6592E-4
21| Gen. Pareto k=-6.7676=0.00937 n=-5.6610E-4
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50%, Ce =4 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
50 | Uniform 0.3859 1 | 52.771 38 N/A
24 | Gumbel Min 0.39939| 2 | 13.228| 2 | 14167 14
33| Log-Logistic 0.40669, 3 19.428| 10| 29.489 41
19 | Gen. Extreme Valug0.40773| 4 11.997 1 | 0.63963 11
15 | Frechet 0.40937| 5 | 20.662| 13| 0.06595 3
32| Log-Logistic 0.41278| 6 21.337| 16| 14.33¢4 38
46 | Rayleigh 0.41283 7 | 40.904| 35| 4.8615 31
36 | Lognormal 0.41373| 8 21.094| 14 31.15 42
35| Lognormal 0.41373| 9 21.094| 15 31.15 43
22 |Gen. Pareto 0.43964| 16 | 15.751| b5 N/A
21 |Gen. Gamma 0.52265| 39 26.17 23| 11.36: 34
# Distribution Parameters
19 |Gen. Extreme Valupgk=-1.8668 6=9.8243E-5 nu=3.6273E-4
20 |Gen. Gamma k=21.538=0.01756 3=4.8431E-4
21 |Gen. Gamma k=0.317%=1.2068 =8.1283E-5
22 |Gen. Pareto k=-6.9728=0.00485 n=-2.8641E-4
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50%, Ce = 6 mg/L

oy | <mogoror | AN | o squaed

# Distribution 9
Statistic| Rank | Statistic| Rank | Statistic| Rank

46 | Rayleigh 0.38535| 1 | 38.791| 35| 5.8209 33
49 | Uniform 0.39412| 2 | 52.439| 39 N/A
23 | Gumbel Min 0.39775| 3 13.311 2 1.479 14
18 | Gen. Extreme Valug0.40545 4 12.053 1 | 0.20987 6
31| Log-Logistic 0.40891 5 19.577| 10| 29.198 40
15 | Frechet 0.40927| 6 20.782| 12| 0.43606 10
35| Lognormal 0.41297| 7 21.282| 13| 33.944 41
34 | Lognormal 0.41297| 8 21.282| 14| 33.944 42
32| Log-Logistic 0.41471| 9 21.528| 15| 5.580¢ 32
21 |Gen. Pareto 0.44321| 17 | 15.911 5 N/A
20 |Gen. Gamma 0.52236| 39 | 26.303| 23| 27.631 3¢
# Distribution Parameters
18 | Gen. Extreme Valugk=-1.8874 6=6.4108E-5 u=2.4272E-4
19 | Gen. Gamma k=21.808=0.01787 3=3.2201E-4
20 |Gen. Gamma k=0.3210d=1.2272 B=5.3442E-5
21| Gen. Pareto k=-7.0964=0.0033 p=-1.9213E-4
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50%, Ce = 8 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
46 | Rayleigh 0.39034| 1 | 37.748| 36| 5.869% 27
23 | Gumbel Min 0.39664| 2 | 13.362| 2 | 1.5271 9
49 | Uniform 0.39964| 3 | 52.339| 40 N/A
18 | Gen. Extreme Valug 0.4038 4 12.08¢€ 1| 0.19605 4
15 | Frechet 0.40902| 5 20.87 | 12| 0.42972 5
31 | Log-Logistic 0.41048/ 6 | 19.686| 10| 28.993 39
35| Lognormal 0.41429| 7 21.425| 14| 33.77¢ 41
34 | Lognormal 0.41429| 8 21.425| 13| 33.77¢ 42
32| Log-Logistic 0.41618| 9 21.679| 15 14.38 32
21 |Gen. Pareto 0.44581| 16 | 16.027 5 N/A
20 |Gen. Gamma 0.52188| 40 | 26.415| 24| 27.47¢ 37
# Distribution Parameters
18 | Gen. Extreme Valupgk=-1.9024 6=4.7319E-5 pu=1.8253E-4
19 | Gen. Gamma k=22.0=0.01808=2.4104E-4
20| Gen. Gamma k=0.32342=1.2418 p=3.9636E-5
21 |Gen. Pareto k=-7.1873=0.00251 p=-1.4469E-4
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50%, Ce = 10 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
46 | Rayleigh 0.39335| 1 | 36.957| 35| 5.908 27
23 | Gumbel Min 0.40035| 2 | 13.397| 2 | 1.566¢ 10
27 | Kumaraswamy 0.40179 3 15.849 4 N/A
18 | Gen. Extreme Valup 0.4025 | 4 12.112 1| 01833 5
49 | Uniform 0.4032| 5 | 52.30% 40 N/A
15 | Frechet 0.40868/ 6 | 20.901| 13| 0.42507 6
31| Log-Logistic 0.41163| 7 19.735| 11| 28.84« 38
35| Lognormal 0.41528/ 8 | 21.509| 15| 33.719 39
34 | Lognormal 0.41528| 9 21.509| 14| 33.71¢ 40
21 |Gen. Pareto 0.44786| 17 | 16.119 6 N/A
20 |Gen. Gamma 0.52069| 39 | 26.417| 24| 27.29% 3€
# Distribution Parameters
18 | Gen. Extreme Valupgk=-1.9144 6=3.7370E-5 pu=1.4633E-4
19 | Gen. Gamma k=22.158=0.018513=1.9241E-4
20 |Gen. Gamma k=0.32818=1.2617 3=3.1410E-5
21 |Gen. Pareto =-7.2606=0.00203 p=-1.1610E-4
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67%, Ce = 0.01 mg/L

oy | mogoror | AN | o Squared

# Distribution 9
Statistic| Rank | Statistic| Rank | Statistic| Rank

53 | Uniform 0.3797 1 54.341] 42 N/A
34 | Log-Logistic 0.38913 2 16.378| 11 24.05 37
35 | Log-Logistic 0.38938| 3 | 16.066| 10| 15.597 32
30 | Kumaraswamy 0.39196, 4 15.859| 9 N/A
18 | Frechet 0.39477| 5 | 18.469| 19| 30.57% 39
37 | Lognormal 0.39492, 6 16.525| 12| 17.35¢4 33
38 | Lognormal 0.39492| 7 16.525| 13| 17.35¢ 34
21| Gen. Extreme Valu20.39666| 8 11.611 1 1.5644 1
24 | Gen. Pareto 0.40067, 9 14.033| 5 N/A
26 | Gumbel Min 0.40142| 10 | 12.113 2 2.673i 4
22 |Gen. Gamma 0.48613| 39 | 20.586| 23| 26.198 3¢
# Distribution Parameters
21| Gen. Extreme Valugk=-1.6378 6=0.91861 p=2.6116
22 | Gen. Gamma k=0.3594d4=1.2162 p=0.68286
23| Gen. Gamma k=20.498-0.02034 p=3.6565
24 | Gen. Pareto k=-5.7044=28.928 n=-1.967¢
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67%, Ce = 0.1 mg/L

oy | <mogoror | SN | oy squaed

# Distribution 9
Statistic| Rank | Statistic| Rank | Statistic| Rank

36 | Lognormal 0.38954| 1 17.803| 12| 28.87¢ 31
35| Lognormal 0.38955| 2 | 17.803| 13| 28.87§ 32
50 | Uniform 0.38956| 3 | 48.396| 41 N/A
30| Levy 0.39525| 4 | 30.653| 32| 2.171¢ 7
31 |Levy 0.39526| 5 | 30.653| 33| 2.171¢ 8
15 | Frechet 0.39826| 6 19.982| 19| 16.24] 24
32| Log-Logistic 0.40317, 7 17.035 9 14.85¢ 23
24 | Gumbel Min 0.40771 8 12.394 3 1.456¢ 4
19 | Gen. Extreme Valup0.41233| 10 | 11.482 1| 0.71351 3
22 |Gen. Pareto 0.43325 12 | 15.153| 6 N/A
21 |Gen. Gamma 0.4911938 | 21.125| 23| 25.544 27
# Distribution Parameters
19 | Gen. Extreme Valugk=-1.829 ¢=0.07608 n=0.2726¢
20 |Gen. Gamma k=21.948=0.0247 p=0.35872
21 |Gen. Gamma k=0.3947d=1.4392 p=0.05852
22 | Gen. Pareto k=-6.7504=3.4828 pn=-0.20655
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67%, Ce = 0.2 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
51 | Uniform 0.38667, 1 45.346| 40 N/A
36 | Lognormal 0.38891| 2 18.159| 12| 30.94: 34
37 | Lognormal 0.38891 3 | 18.159| 13| 30.947 35
24 | Gumbel Min 0.40301 4 | 12.437| 2 | 1.698¢ 5
19 | Gen. Extreme Valug0.40572| 5 11.285 1 | 0.60534 1
34 | Log-Logistic 0.40695| 6 | 17.333| 8 14.65| 25
15 | Frechet 0.40792| 7 20.493| 23| 15.97: 26
33| Log-Logistic 0.41506| 8 18.396| 14| 12.21: 24
39 |Normal 0.43548/ 9 | 14.403| 3 | 2.639% 10
22 |Gen. Pareto 0.44406| 13 | 15.512| 6 N/A
21 |Gen. Gamma 0.4876 | 37 | 21.22% 24| 49.837 A4l
# Distribution Parameters
19 | Gen. Extreme Valugk=-1.8979 6=0.03529 1=0.1381Q
20 |Gen. Gamma k=22.435=0.02663 3=0.17822
21 |Gen. Gamma k=0.407¢=1.5357 p=0.02753
22 | Gen. Pareto k=-7.1596=1.8547 n=-0.1045
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67%, Ce = 0.5 mg/L

Kc)slmpgorov Ande_rson Chi-Squared
# Distribution mirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
51 | Uniform 0.38773 1 42.45 40 N/A
36 | Lognormal 0.38967| 2 18.768| 13| 34.84¢ 27
37 | Lognormal 0.38967, 3 18.768| 14 | 34.84f 28
19 | Gen. Extreme Valup0.39535 4 | 15.091| 4 N/A
24 | Gumbel Min 0.39612| 5 | 12.504| 2 2.067| 11
1 |Beta 0.40222| 6 17.093 9 N/A
42 |Pearson 5 0.40756| 7 | 30.445| 35| 1.405¢ 5
41 |Pearson 5 0.40758| 8 | 30.446| 36| 1.405: 4
34 | Log-Logistic 0.41294| 9 17.867| 11| 26.78¢ 23
22 | Gen. Pareto 0.45992 26 | 16.128| 8 N/A
21 |Gen. Gamma 0.48263| 37 | 21.617| 28| 46.48! 37
# Distribution Parameters
19 | Gen. Extreme Valugk=-1.997 ¢=0.01261 u=0.05616
20 |Gen. Gamma k=23.11%=0.02845=0.0708
21 |Gen. Gamma k=0.41586=1.6504 p=0.01008
22 |Gen. Pareto k=-7.7803=0.81024 n=-0.04239
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67%, Ce =1 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
19 | Gen. Extreme Valug 0.3869 1 15.031 4 N/A
36 | Lognormal 0.38843 2 19.215| 12 34.17 28
37 | Lognormal 0.38843| 3 19.215| 13 34.17 29
24 | Gumbel Min 0.39157| 4 | 12.566| 2 | 0.66243 3
51 | Uniform 0.39177, 5 42.107| 40 N/A
41 |Pearson 5 0.40324| 6 30.119| 37| 1.439¢ 14
42 |Pearson 5 0.40324| 7 30.119| 38| 1.439¢ 13
34 | Log-Logistic 0.41727| 8 18.274| 10| 24.33¢ 26
22 |Gen. Pareto 0.472¢€2 30 16.71 8 N/A
21 |Gen. Gamma 0.48349 35 | 21.915| 27| 43.88¢ 34
# Distribution Parameters
19 |Gen. Extreme Valupk=-2.077 6=0.00573 pn=0.02841
20 |Gen. Gamma k=23.648-0.02989 p=0.03522
21|Gen. Gamma k=0.42148=1.7443 =0.0047
22 |Gen. Pareto k=-8.3114=0.43423 p=-0.0214
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67%, Ce =2 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
18 | Gen. Extreme Valug 0.378 1 14996/ 3 N/A
36 | Lognormal 0.39026| 2 | 19.646| 12| 0.39047 7
35 | Lognormal 0.39026| 3 | 19.646| 13| 0.39047 8
50 | Uniform 0.39349| 4 | 39.653| 39 N/A
23 | Gumbel Min 0.39438| 5 12.64 1 | 0.29232 5
41 |Pearson 5 0.40127| 6 29.878| 36| 1.4324 15
40 |Pearson 5 0.40127| 7 29.878| 37| 1.4324 14
25 |Inv. Gaussian 0.40985 8 39.938| 40 2.272 16
32| Log-Logistic 0.4214 9 18.67¢ 10| 23.879 2!
20 |Gen. Gamma 0.48177| 33 | 2221 | 27| 46.126 35
21 |Gen. Pareto 0.48641| 36 | 17.403 8 N/A
# Distribution Parameters
18 | Gen. Extreme Valuek=-2.1612 6=0.00258 pn=0.01436
19 | Gen. Gamma k=24.218=0.03137=0.01753
20 |Gen. Gamma k=0.42678=1.844 p=0.00219
21 |Gen. Pareto k=-8.8996=0.2333 n=-0.0108
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67%, Ce =4 mg/L

Y

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
19 | Gen. Extreme Valup0.36869| 1 14.988| 3 N/A
24 | Gumbel Min 0.39441| 2 | 12.739| 1 | 0.3952D 4
51 | Uniform 0.39527| 3 | 39.285| 40 N/A
37 | Lognormal 0.39902| 4 20.056| 13| 4.662i 15
36 | Lognormal 0.39903| 5 20.056| 14| 4.662¢ 16
42 | Pearson 5 0.40269| 6 29.771| 36| 1.376: 13
41 | Pearson 5 0.4027 7 29.771 37, 1.3762 1|
1 | Beta 0.40306| 8 | 17.964| 9 N/A
34 | Log-Logistic 0.4253 9 19.07§ 11| 24422 2
21 |Gen. Gamma 0.47843| 31 | 22.496| 28| 48.45! 35
22 |Gen. Pareto 0.50053| 41 | 18.212| 10 N/A
# Distribution Parameters
19 | Gen. Extreme Valugk=-2.2488 6=0.00115 pn=0.0072¢
20 |Gen. Gamma k=24.806=0.03289 $=0.00872
21 |Gen. Gamma k=0.4318d=1.9489 =0.00102
22 | Gen. Pareto k=-9.5472=0.12558 1=-0.00545
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67%, Ce = 6 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
18 | Gen. Extreme Valup0.36308| 1 14.996| 3 N/A
23 | Gumbel Min 0.39344| 2 | 12.812| 1 | 35.241 22
50 | Uniform 0.39825| 3 | 39.398| 40 N/A
35 | Lognormal 0.40308| 4 20.286| 12 4.612 12
36 | Lognormal 0.40308| 5 20.286| 13| 4.6121 13
40 | Pearson 5 0.40769 6 26.638| 34| 34.314 21
41 | Pearson 5 0.41641| 7 26.821| 37| 35.571] 23
25 |Inv. Gaussian 0.42465| 8 | 55.189| 45| 0.53249 8
32| Log-Logistic 0.42743| 9 19.306 9 24.17:¢ 19
20 |Gen. Gamma 0.47602| 30 | 22.656| 28| 0.34121 6
21 |Gen. Pareto 0.50899| 41 | 18.741 8 N/A
# Distribution Parameters
18 | Gen. Extreme Valugk=-2.3014 6=7.1777E-4 n=0.00486
19 |Gen. Gamma k=25.166-=0.03379 =0.0058
20 |Gen. Gamma k=0.4348d=2.0122 3=6.5091E-4
21| Gen. Pareto k=-9.9538=0.08748 11=-0.00366
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67%, Ce =8 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
18 | Gen. Extreme Valug0.35902| 1 15.007| 3 N/A
28 | Kumaraswamy 0.38749, 2 16.926| 7 N/A
23 | Gumbel Min 0.39447, 3 12.873 1 34.91¢ 19
50 | Uniform 0.3996| 4 | 39.51f 40 N/A
35 | Lognormal 0.40545, 5 20.287| 15| 0.37568 8
36 | Lognormal 0.40545| 6 | 20.287| 14| 0.37568 9
40 |Pearson 5 0.40789| 7 26.705| 37| 34.44: 17
41 |Pearson 5 0.4079 8 26.705 38| 34.444 1
25 | Inv. Gaussian 0.42285| 9 | 55.773| 45| 0.53755 10
20 |Gen. Gamma 0.47198| 29 | 22.506| 28| 0.32248 7
21 |Gen. Pareto 0.51506| 41 | 19.143 9 N/A
# Distribution Parameters
18 | Gen. Extreme Valuek=-2.3392 6=5.1205E-4 u=0.00366
19 | Gen. Gamma k=29.948=0.031423=0.00427
20 |Gen. Gamma k=0.4528=2.1337 =4.7434E-4
21 |Gen. Pareto k=-10.256=0.06771 pn=-0.00275
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67%, Ce = 10 mg/L

Kolmpgorov Ande_rson Chi-Squared
# Distribution Smirnov Darling

Statistic| Rank | Statistic| Rank | Statistic| Rank
18 | Gen. Extreme Valup0.35584( 1 15.019| 2 N/A
1 | Beta 0.36408/ 2 | 16.992| 6 N/A
23 | Gumbel Min 0.39559| 3 | 12.926| 1 | 34.65¢ 24
49 | Uniform 0.40029| 4 | 39.625| 38 N/A
35 | Lognormal 0.40712| 5 20.564| 13| 5.9801 15
36 | Lognormal 0.40712| 6 20.564| 14| 5.980: 16
40 |Pearson 5 0.40816| 7 26.761| 34| 34.57¢ 22
41 |Pearson 5 0.40837| 8 | 26.764| 35| 34.605 23
28 | Kumaraswamy 0.41451| 9 17.929 9 N/A
20 |Gen. Gamma 0.47485| 30 | 22.845| 27| 0.32169 9
21 |Gen. Pareto 0.5198 | 42 | 19.46¢ 10 N/A
# Distribution Parameters
18 | Gen. Extreme Valuzk=-2.3688 6=3.9380E-4 1=0.00293
19 |Gen. Gamma k=25.638=0.03495=0.00347
20 |Gen. Gamma k=0.43886=2.0939 p=3.7130E-4
21| Gen. Pareto k=-10.496=0.05552 p=-0.00221
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Appendix IV: Matlab Code for Adsorption Processes

function[Ce, kvec, nvec, COvec, FinalCe, FinalQe] = CeGatoeFinal(z)
%% UNTITLED Summary of this function goes here
% Detailed explanation goes here

%%lnitialize variables

load kandm.mat

Ce = zeros(size(kandm,1),1);
kvec = zeros(size(kandm,1),1);
nvec = zeros(size(kandm,1),1);
COvec = zeros(size(kandm,1),1);
Qe=zeros(size(kandm,1),1);
options=optimsetDisplay,'off');

%% Find a given Se for all values
for j=1:length(z)

m=z(j)

for i=1:size(kandm,1)
Kf=kandm(i,2);
n=kandm(i,1);

C0 = 0.00000454%5(5%: 0.000004547, 33%: 0.000085941, 50%: 0.001B2447%:
0.030695007, 95%: 0.580099709)
COvec(i)=CQ0;

Ce(i) = real(1000*fsolve(@(x) (CO-x-(fi*x"(1/n))), CO/2, options));
Qe(i)=(C0*1000-Ce(i))/m;
end
FinalCe(:,j)=Ce(:,1);
Ce = zeros(size(kandm,1),1);
FinalQe(:,j)=Qe(:,1);
Qe=zeros(size(kandm,1),1);
end

end

Running the program for each percentile influemasmtration:

clear all

z=[0.0001,0.001,0.01, 0.1, 0.2,0.5, 1, 2, 4, 4,8,

z=z*1000;

[Ce, kvec, nvec, COvec, FinalCe, FinalQe] = CeGatoeFinal(z);
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