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ABSTRACT

Every year, new trace chemicals are detected inralatvaters as well as treated
wastewater effluents all over the world. Publicltreand environmental concerns have
driven the development of new technologies to tveater and eliminate chemicals that
may pose risk to humans and wildlife. This worlkgants a detailed statistical analysis
on the removal of some of the most widely occurghgmicals of emerging concern in
wastewater based on information available in tterdiure. Results show that existing
water treatment processes only partially elimimatest of these contaminants. Advanced
oxidation processes (AOPs) are some of the tecgmsdothat have shown the most
promising results for the removal of recalcitrangamics in water. Hydrogen peroxide
photolysis (UV/HO,) and Fenton’s reaction are some examples of AGRS wse

hydroxyl radicals to oxidize organics.

The kinetics of UV/HO, and Fenton’s reaction were studied from the expental and

mathematical points of view. Comprehensive modeith wo adjustable parameters
successfully accounted for radical initiation vidomlysis of HO, or radical initiation

via Fenton’s mechanism; reaction of organic targetsh as p-cresol and nonylphenol
with hydroxyl radicals; and recombination mecharss@ms well as changes in solution
pH due to evolution of carbon dioxide because gjdamineralization. The presence of
radical scavengers was successfully handled bynibdels, suggesting that they can be

generalized to the treatment of complex matrices.
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The UV/H,0O, model was also extended to solar catalyzed applica Using an
atmospheric solar irradiation model (SMART) andad@adm the Giovanni-NASA online
database, ground-level solar spectral irradianae wbtained and used as model inputs.
The kinetic model provided an excellent fit to estpental results obtained with p-cresol

and fluorescein targets using no fitted parameters.

The UV/H0O, process was also studied in commercial flow-thioly reactors with
monochromatic and polychromatic light sources. dbrg targets of interest such as p-
cresol can be degraded effectively in these resctar relatively low peroxide
concentrations. Results with wastewater effluentgest that these commercial reactors
can be used for AOP tertiary treatment as a wagdoce dissolved organic matter and

eliminate potential harmful chemicals present e water.
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DISSERTATION OVERVIEW

This dissertation work is divided in six chaptensl ahree appendices with supplementary
and supporting material. A brief description of tontent of each of the section is given

below.

Chapter 1. Introduction.

This chapter presents a general introduction ondpie of trace organic contaminants in
natural waters and wastewater, and the motivadbgretform the research work. A brief
background is presented to illustrate the problém,context and the importance of
advanced oxidation processes as a relatively nelintdogy to clean water. Also, the

objectives of the research project are highligliexe.

Chapter 2. Assessment of the Effectiveness of SfcynWastewater Treatment

Technologies to Remove Trace Chemicals of EmerGioigcern.

A critical review on the effectiveness of currenastewater treatment technologies is
presented through a detailed statistical analysith® literature data from the last ten
years. Treatment-dependent attenuations duringecmional wastewater treatment are
examined in depth for forty chemicals of emergimghaern frequently detected in

wastewater effluent. Biological treatment processasributing to the review included

conventional activated sludge, membrane bioreactockling filters, sequencing batch

reactors and lagoons. The results of the revievudec physical characteristics and

biodegradability data that are potential determismani removal mechanisms, so that the
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efficiency of conventional treatment for managemehta great many compounds that

have not been widely monitored can be anticipated.

Chapter 3. Modeling of Advanced Oxidation of TraGrganic Contaminants by
Hydrogen Peroxide Photolysis and Fenton’s Reaction.

This chapter presents the study of the photoly§isydrogen peroxide and Fenton’s
reaction to oxidize different trace organic compaansuch as nonylphenol (NP) and p-
cresol (PC) in aqueous solution. Bench-scale exymaris were performed at different
wavelengths and different dosages of hydrogen peeo#t0O,). The objective was to
measure rates of the target destruction as a tmofi hydrogen peroxide concentration,

UV irradiation, and the presence of scavenger camgs.

Comprehensive kinetic models with no adjustableapa&ters were used for both
UV/H,0, and Fenton’s processes to predict the kinetiasxafation of the targets under
different experimental conditions. An optimizatiohthe process in batch reactors using
the model as a predictive tool is presented forrdmoval rates of trace organic with

different second-order rate constants of reactith kydroxyl radicals.

Chapter 4. Advanced Oxidation of Trace Organicg/amter by Hydrogen Peroxide Solar
Photolysis.

This chapter presents a novel exploration of theHJ®, process catalyzed by solar
irradiation. The kinetics of oxidation of p-cresoid fluorescein were investigated using

solar light as UV irradiation source in homogenedatch reactors under different
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experimental conditions. The UV4B, kinetic model, previously developed for
monochromatic light, was extended to solar polyotatic UV irradiance (280-400 nm).
The model requires the input of the global grouewxel solar spectral irradiance
distribution in 5-nm bandwidths, and accounts fo& thanges in absorbance and light
intensity in the whole UV-range, assuming a cortstarantum vyield for the hydrogen
peroxide photolysis. The solar spectral irradiafarethe specific experimental dates
have been computed using the SMARTS model thatstake account optical depth,
ozone and water vapor content in the atmospherghwiave been obtained from the
Giovanni-NASA online database. The model was swfag applied to predict the

kinetics of degradation of p-cresol and fluorescein

Chapter 5. Experimental Simulation of Advanced @#wh Processes in Flow-Through
Reactors.

The application of UV/HO, in continuous-flow reactors, primarily designedr fo
disinfection purposes, is evaluated in this chaptéfwo reactors, the first using
monochromatic light (low pressure lamp) and with #econd using polychromatic light
(medium pressure lamp) were employed to study tkilaton of p-cresol and
fluorescein. The AOP kinetic model was combinethwhe hydraulics of the reactor
with successful results for the monochromatic laegctor in the prediction of oxidation
rates. The effectiveness of the process to tesdtwastewater effluents and to evaluate

the scavenging effect of wastewater was also egglor this section.
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Chapter 6. Conclusions.
The environmental impact of the conducted researth main conclusions from this

dissertation are highlighted in this chapter.

Appendix A. Supplementary Material about CECs Reahov
Appendix A includes information about CECs classifion and CECs literature that

support results presented in Chapter 2.

Appendix B. Supplementary Material for the U\(4 and Fenton’s Kinetic Models
Appendix B includes information about the kinetiodels to support material for the

results and discussion presented in Chapter 3 and 4

Appendix C. Additional Research on Flow of Non-Nemiin Slurries with Application
to Transport of Nuclear Waste

This appendix includes a manuscript prepared fdilipation that is associated with
independent research carried out in collaboratioth wPacific Norwest National
Laboratory (PNNL) Mathematical models were devetbfie predict pressure drops and
solids concentration distributions in flows of nNewtonian slurries through pipes. The
main novelty of the approach was the extensionre¥ipus models to deal with high-

density and large particle size solids.
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CHAPTER 1

INTRODUCTION

1.1. Environmental Significance

During the last decade there has been an increasirigwide concern on the effects that
human activities have on available water resourths.importance of this goes beyond
the scope of specific research interests as thmisable use of our natural resources,

especially water resources, will determine ourighib survive and to prosper.

Each watershed in the United States has an estinaaterage renewable water supply.
This is basically rainfall less evaporation plugorts (via rivers and canals) and minus
exports. This is a crude upper limit of water tbah be consumed sustainably in the same
region. The United States Geological Survey kedesda data for watersheds in the
United States (1). The Colorado River Basin is rinest stressed watershed in the US,
since the region is consuming more water thanasiged annually. The difference must
be made up by “mining” ground water—taking moreevatut of the ground than nature

replenishes (Tables 1-1 and 1-2).

In Arizona, as well as other inland semi-arid regiovorldwide, one of the primary
underutilized water resources is reclaimed wastenw&esearch is required to maximally
utilize these resources appropriately and safelgpteWwdemand in the Southwest will
outstrip water supply in the near future. Throughobe Southwest of the US,

groundwater supplies 35 percent of water use, hedCblorado River supplies another
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18 percent; however in Arizona, groundwater plus @olorado River amount to 90
percent of total water use (2.3 trillions of gaoper year). Both sources are being used
at a rate that cannot be sustained (2). For iHtisin, the rate of groundwater withdrawal
in Arizona is roughly 1.0 trillion of gallons peegr. Unfortunately, the regional rate of
groundwater replenishment is about two thirds aft tamount. An overdraft of 358-
billion of gallons per year will persist despiteetfull utilization of regional rights to
Colorado River water that is itself of impaired ttya(2). At the same time, the region is
reusing little of the wastewater effluent thatieguced in the State. In the case of the US
Southwest, wastewater effluent is mostly rechaigamlocal aquifers due to the absence

of natural courses of water.

Table 1-1. Southwest water extraction in 2005 according to @SGlata (2).

New

Water Use Southwest  Arizona  California Nevada . Utah
Mexico
Total water use (MAB 55.6 7.0 36.8 2.7 3.7 5.4
Total groundwater use
194 3.4 12.0 1.1 1.9 1.0
(MAF)
Groundwater share of the
total use for each region (%) 35 49 33 41 50 18
I Millions of acre ft
Table 1-2. Colorado River use rights (2).
Water Use Southwest  Arizona  California Nevada NE\.N Utah
Mexico
Colorado River use rights
10.1 2.9 4.4 0.3 0.9 1.7
(MAF)
Colorado supply as a share of 18 a1 12 11 23 31

total use for each region (%)
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Even though wastewater treatment processes aogeatfin improving the quality of the
treated water, one aspect of current technologiéisat they only partially remove certain
trace contaminants that as a result, end in tlearsis of natural waters (3,4). The U.S.
Environmental Protection Agency (EPA) regulatesenbian 90 specific contaminants in
public drinking water supplies. Natural waters eftel by the effluent of wastewater
treatment plants contain, in general, additionaitisgtic chemicals that may impact
aquatic life and that have potential effects on aarhealth (4). In particular, concern has
grown in the last few years over the presence afmphceuticals, personal care products,
natural and synthetic hormones, and pesticidesastewater effluents. Some of these
chemicals are endocrine disrupting compounds (ED#s) their effect on fish and

wildlife has been widely documented (5).

1.2. Conventional Wastewater Treatment

The persistence of problems related to fecal comation of water arose from our use of
surface waters as both sources of potable watecamdlits for the removal of waste. In
parts of the United States and elsewhere, citiessenung out along rivers that both
supply water and serve as a discharge point fatddewastewater. To protect in-stream
water uses such as fishing and swimming, and deoeanst communities that also depend

on the river as a potable water source, wastewatsgated before it is discharged.

With the exception of a handful of large citiesttdescharge treated wastewater to the
ocean, all municipal wastewaters must receive ammum of secondary treatment before

treatment plant effluents can be released backdcehvironment. Secondary treatment
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consists of a combination of three treatment stéigegire 1-1): (i) preliminary treatment
to remove material that might damage mechanicapeagent in the wastewater treatment
plant—large objects, hair, gravel, grit and so Hortii) primary treatment to remove
solids capable of settling—those with settling egles large enough to remove them via
sedimentation during quiescent periods of a few$ioand (iii) some form of biological
treatment to remove additional solids and biodesjvl organics. Together these
processes comprise secondary treatment, whichastifjed by the percentage removal
of suspended solids and biochemical oxygen demanuss the treatment plant. The
most common form of biological treatment is calbttivated sludge. Other important

biological treatments are membrane bioreactor (M&m) tricking filters (6).

The distinguishing features of activated sludgeattreent are the provision of
supplemental oxygen and the separation and reoyctgcroorganisms to the bioreactor
to accelerate the microbially-mediated oxidationoofanic material in the treatment
plant. Wastewater treated in this way is usuallpchated to kill pathogens and then de-

chlorinated to protect wildlife before it is disegad into the environment.

In many communities, only secondary treatment isvided before the treated
wastewater is discharged. In others, additionattnents, collectively called “tertiary

treatment” are practiced to protect the effluenereing waters (lakes and streams).
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Figure 1-1. Secondary treatment is provided via a combinatiqme-treatment steps, primary

treatment and biological treatment. Solids gendratel separated during these processes are
stabilized via sludge digestion, dewatered and thgposed of.

There are many types of tertiary treatment pros$sé the most common ones used are
for nutrient removal (nitrogen or phosphorus) tmidvin-stream stimulation of algal
growth and eventual depletion of dissolved oxygefther tertiary treatments are
designed to remove or destroy residual organidsage organics that escape secondary
treatment (6,7). These include adsorption of redisbrganics on activated carbon and
advanced oxidation processes. Such additionahtex@s become important in situations

where water reuse is anticipated.

1.3. Chemicals of Emerging Concern

The development of new analytical techniques anipegent have allowed the detection
of new organic contaminants in natural waters antthe different stages of wastewater
treatment processes. Nevertheless, there aregsié and limitations regarding the

reliability of these measurements, which continaebé a challenge for chemists and
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engineers. As a consequence, there is an expaddiatpase in the literature regarding
the presence of these compounds in surface watdrdma lesser degree, their respective
fates during wastewater treatment. Trace orgah@sdare unregulated for which there is
uncertainty as to possible impact on ecosystemhanthn health of long-term exposures

have been denominated as “chemicals of emergingecoh(CECS).

The EPA and the Water Environment Research FowrddWWERF) have reviewed
CECs in wastewater and their WWTP removal efficiescThe EPA measured CECs
throughout nine WWTPs (8). The CECs sampled irefugharmaceuticals and personal
care products, steroids and hormones, alkylpherawid alkylphenol ethoxylates,
polybrominated diphenyl ethers (PBDEs) and pesmidA large fraction of the
compounds were present in the inlet and outlet aftipte WWTPs. However, the
objective of the study was not to assess compopad{sc removal efficiencies, and the

authors cautioned that the data gathered wereficisut for that purpose.

More recently, EPA (9) summarized influent-to-edfi removals for the same classes of
CECs plus polynuclear aromatic hydrocarbons, mastis and flame retardants other
than PBDESs. A total of 246 compounds were survaysgdg 88 references spanning the
period 2003-2008, and a database with removaliefiotes was compiled. A detailed
analysis was presented for a subset of 16 compoUindsresults of this study confirm
that most of emerging contaminants assessed arg menitially removed during

conventional biological treatment processes.
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Miege et al. (10) in 2009, compiled a database for occurreno#g @moval of 183
personal care products and pharmaceuticals (PP®Bsgd on 117 publications. In
general, it was found that PPCPs have a frequeh@caurrence in the influent and
effluent of wastewater treatment plants above 96#mfost of the compounds included
in the study. In terms of removal, hormones shiogvtiighest removal efficiencies (70-
99 %) while other drugs such as carbamazepine (x1€&dibric acid diclofenac (<25%)
seem to be persistent through activated sludgeepses. The authors also explored the
efficiency of different secondary treatment proesssfinding activated sludge with
nitrogen removal and membrane bioreactors as thst pmising technologies to

destroy PPCPs.

Although wastewater treatment plants or municiitdo not generally require
companies to request permission to discharge weganic contaminants into the waste
stream, in the case of pharmaceuticals, the FoddDang Administration (FDA) does
require drug manufacturers to calculate an Estich&teroduction Concentration (EIC)
for new pharmaceuticals under its National Envirental Policy Act of 1969 obligations

(11).

The EIC calculation is based on the estimated dnus@ge for the active ingredient
distributed uniformly throughout the US acaogd to population and wastewater
generation rates, without accounting for the drug&tabolism in either the human body
or wastewater treatment processes. RevisotietFDA'’s regulatory process enacted

in June 1997 created categorical exemptions froen gbneral requirements for full
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Environmental Assessments of a drug’s potential achpwhen the EIC yielded
concentrations less than one part per billion (ID¢spite these regulatory efforts,
wastewater treatment plants (WWTPs) represent aormdisposal route for many
emerging contaminants (12,13). Waste load estimstiare loosely supported by
difficult-to-make correlations between human phareudical loads in raw wastewater
with local sales figures for the same products (Hpwever, based on the EIC formula,
Arcand-Hoyet al. (14) estimated the concentrations ofEstradiol (E2), ld-ethinyl
estradiol (EE2) and total conjugated estrogensnisthe order of 2-40 ng/L in raw
domestic sewage. These estimations are in goo@rmagre with observed concentrations

of these compounds in raw wastewater samples (12,15

The most commonly cited ecological impacts from tewaster CECs result from
disruption of endocrine system function among cardusly exposed aquatic life (5,16).
For that reason, WWTP removal of estrogens anagestr mimics has been a common
research focus (15). The compounds most frequésheiytified as endocrine disrupting
compounds (EDCs) in wastewater include natural looes (1B-estradiol) and their
related metabolites (estrone and estriol). Estragénics include 1@-ethinylestradiol
(EE2, an oral contraceptive) and the alkylphendlygthoxylates (APEs; a class of
surfactants) and their derivatives, of which nohgipol (NP) and octylphenol (OP) are

the most important (15).

The widespread presence of APEs in United Statéacguwaters (17) suggests that they

may contribute to intersex characteristics (mildnfegphrodism) that are now frequently
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observed in natural water fish affected by thelthsge of treated municipal wastewater.
The estrogenic potencies of APEs are several omfersagnitude below those of natural
estrogens and birth control agents like EE2 (1®vd¥theless, the concentration of these
compounds in the environment can be orders of madmigreater than those of the

hormones.

1.4. Advanced Oxidation Processes: U3

The presence of trace organic contaminants in wasée has become a widely observed
phenomenon, driving many researchers to focus #féarts on identifying treatment
processes that have the best removal efficiency. (12This approach will presumably
elucidate commonalities among highly performingteys and provide insight into the
most efficient removal mechanisms. Activated carbmembrane bioreactors, ozone,
ultraviolet radiation, filtration and advanced oxiidn processes have all, on different
conditions, exhibited high removal efficiencies fdiverse trace organic contaminants

(12,18).

Advanced Oxidation Processes (AOPs) involve spedahemical reactions in which
oxidation of organic contaminants occurs primatiigough reactions with oxidants such
as hydroxyl radicals (*OH) (19). The suitability AOPs for pollutant degradation was
recognized in the early 1970s and much research davelopment work has been
undertaken to commercialize some of these proce3$ey are particularly useful for
cleaning biologically toxic or non-biodegradable temals such as aromatics,

pharmaceutical, endocrine disrupting chemicalstigdss, petroleum constituents, and
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volatile organic compounds in wastewater. Amorfeent available AOPs producing
hydroxyl radicals, a combination of a strong oxiiiz agent (e.g. hydrogen peroxide)
with a catalyst (e.g. transition metal ions) andii@diation (e.g. ultraviolet light) seem to

be the most widely available technologies for seytwastewater treatment (19).

Chemical oxidation is defined as the transfer & on more electrons from an electron
donor (reductant) to an electron acceptor (oxidawbich has a higher affinity for

electrons. These electron transfers result inciiremical transformation of both the
oxidant and the reductant, in some cases prodwtiagical species with an odd number
of valence electrons. These species, known asaladitend to be highly unstable and,
are therefore, highly reactive because one of thkictrons is unpaired. Oxidation
reactions that produce radicals tend to be followgdadditional oxidation reactions

between the radical oxidants and other reactartiistbermodynamically stable oxidation

products are formed. The ability of an oxidaninitiate chemical reactions is measured
in terms of its oxidation potential (Table 1-3).herhydroxyl radical is one of the most

potent oxidizing agents known in nature.

Klaraviroti et al, in 2009 (20), reviewed the uses of advanced tixidgrocesses to

eliminate pharmaceuticals from water and wastewatartheir assessment they found
that, from the current available literature on AQRB2% is devoted to study the
application of heterogeneous catalysis such asitaviim dioxide, 30% is focused on

ozonation; 13% on Fenton’s and photo-Fenton’'s meeg and 12% on UV,
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process. The remaining 13% is divided betweemigdgies with less applications such

as sonolysis, wet air oxidation and electrolys3)(2

Table 1-3. Oxidation potentials of selected chemical oxid4dhe.

Compound Oxidation Potential (V)
Hydroxyl Radical (*OH) 2.8
Sulfate Radicalq0," ™) 2.6
Ozone (Q) 15
Hydrogen Peroxide (#D,) 1.8
Permanganate 1.7
Chlorine Dioxide 15
Chlorine 14
Oxygen 1.2
Bromine 1.1
lodine 0.76

Among all AOPs, two processes have gained morataite in recent years for their
application to destroy trace organic contaminamt¥/H,O, and Fenton’s reaction.
UV/H,0, is a photo-catalyzed process that relies on thexpee absorption of UV light

to react and produce hydroxyl radicals (equatidr).1This homogeneous process has the
advantage that it does not require the recovemxtmaction of a catalyst from the water
and can be applied at near-neutral pHs. The miaeddantage is, that given the low
molar absorption coefficient of hydrogen peroxidehe UV range (19.6 Ncm™ at 254
nm), in order to be effective, relatively high centrations of peroxide need to be used to

absorb the maximum amount of light possible (2However, excesses of hydrogen
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peroxide slows down the process due to its scamgngifect on hydroxyl radicals

(equation 1-2).
H,0,+hv - 2 HO® (1-1)
H,0, + HO* - H,0 + -0; + H* (1-2)

The quantum yield of the photolysis 0f® by 254 nm light in a 0.1 N perchloric acid
solution is found to be 1.00 at 25°C and it is peledent of concentration and light
intensity over the range of 2x1@0 0.1 M and 4.5xI0to 5x10* Ein L*min™ (22). The
hydroxyl radical produced in this reaction will ctavith the organic target. The target
may be also directly degraded by direct UV irradiat Both contributions to the overall
oxidation of the target (T) yield the following katic equation (21)

dari_

o0 = ~Kourd TITOHI -1 (1= o

wherekoy 1 is the second-order intrinsic rate constant otttea between the hydroxyl
radicals and the target (M?'); @ is the quantum vyield of the direct photolysis loé t
target, usually determined empirically from expegirtal data; I, represents the light
intensity at the selected wavelength in Eitmin™; and fr is the fraction of light

absorbed by the target, which is given by
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_&[PCIL (1-4)

="

wheregr is the molar absorption coefficient of the targetlL is the effective path length

of the reactor. The total absorbance is expreasddllows

A= (&[T]+Ey,0,[H0,]L (1-5)

Alkalinity can adversely affect the UVM, process. Inorganic carbon species,
bicarbonate and carbonate ions are natural scarseenfjbydroxyl radicals and, therefore,

are expected to affect the rate of reaction otdbhget with the hydroxyl radical (21),

.OH + HCO;™ — COy™ + H;0 Kot tco, = 8.5 ¥ 10° M's™ (1-6)

.OH +CQ?* — COy~ + OH~ Kot co, = 3.9 ¥ 10° M''s™ (1-7)

In the presence of carbonate and bicarbonate smmse of the hydroxyl radicals react to
form carbonate radicals (GO) via reactions 1-6 and 1-7 (23). The kinetics and
mechanism of carbonate radical reactions with aogaompounds is still poorly
understood; however, there are sufficient datauggsst that these radicals may react
more selectively with organic compounds than hygreadicals, and that their intrinsic

rate constants are generally much lower than tbhbserved with «OH (24).

Because of the effectiveness of ultraviolet (UMiation for disinfecting drinking water,

many water utilities will be installing UV capaltyliin the coming years. As interest in
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UV radiation technology for disinfection of micraicontaminants increases, water
utilities that are also concerned with treatingmafeal contaminants of emerging concern
have begun looking into the application of AOPsngsiUV in combination with

hydrogen peroxide (25).

Previous work has contributed to the developmerda &fnetic model for the UV/pD,
process over the past two decades. Gédza. in 1995 (26), proposed a kinetic model
containing the most important elements of the UXJHphotolysis to predict the time-
dependent concentration of a halogenated targeey Tised a quasi-steady-state
assumption (QSSA) to account for all system frabceds concentrations. This model
did not account for carbon dioxide (@Cevolution/pH change and neglected the role of
all radical scavenging species except feOkH The modeling approach of Stefahal.
(27) was similar, but it was assumed that the tazgmpound (acetone) was transformed

to oxalic and formic acids and then to £@sulting in a steady decline in pH.

Subsequently, Crittendeat al. (28) modeled the same chemical mechanism without
reliance on a quasi-steady-state assumption fdcaldoncentrations’©QH, O,", and
CQs"). Their work showed that the QSSA tends to ummedict hydroxyl radical
concentrations and therefore the target rates @frdposition. Furthermore, their model
included radical scavenging reactions that wereipusly neglected. Their experiments
included the presence of a phosphate buffer amtagt assumed that the halogenated
targets were oxidized to carbon dioxide and minaadls so that pH effects could be

anticipated by using the charge balance of thetisolat every step of the integration.
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Song et al. (29) developed a model based on earlier efforéd Hrcounts for time-
dependent radical concentrations, pH changes dpetiuct formation of carbon dioxide
and mineral acids, radical scavenging b¥OkHand surrogates of natural organic matter;
and known radical/radical extinction reactions. eiftresulting model is in agreement
with their experimental data for rate of decompositof alachlor, pH changes, and

hydrogen peroxide oxidation.

All previous models assume that concentrationdlecies in the reactor are uniform.
However, light enters the reactor through a surbaukis absorbed (mostly by:®;) as it

penetrates the reactive mixture. Since light intgndecays with distance from the
source, the rate of production of hydroxyl radigalaot uniform in the reactor even if the
hydrogen peroxide concentration is uniform. Whersthwd the incident light is absorbed,
uniform concentrations would require a mixing regirthat can overcome the non-

uniformity of the light intensity and local radiogéneration.

1.5. Fenton’s Reaction

Fenton’s oxidation is a homogeneous process thariermed in the presence of ferrous
and ferric ions with hydrogen peroxide. It is calesed to be a metal-catalyzed oxidation
reaction, in which iron acts as the catalyst. Idigoh, Fenton’s oxidation is relatively

faster than many others AOPs such as ozonationTiQy/r UV/H,O, (20).

In Fenton’s reaction, the generation of hydroxylicals relies on the cycle of Fe(ll) and

Fe(lll) due to their reaction with 4@, at low pHs. The oxidation of Fe(ll) produces the
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hydroxyl radicals capable of reacting with the #&rgrganics presents in the water
(equations 1-8). However, reduction of Fe(lll) te(F) limits the overall rate of radical
production under most circumstances (equation 1h®y;makes iron speciation a strong

determinant of Fenton’s kinetics (30).

Fe(ll) + H,O, — Fe(lll) + "'OH + OH" (1-8)

Fe(lll) + H,0, — Fe(ll) + HO,' + H* (1-9)

Solution pH is a critical parameter in Fenton’scten since it determines iron speciation
in ferric ions and hydroxylated form&dOH", Fe(OH)", Fe(OH)*"). Moreover,
Fe(l1l) solubility limits the process for its appdition only at pH<3 (20). Furthermore, the
process is sensitive to the presence of othersook as chloride and sulfate that can also
produce iron complexes that limit the availabilifyFe(ll) species and therefore, the rate
of production of hydroxyl radicals (31). Even tlghuFenton’s oxidation has limitations
for its application to treat large volumes of watie process can be effective for other
environmental applications. For instance Fento@&ction has proven to be an effective
way to regenerate activated carbon by the elinronatif the chemicals adsorbed on the

pores of the granular material (32).
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1.6. Project Objectives

This dissertation has a general objective to ingatt and quantify the UVA®D, AOP
for the treatment of natural waters and wastewetitments to eliminate trace organic
species of emerging concern. To emphasize theamte of the research, this work has
included a comprehensive statistical analysis ef shientific literature from the last
decade that provides evidence of the limitationgwfent wastewater technologies for

destroying these chemicals releases from industndlresidential activities.

The project combined laboratory bench-scale expartation, pilot-scale experiments
and first principles mathematical modeling to ea#duthe effectiveness of artificial and

natural UV-catalyzed AOPs to treat different masiof water.

The specific objectives of the research included:

. To investigate the effects of intensity and natfréhe UV source (monochromatic

and polychromatic) on the kinetics of trace orgamiegradation by UV/}D, AOP.

. To evaluate the effect of hydrogen peroxide comedioh on the efficiency of

target decomposition.

. To develop a comprehensive kinetic model, and a#didt with experimental data
for predicting the degradation of organic targetsler different experimental

conditions.

. To quantify the scavenging effects of differentaigs on the kinetics of oxidation

of trace organic contaminants.
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To extend the kinetic model for its applicationpgolychromatic light from both a

solar source and from artificial lamps.

To use the kinetic model to establish the optimxglegimental conditions to obtain
the maximum removal efficiency for different faresi of trace organics with the

minimum use of light power and hydrogen peroxidecsmtration.

To explore the effectiveness of advanced oxidapoocesses to destroy natural
organic matter from real wastewater effluents imtowous-flow pilot-scale

experiments.
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*CHAPTER 2

ASSESSMENT OF THE EFFECTIVENESS OF SECONDARY WASTEWER
TREATMENT TECHNOLOGIES TO REMOVE TRACE CHEMICALS OF
EMERGING CONCERN

2.1. Abstract

This work presents the results of a literatureeevand statistical analysis of removals of
chemicals of emerging concern (CECs) during congeat wastewater treatment.

Process-dependent attenuations are examined fot2thmost frequently measured and
reported CECs. Biological treatment processes deduin the review are conventional
activated sludge, membrane bioreactors, trickliltgr§, sequencing batch reactors and
lagoons. Also summarized are compound-specific iphlscharacteristics and

biodegradability data that are potential determisiaf removal. As anticipated, results of
the statistical analysis point to biodegradab#ityd hydrophobicity as the most important

contributing factors for removal.

* A modified version of this chapter has been sutedifor publication inCritical Reviews in
Environmental Science and Technology.
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2.2.Introduction

Trace organic chemicals in effluents from convemlowastewater treatment plants
include pharmaceuticals, personal care producdoaime disrupting compounds, and
other household and personal use organics (1). Wilseharged to surface waters, trace
organics in treated municipal wastewater can affgciatic ecosystem health. Endocrine
disrupting compounds are particularly well studiedthis regard (2). There is a well-

developed body of knowledge regarding methods feasuring trace organics at part-
per-trillion concentrations, leading to a rapidlxpanding database regarding the
presence of these compounds in surface waterstarad]esser degree, their respective
fates during municipal wastewater treatment. T@agmnics that remain unregulated at
the federal level and which have uncertain impaatgcosystem or human health due to
chronic exposures are herein collectively calledhefoicals of emerging concern”

(CECs).

Relatively little is known regarding the attenuatiof most CECs following their release
into the environment. However, several noteworttyi@gical effects have been linked to
agueous-phase CECs, particularly among continucaighpsed fish (2). Environmental
and especially human health effects of CEC expgsare particularly difficult to study,
due in part to the simultaneous presence of maltBECs in waters affected by
municipal effluent discharges. Uncertainties regaydchemical toxicity encourage
adoption of precautionary strategies relative tstesater treatment and water reuse. The

informational and regulatory void in this area rfdéees with water supply planning,
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particularly in water-short areas such as the AcaeriSouthwest, where water reuse is

frequently required to satisfy water supply susthility objectives (3).

Although wastewater treatment plants (WWTPs) weot specifically designed to
remove CECs, physicochemical and biological praeesthat are part of current
technologies contribute, with various degrees ofcess, to CEC removal during
wastewater treatment. In a general sense, it igiitapt to attribute the removal of CECs
from wastewater to physical partitioning among iigugas and solid phases vis-a-vis
biochemical transformation. Volatile CECs mightdigpped into a gas phase contacting
the wastewater in aerobic reactors. Similarly, bpthiobic CECs might partition to the
sludge phase and leave the plant with the residioablids. Alternatively, biochemical
transformation might destroy CECs or even produmtergially deleterious reaction by-

products.

This study summarizes data for removal of CECs ndurconventional municipal
wastewater treatment. The importance of this tefgens in part from expansion of water
reuse practices and the potential cost of advanweater or wastewater treatment
processes, should conventional treatment methabdsofaneet public or environmental
health objectives. We have arbitrarily confined search to peer reviewed publications
and agency reports from the last ten years. Olde¢a @ppear if included in recent
literature reviews. CECs selected for review ineluysharmaceuticals, personal care
products, natural and synthetic hormones, alkylpleand alkylphenol ethoxylates,

pesticides, synthetic musks, perfluorinated suafatst and plastic-manufacture additives
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(e.g. plasticizers). The study includes informatimom full-scale plants, pilot-scale
studies and laboratory experiments on removal ieffdes for CECs. A total of 422
references that include reports from professiong&izations and government agencies,
peer-reviewed publications and literature reviewsessurveyed. Forty-two compounds

provided an adequate data set for statistical arsabf removal efficiency.

2.3.Previous Work

Over the last ten years, interest in the occurrefate and transport of CECs in the
environment has increased substantially, as refletty numerous surveys of natural
water bodies, drinking water sources and wastewadatment facilities. A subset of

these works addresses aqueous-phase removal ffeseof CECs in WWTPs. In the

context of this work, aqueous-phase removal isnéeffibased on the difference between
total influent and effluent concentrations of refpee compounds. In this section, we
will summarize recent attempts to review and amalye effectiveness of WWTPs for

CEC management and generalize, if possible, on valnoof specific families of

compounds.

The US Environmental Protection Agency (EPA) anel ater Environment Research
Foundation (WERF) have reviewed CEC incidence irstexsater and the removal
efficiency in WWTP (4,5). Particularly, the EPA nseaed CECs throughout nine
WWTPs (4). Chemicals included pharmaceuticals agrdgmal care products, steroids

and hormones, alkylphenols and alkylphenol ethdggla bisphenol A (BPA),
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polybrominated diphenyl ethers (PBDESs) and pestgidhe EPA also has summarized
influent-to-effluent removals for the same claseé€sCECs plus polynuclear aromatic
hydrocarbons, plasticizers, and flame retardartterothan PBDEs (5). More than 200
chemicals were initially surveyed, and 16 of theswe selected based on the available
literature. A detailed analysis was presented bagseda database with removal
efficiencies compiled. The objective of that worlasvsimilar to our own, but here we
considered additional sources of information, exieahthe reporting period, included a
greater number of compounds in our survey, develgpatistics from reported removals
when sufficient data were available and used thighwef available evidence to make
general statements regarding (i) the utility of wemtional wastewater treatment for CEC

management and (ii) the state of the engineeringramnowledge base in this area.

Stephenson and Oppenheimer (6) (WERF report) sadv®yWTP removal efficiencies
for 20 pharmaceuticals and personal care prodBREPs) to assess the effect of solids
retention time (SRT) on removal efficiencies. SRihged from 0.5 to 30 days at the six
WWTPs studied. Although data on occurrence and vaimwere scattered, specific
conclusions could be reached regarding relativeapound-specific removal efficiencies.
For example, galaxolide was widely observed in Weters tested, and its removal
efficiency was generally low. In yet another survBY?CPs were included in the more
general category of household chemicals (7). Tweityepresentative compounds were
selected, of which twenty were present in all waater samples analyzed. These
included all the PPCPs surveyed. Compound-spec#inovals during conventional

activated sludge and MBR processes varied greatly.
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The reviews of Halling-Sorensex al. (8) and Hebereet al. (9) covered the occurrence,
fate and effects of pharmaceuticals in the enviremm illustrating the limits of
conventional treatment for attenuation of pharm#cals and the widespread presence of
these compounds in both natural and drinking wateso, Jone®t al. (2005) reviewed
the occurrence and behavior of pharmaceuticals ifferent wastewater treatment
processes. Subsequent monitoring studies effokte Blaown that PPCPs are present in
secondary effluents from WWTPs throughout the we#d@laraet al. (10), Lindqgvistet

al. (11), Tauxe-Wuerscht al. (12), Yuet al. (13), Lishmaret al. (14), Santost al. (15),

Jonest al. (16), Yinget al.(17), Suiet al. (18), Simet al.(19) — among others.

A recent study (20) covering the occurrence andkaiof 184 PPCPs at WWTPs found
that the frequency with which those compounds vpeesent at or above their respective
guantification limits in influent and effluent wa90% for the majority of the compounds

considered, including pharmaceuticals and perscaral products.

One of the most documented impacts of wastewate€sCivolve disruption of
endocrine system function among continuously exgphasguatic life (2,21). For that
reason, WWTP removal of estrogens and endocrimeptas compounds (ECDs) has
been a common research focus (22) Some of the widsspread ECDs in wastewater
include natural estrogens (@-éstradiol, estrone and Estriol, d-éthynylestradiol, an

oral contraceptive), alkylphenol polyethoxylate$’@s) and their derivatives.
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The widespread presence of APEs in United Statéacguwaters (1) suggests that they
may contribute to intersex characteristics (mildnfephrodism) that are now frequently
observed in natural waters affected by the dis&hafdreated municipal wastewater. The
estrogenic potencies of APEs are several ordenmagnitude below those of natural
estrogens and birth control agents like EE2, howetee concentration of these
compounds in the environment can be orders of madmigreater than those of the
hormones (22). Petroviget al. (23) studied the occurrence of APEs and both ahamnd
synthetic steroids in wastewater treatment faesitisludge samples, river water and
sediments in Spain, concluding that “NP, estriak] @strone, detected in water could be
responsible for the increased VTG |vitellogeninletved in male carp” in two rivers
studied, thereby providing a link between wastewetiduent and endocrine disruption in
fish. Cespedegt al. (24) found that relatively short chain APEs paotit readily on
organic-rich particulate matter such as sludgesiymed during wastewater treatment,
while longer chain nonylphenol ethoxylates aretreddy stable in the agueous phase and
therefore are present at higher concentrationeatded wastewater. Removal efficiencies
for APEs varied from 37 to 90%, depending on tleatinent process employed. The
Alkylphenol Ethoxylates Research Cournak reviewed APE removals during full-scale
wastewater treatment and bench-scale simulatids)s T&eir scope included removal by
both biological treatments (activated sludge, meméerbioreactor) and physicochemical

processes such as nanofiltration, microfiltratiod advanced oxidation.

Despite their importance in agricultural settingel dheir potential health effects (26),

data regarding the removal of pesticides in coneaat WWTPs are surprisingly sparse.
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Use of lagoons and constructed wetlands for manegerof pesticides is relatively
common, however. In this context, Braskerud and rstad (27) reviewed the
relationship between retention time and pesticidmaval in constructed wetlands.
Factors contributing to pesticide removal includgedhpound hydrophobicity (adsorption

on organic matter) and biodegradability (for theeagen-rich pesticides).

Synthetic musk fragrances are commonly used inctsnetic, detergent and perfume
industries. They reachg/L-level concentrations in municipal wastewate8)(ZThese
chemicals are usually classified as nitro-aromaf\igls) or polycyclic musks (PCMs).
The use of NMs is declining due to recent conceegsrding their toxicity to humans.
However, PCM use has increased. NMs such as musié&eand musk xylene, and
PCMs such as galaxolide (HHCB) and tondligdHTN), represent more than 12% and

85% (respectively) of the total global consumpiidrsynthetic musks (28,29).

Perfluorinated compounds (PFCs) such as perflutaoesulfonate (PFOS) and
perfluorooctanoic acid (PFOA) are recalcitranthie environment. Their main sources in
natural waters are thought to be WWTP effluentswabadn runoff (30). PFOS and PFOA
are ubiquitous in United States municipal wastergat®eported concentrations in
WWTP effluents range from 5.3-130 ng/L for PFO216-58 ng/L for PFOA (31). It has
been suggested that biodegradation of precursorpconds such as fluorotelomer
sulfonates or fluorotelomer alcohols produce PFOf &#FOA during wastewater
treatment (32). There is no evidence that PFOS BROA transformations are

encouraged by specific conventional wastewatetrireat processes or manipulation of
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operational conditions. PFOS can be removed frotemaa adsorption on activated

carbon (33).

The manufacture, use and disposal of plastics talelyi release a great variety of
chemicals into the environment. Among the chemicadé®d to produce plastics,
plasticizers such as di-(2-ethylhexyl) phthalateEKI®®) and di-(2-ethylhexyl) adipate
(DEHA) are among the most commonly found ones itunah waters and municipal
wastewaters (34). Plasticizers are also usedemtbduction of paints, glues, lubricants,
pharmaceuticals, cosmetics, and pesticides. M@sttipizers are not chemically bound
within the cross-linked polymer product, allowirftetn to escape into the environment
during manufacture, product use, and following piciddisposal. WWTP effluent and

urban runoff are major environmental sources ohalates.

2.4.Methodology

CECs were selected for review based onRbgiew of Chemicals of Emerging Concern
and Analysis of Environmental Exposures in the Gieskes Basinsubmitted to the

International Joint Commission (35). This list, ainincludes more than 300 compounds,
was the starting point in our search for removahad&garding the performances of

conventional wastewater treatment processes.

Our survey of CEC removal information was arbitygadonstrained by publication date
(2000-2010) and treatment process selection—aetivaludge, membrane bioreactors,

sequencing batch reactors and lagoons. The Sci€itagon Index was the primary
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source for peer-reviewed articles. References framg citations to, the articles
discovered initially were also surveyed. Additidgalreports from national and
international agencies were scrutinized for datgemeral information about removal of
CECs. These agencies or institutes include: theedrsStates Environmental Protection
Agency (USEPA), Water Environment Federation (WBFgter Environment Research
Foundation (WERF), United States Geological Suii¢yGS), National Water Research
Institute (NWRI), Minnesota Pollution Control Aggn@MPCA), American Water Works
Association (AWWA), Cooperative Research CentreRRQC Australia), European
Commission Environment and Environment Canada. ABOO documents dealing with
removal of organics in WWTPs and related procesgm® obtained and screened for
information. Sources that survived an initial geieg step contained both (i) influent-to-
effluent removal data for one or more CECs, anddgscriptions of treatment processes
and operating conditions. Documents based solelthe occurrence of CECs were not

further considered.

Agqueous-phase removals were calculated based aewmtations in influent wastewater

and secondary effluent using,

(2-1)

Cinfluent - Ceffluent

x100

R (%) =

Cinfluent
A database was developed to compile and organiZze moval data. When sufficient
information was available, database entries indud@® contemporary treatment

performance data such as removal efficiencies ©©CTBOD or COD, and (ii) both
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influent-to-effluent and overall compound removal$he latter accounted for
contaminant mass fluxes in biosolids as well atuefit. The database also contains
compound-specific ready biodegradability data, phgsical properties such as Henry’s
law (H) as a measure of volatility, and octanol-evafK,,) partitioning constant as a

measure of hydrophobicity.

Experimental values were obtained from the EPIe8Wit 4.1 software and database
(http://www.epa.gov/opptintr/exposure/pubs/epishitm). When empirical values were
not available, EPI Suites was employed to predigtifion constants using KOWIN
and HENRYWIN™ (Bond Contribution model). For acidggtanol-water partition
coefficients at pH 7 (R), were calculated for compounds using the follgvin

expression,

1+ 107 Pka (2-2)

Dow = Kow 1 + 10PH-PKa

Equation (2-2) reflects an assumption that thezieshispecies does not partition into the
octanol phase at either the pH for which,Ds estimated (usually pH 7), or at pH O,

which is the reference value fogpK

Biodegradability information was obtained using tSAR models, BIOWIN™ 2 and
6, from EPI Suites. Both models predict the conmabspecific probability of
biodegradation based on the suite of functionalugsothat contribute to compound

structure and the anticipated biodegradability @iche functional group present.
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Functional group biodegradabilities are determifiech software databases. BIOWIN 2
uses a Syracuse Research Corporation databasefqurpose (36), whereas BIOWIN 6
predictions are based on the OECD301C test, usatey fdom the Chemicals Evaluation
and Research Institute Japan (CERIJ) database I(BAddition, the STPWIN model,
also from EPI Suites, was used to predict remoffadiencies in wastewater treatment
plants for comparison to results obtained usingstiagistical approaches described here.
STPWIN is a version of the Sewage Treatment PI&mP) Model originally developed
by Mackay and coworkers at the University of Tom(88). The model predicts the
fates of organic chemicals during conventional ewaster treatment with activated
sludge. Removal mechanisms considered includeoeatipn, biochemical degradation
and sorption to sludge. The most critical and roftencertain variable is the
biodegradation rate and its dependence on biomassentration (STPWIN Model).
Therefore, empirical biodegradation rates in atéiglssludge were used, when available,
as inputs for STPWIN. The treatment conditions apdrational parameters used were

defaults provided by the software.

To assist in data analysis, box-plots and cumwdapixobability curves were developed
using OriginLab™ 8.0 software to represent distitms of compound-specific removal
data (See details about box-plot characteristicAppendix A). Only compounds for
which sufficient activated sludge performance @gataavailable (n > 8) were analyzed in
this way. When sources reported more than one wdis@n from a single facility, the
average of these values was taken as a singulampadatt. When documents reported a

range of removals, end values of the range werentak data points to represent worst-
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case performance variability. In all, 42 compoursigisfied criteria for statistical
analysis. Chemical structures for these compouneloeovided (Table A-1, Appendix
A), and relevant compound-specific properties anenrmarized (Table 2-1). When
possible, removals during activated sludge, mengraroreactor, trickling filter,

sequencing batch reactor and lagoon treatmentscamngpared. Compound-specific
references and a list of all the references induddhe database for the forty-two CECs

are provided in Appendix A.

As an measure of statistical confidence, the wifthhe 95% confidence interval for
mean removal estimates was calculated as follo@s (3

. S -
95%C1 width(%) = 2t - (2-3)

wheret is thet-distribution value for the 95% confidence interval is the standard
deviation, and N is the total number of independerthoval measurements. We
recognize that chemical-specific removal data wese always normally distributed, a
condition on which the relevance of Eq. (2-3) ndiyneests. Nevertheless, confidence
intervals for the population mean, so calculatedhvige a relative indication of the
reliabilities with which compound-specific removalrising during conventional

wastewater treatment can be anticipated basedeondlght of existing evidence.
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Table 2-1. Physical properties, biodegradability data and reahdata in conventional activated sludge for del@€CECs.

Lab Test Pilot Plant Full Scale
e caer Sedmaiy o wan o fws e e
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Erythromycin 114078 o 8oV e 306 542628 888 ot oo (=10
Estriol (E3) 50271 [l e | 245 L13BELE - sy o 1o
Estrone (E1) 53167 goRen e 313 380E18 1035 FS00 SRE a3




Table 2-1. Continued.

Lab Test Pilot Plant Full Scale
Biodegradability Log H (atm- Removal Removal Removal
CEC CAS# BIOWIN 2 KOW m3mole  PK2 Range % Range % Range %
(# studies) (# studies) (# studies)
. Not Ready 0-92 0-86 40-99
Galaxolide (HHCB) 1222-05-5 Biodegradable 5.9 1.32E-04 - (n=2) (n=2) (n=13)
i . Ready 50-96 0-99
Gemfibrozil 25812-30-0 Biodegradable 477  1.196-08 4.427 (n=2) - (n=15)
Ready 74-100 41-99 15.5-99
Ibuprofen 15687-27-1 Biodegradable 3.97 1.50E-07 4.88 (n=11) (n=12) (n=38)
. Inherently 23.4-100 0-98
Indomethacin 53-86-1  gi degradable 427  3.13E-14 4.50 (n=2) - (n=4)
Ready 30-98 10-97 11.2-100
Ketoprofen 22071-15-4 Biodegradable 3.12 2.12E-1% 4.45 (n=8) (n=3) (n=20)
Not Ready 53-85
Musk ketone 81-14-1 Biodegradable 4.3 4.80E-10 - - - (n=5)
N,N-diethyl- Ready 0-91
toluamide (DEET) 134-62-3 Biodegradable 2.18  2.08E-08 i i i (n=5)
Ready 50-100 55-93.3 43-99.6
Naproxen 22204-53-1 Biodegradable 3.18 3.39E-16 4.19 (n=10) (n=8) (n=28)
Ready 28-99 74-96 24-100
Nonylphenol 25154-52-3 Biodegradable 5.76 3.40E-05 10.3 (n=6) (n=5) (n=39)
Nonylphenol Ready
diethoxylate 20427-84-3 Biodegradable 570 2.56E-09 -
(NP2EO) 3.76-99 46-95 0-99
Nonylphenol Ready (n=8) (n=6) (n=21)
monoethoxylate 104-35-8 Biodegradable 5.58 1.65E-07 -
(NP1EO)
. Ready 20-98 41-97
Norfloxacin 70458-96-7 Biodegradable -1.03 8.70E-19 - (n=2) - (n=12)
Ready 50-64.6 0-99
Octylphenol 1806-26-4 . degradable 55  4.50E-06 9.9 - (n=2) (n=20)
Perfluorooctanoic Not Ready a - 0 ) 0-48
acid (PFOA) 335671 piogegradable 48T  9.08E-02 25 (n=1) (n=7)
Perfluorooctyl Not Ready . i ) 0.93 ) 0-42
sulfonate (PFOS) 1763-23-1 Biodegradable -1.08*  1.10E-02 3.3t (n=1) (n=8)

60
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Table 2-1. Continued.

Lab Test Pilot Plant Full Scale
Biodegradability Log H (atm- Removal Removal Removal

CEC CAS# BIOWIN 2 KOwW m3mole)  PK2 Range%  Range%  Range%
(# studies) (# studies) (# studies)
120000 o 488 w0 - iy - O
Ranitidine 66357-355 L. dzgfsgable 027 342618 27 - (ii‘f) 3(15338
Sulfamerazine 127-79-7 gloot dzgf‘;é’able 014 1.75E-186 7.4 (}]2‘1)) - (?]'Zf)
Suftamethoxazole  723-46-6 O RSAN 089 9.56E13 616 i T o
Testosterone 58220 O dzgf‘;é’able 332 353608 19.38 : o) o)
Tetracycline 60548 o dzgfsgable 1.3 466E22 33 ?:;g? Zr?fl? (?1-:1?20)
Tonalide (AHTN) ~ 1506-02-1 KO dzgfsgable 57  139E-04 - (n5:01) fr?;g‘;’ (s;iz)
Triclosan 3380345 SO d'zgf‘;g’able 476  4.99E-09 8.1 %:;g;‘ (?]':927) (r?;%%)
Trimethroprim 738-70-5 E%%‘léra e 091  239E1% 716 sy pey (=26

Biodegradability predictions are estimations madt \BIOWIN™ 2 (EPI Suite™); classification: readyoddegradable corresponds to >60% degradation in
Ready test, inherently biodegradable correspondsgoadation between 40 and 60% and not Readydpiadable corresponds to <40% degradation.

Values of K,,, pK, and Henry’'s law constants were taken from EPIeSHidatabase, except for (a)Kvalues calculated by simulations with KOWWIN™,
and (b) Henry's law constants calculated by sinmtatvith HENRYWIN™ (bond contribution model), bothom EPI Suites™; (c¢) pKa obtained from
Stevens-Garmoat al. (42).

*Kow for PFOS obtained from Beaehal. (43); **pK, for PFOA obtained from Prevedoureisal.(44);  pK, for PFOS obtained from Broole al. (45).
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2.5.Results and Discussion

2.5.1.Conventional Activated Sludge
About half of the articles and reports reviewedeheontain data regarding WWTP
removal efficiencies of pharmaceuticals, makingrtitbe most thoroughly studied class
of CECs. Twenty of the 42 compounds judged to iol®wan adequate database for
statistical summaries are pharmaceuticals. Box plohmaries of influent-to-effluent
removals of prescription and non-prescription drdgsng full- and pilot-scale activated
sludge treatment of municipal wastewater are pexvifFigures 2-1 and 2-2). Caffeine
and acetaminophen (Figure 2-1) are effectively neddn most conventional wastewater
treatment plants. Both were removed with near 1@df6iency in well over half the
treatment plants in the survey. Influent-to-efflueemovals of carbamazepine and
diclofenac, on the other hand, were generally pégtwughly half the plants in the survey
exhibited <50% removal of diclofenac. Half the maremoved <20% of the influent
carbamazepine. Both caffeine and acetaminophehiadegradable (Table 2-1), perhaps
accounting for the efficient removal of these coommis. Removal efficiencies of
diclofenac, clofibric acid and indomethacin, amoothers, were highly variable,
suggesting that design or operating conditionsigwgortant determinants of reported
removals. Coefficients of variation (the ratio betstandard deviation to the mean) for

these compounds all exceed 0.5, which suggestitbatata are highly scattered.
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Reported removals of antibiotics during activatkdige treatment of wastewater were
also highly plant specific and perhaps sensitivplémt operating conditions (Figure 2-2).
The only antibiotic with a mean removal value highiegan 70% is tetracycline, while
sulfamerazine and trimethroprim have values bel®%5The highest coefficients of
variation were obtained for sulfamerazine and eoyttycin (0.75 and 0.62, respectively),
while norfloxacin and tetracycline data producetuga lower than 0.4. A more detailed

analysis is warranted to establish operating canditthat promote CEC removal.
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Figure 2-1. Box plots of liquid removal in activated sludge geeses for selected
pharmaceuticals. In this and subsequent plotdhalkes cover the 25 to 75 percentiles of the data
range, the open circles are the median, the hdsakbne in the box is the mean, the vertical lines

extend between the 10 and 90 percentiles of treesd#dt and the X marks the whole data range.
Scattered symbols represent the data.
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Figure 2-2. Box plots of liquid removal in activated sludge pesses for selected antibiotics.
Sulfamethoxazole, roxythromycin, norfloxacin angrofloxacin exhibit mean removal.
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Figure 2-3. Box plots of liquid removal in activated sludge geeses for selected natural and
synthetic hormones.
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Removals of estrogens and estrogen mimics wererggnénigh. Median removal
efficiencies were uniformly greater than 75% (Few-3). The greatest degree of
scattering was exhibited by estrone—coefficienvaration equal to 0.37. Nevertheless,
estrogen-dependent ecological effects are frequetberved among fish populations
that are continuously exposed to treated wastew&tespite relatively high removal
efficiencies, human hormones probably contribugmificantly to estrogenic activity in
wastewater effluent. Estrone is approximately 30%gatent an estrogen as EE2 (22).

EEZ2 produces devastating effects on fish populatairexposure levels of a few ng/L (2).
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Figure 2-4. Box plots of liquid removal in activated sludge peeses for selected organic
wastewater organics.

The box-plots representing removal efficienciesselected synthetic musks, triclosan,
PCP, benzophenone, (a UV blocker in plastics), BR&#IP (a plasticizer) indicate that
polycyclic musks such as AHTN and HHCB are remoweith medium to high

efficiencies—mean values above 65% (Figure 2-4)slMietone, a nitro-musk, was
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readily removed (>90%). All the musks are clasdifees non biodegradable (Table 2-1,
40,41). However, they are relatively hydrophobitisat observed removals could result
from adsorption to sludge. Similarly, triclosan, i@rhis also categorized as not Ready-
biodegradable, shows relatively high removals (mediemoval > 80% ana90%
removal in more than 25% of plants). Triclosan rema potential concern, however,
since it is frequently present ag/L levels in raw sewage. In addition, triclosan is
hydrophobic (log @y = 4.73) and may be concentrated in sludges praduceing
wastewater treatment, providing another avenueirftvoduction into the environment

when biosolids are disposed of via land application

The plastics additives benzophenone and DEHP dxhddatively high removal
efficiencies, although based on limited samplingmi®val efficiencies of bisphenol A
(BPA), a precursor monomer of polycarbonate plamtid epoxy resins; alkylphenols and
alkylphenol ethoxylates follow similar patterns dé&ie 2-4). All have median removals
from 80-85%, and near total removal is achievea ifew treatment plants. However,
only the 1, 2 ethoxylates were included in this swary, and the simultaneous production
of APs and short-chain APEs from longer-chain preots during wastewater treatment
makes data interpretation difficult. Here, negatnegnovals, which were sometimes
observed as a consequence of experimental or arallnitations, are shown as zero-

efficiencies, which may slightly distort the summearfor these compounds.

The perfluorinated compounds PFOS and PFOA wererlypoeemoved during

conventional wastewater treatment. The median ramaoivPFOA was near zero. This
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was expected since the compounds are non-bioddrdeadad hydrophilic (log B, =

—9.3 and-5.9 for PFOA and PFOS, respectively).

A subset of the CEC data was used to produce ctiveil@robability distribution
functions (Figures 2-5 and 2-6). In these plotspalative counts represent the percent of
data with aqueous-phase removal efficiencies Idhan the influent-to-effluent removal
specified. Using caffeine as an example (Figurg,Zdémoval efficiencies were < 75%
for only 10% of the WWTPs in the survey. Compoutiulst are readily removed via
activated sludge processes such as caffeine, aoe@inen and ibuprofen exhibit
cumulative removal patterns with upward concavityose that are poorly removed such

as carbamazepine and clofibric acid show a downwandavity.

Results can be interpreted also in terms of rem@vabability: the probability of
removing>75% of the influent caffeine during conventionat@edary treatment was >
90%, whereas the probability of removing5% of the influent carbamazepine using the
same processes was < 10%. When removals of sp&HCs among the plants in the
survey were widely, and more or less uniformly triisited across the entire range of
efficiencies, e.g. diclofenac and many of the aatibs, resultant cumulative probability
functions tend toward the 45-degree line. In a setisese are the most interesting
compounds in the summary, since their removalsnduiconventional wastewater
treatment may be highly sensitive to operationalditions. Compounds in this category
are ketoprofen, diclofenac, erythromycin, roxithgmim, sulfamethoxazole,

trimethoprim, gemfibrozil and, to some extent, tidt acid (Figure 2-5).
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Figure 2-5. Cumulative probability for selected pharmaceuti¢alactivated sludge. In these
plots, cumulative counts represent the percenats dith liquid-phase removal efficiencies
lower than the influent-to-effluent removal spesifi
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Figure 2-6. Cumulative probability for selected hormones anatlsgtic musks in activated
sludge.

2.5.2.Membrane Bioreactors
As the large-scale deployment of MBR technologyeistively limited, there are fewer
data with which to analyze CEC removal efficiencieata summaries (Figures 2-7 to 2-
9) suggest that median CEC removals in MBRs arepepable to removal efficiencies in
more conventional biological treatment processelil&AMBR efficiencies are modestly
higher for clofibric acid and naproxen, median reals were slightly lower for
acetaminophen, diclofenac; ibuprofen and ketoprdfempare Figures 2-1 and 2-7).
MBR removal of carbamazepine (Figure 2-8) was lowet less erratic than in the

comparison data set (Figure 2-1).
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Figure 2-7. Box plots of liquid removal for selected pharmagels in MBR process.
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For the antibiotics and bezafibrate, median peréooes in the MBR were slightly better
than those obtained in other activated sludge oea¢Figures 2-8, 2-1 and 2-2). Again,
MBR data are noticeably less scattered. The estrog@mmpounds analyzed—BPA;

nonylphenol, and the natural and metabolized hoaserwere all efficiently removed in

both reactor types (median removals > 80%, Fighf8s2-4 and 2-9).
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Figure 2-9. Box plots of liquid removal for selected naturatiaynthetic hormones, bisphenol A
and nonylphenol in MBR process.

2.5.3. Factors that Affect Removal Efficiencies
It is frequently held that equilibrium partitionirad organic chemicals between liquid and
solid phases is governed by proportionality betwibenagueous-phase concentration and

concentration in organic material that contributesthe solid phase. The constant of
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proportionality is determined by compound-spedadiélative affinities for the agueous and
solid phases and is frequently represented in teomghe octanol/water partition
coefficient (Kow). Using these relationships, it is possible tdorslize the sorptive

removal of CECs during conventional wastewatertineats. Even when this model
breaks down, it is likely that compound hydrophdias directly related to abiotic

removal efficiency. For persistent and recalcitr@mpounds, it is possible that
partitioning into organic solids is the primary el@hinant of through-plant removal

efficiency.

To test these ideas, the compound-specific prabaluf observing >75% removal in
facilities represented in this survey was plottedaafunction of log kK, (Figure 2-10).
When all 42 compounds represented statisticallyewecluded, there was no obvious
trend. However, when the biodegradable compourelsEfOWIN 2, i.e. acetaminophen,
estriol, caffeine nonylphenol, etc.) are excludedl &, is replaced by B, (from
equation 2-2), the correlation between hydrophtpiand removal efficiency is

improved.

In order to quantify the degree of correlation legw the removal probability and
hydrophobicity, Spearman correlation coefficiert6)(were calculated for the Figure 2-
10 data. The Spearman coefficient is a numericasue of the degree to which two
random variables are correlated. It varies frelrto 1. Positive values arise when the two
variables are directly related, while negative ealundicate inverse correlation. Values

close to +1 or -1 indicate that the two variables highly correlated. Clearly, the
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relationship between the probability of ‘¥ removal and B, is strengthened when
biodegradable compounds are not considered, suggelat partitioning to solid sludge
iIs a major contributor to removal of hydrophobicmgmounds, as expected when

biodegradation is minimal.
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9 Clorofibric Acid 18 Estrone 27 Norfoflaxacin 36 ulfamezarine

Figure 2-10. (Left) Probability of achieving 786 removal efficiency for selected CECs as a
function of octanol-water partition coefficient;i¢Rt) Biodegradable (Ready and inherent
biodegradable compounds from Table 2-1) compouate been eliminated ary has been
replaced byDow. Solid line is a visual guide. The Spearman catr@h coefficient §) is shown
for each data set.
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Figure 2-11. Probability of achieving 75+% removal efficiencyantivated sludge processes vs.
BIOWIN 2 (left) and BIOWIN 6 (right) estimation dfiodegradation probabilities. Numbers
correspond to legend in Figure 2-10. Solid lineespnts a linear fit. Compounds with log Dow
> 3.5 are not considered.

A similar analysis was carried out to investigdie importance of method selection for
estimation of compound biodegradability. There @ single, comprehensive database
with which to quantify the biodegradability of CE@sring wastewater treatment, in part
due to unavoidable differences between biochengoalditions in tests and working
bioreactors. A comparison was performed using BIQVXIand BIOWIN 6 predictions.
Results are summarized for compounds with lag, B 3.5 (Figure 2-11) avoiding
situations in which removal is dominated by commburydrophobicity and physical
partitioning with sludge. BIOWIN 2 results weregly related to the probabilities of
removal obtained in this work. On the other hahd,dependence of removal efficiency

on biodegradation probabilities calculated with BION 6 is evident despite residual
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error. To refine the analysis, we selected a gmfup7 compounds for which first-order
rate constants of laboratory-scale biodegradatigg) (with activated sludge have been
reported (47,48) (Figure 2-12 left). Correlationtviieen removal efficiency and the

biodegradation rate constant is clear.
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Figure 2-12. (Left): Probability of achieving 786 removal efficiency as a function of
biodegradation rate constants as reported by Wnaddikuta 2005 (47), and Dickensenal.,

(48) in activated sludge for selected compoundkd 8pe is a visual guide. (Right): Mean
Removal for the same compounds ad a function oM@ NPtotal removal prediction using half-
lives calculated from the rate constants. Numbenespond to legend in Figure 2-10. Error bars

are plus and minus one standard deviation. Sai&li§ the 45-degree line.
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Figure 2-13. Removal efficiency comparison for conventional zettied sludge (CAS),
membrane bioreactor (MBR), tricking filters (TFggsienced batch reactors (SBR) and lagooning
(LAG) for selected CECs. Open circles representrtban and the horizontal bars represent plus

and minus one standard deviation. The nhumber af piaints is indicated for each case.
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The same rate constants were used in the STPWINelntodpredict through-plant,

compound-specific removals during wastewater treatmFigure 2-12 (right) compares
the mean removal obtained in this work to the teeatoval predicted by STPWIN. The
gualitative results and Spearman correlation coefiit suggest that STPWIN adequately
simulates the fate of the selected compounds dwatiyated sludge treatment when

empirical biodegradation rates are used as mogatsn

2.5.4. Comparison of Biological Treatment Alternatives
The limited number of studies available did notsap extensive statistical analyses of
other biological processes. Removal efficienciesafeubset of eight CECs are used to
compare CEC removals observed in WWTPs using membfaoreactors (MBR),
trickling filters (TF), sequenced batch reactor8R$ and lagoons with results from
conventional activated sludge (Figure 2-13). Conmgbspecific removal efficiencies
tend to be similar for all processes. For exampdeprofen exhibits high removal
efficiencies in all five processes, whereas theowahof diclofenac was modest in four

of the five processes compared and low in trickfifigrs.

2.5.5. Effects of Operating Conditions
Solids retention time (SRT) and hydraulic retentione (HRT) were used to assess the
effects of operational conditions on compound-dpeaiemoval efficiencies during
conventional wastewater treatment (activated sludgmong the 42 compounds studied,

only 10 chemicals (all of them pharmaceuticalsjereid sufficient data to pursue these
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relationships. Figure 2-14 illustrates the dependeof removal on SRT and HRT for

diclofenac and ketoprofen. No strong trend is apparalthough diclofenac removal was
modestly dependent on HRT, as was ketoprofen teggtion SRT, based on Spearman
correlation coefficients. For the rest of the CEQisdied (results not shown) compound

removals were poorly related to both SRT and HRT.

Diclofenac Diclofenac
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Figure 2-14. Removal efficiencies as functions of SRT and HRdiclofenac and ketoprofen in
activated sludge process.
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2.6.Concluding Remarks

Overall, the analysis indicates that biodegradghii the most important contributor to
CEC removal during conventional secondary treatmpricesses. The role of
hydrophobicity and physical partitioning is appdramong compounds that are poorly
biodegraded. Compound- and process-specific dagaganerally scattered. Factors
contributing to the scatter may include variationaperating conditions or analytical
inaccuracies. Statistical confidence in the resulés addressed using the confidence
interval for the estimated mean removal efficiermiculated from equation (3). Table 2-
2 includes those results, along with the probabitif 75% removal efficiency for
selected CECs. Based on Table 2-2 statistics, Gi##Zs assigned positions in a matrix
(Table 2-3) that reflects both removal efficienaydastatistical confidence (weight of
evidence). Cl widths representing high, medium lawd confidence levels were chosen

to distribute compounds more or less equally antbadghree confidence levels.

Compounds for which the width of the 95% CI for me@moval was <15% were
arbitrarily assigned a high degree of confidenceat-tls, average removal during
conventional wastewater treatment can be antigipat¢h reasonable certainty. It is
noteworthy perhaps that this category incudes comg® that are both efficiently
removed (e.g., caffeine) and poorly removed (egrbamazepine). Those in the latter
group are not expected to be removed by conventipracesses and, as such, are
candidates for tertiary removal technologies suechdvanced oxidation, activated carbon

or membrane treatment. Parallel reasoning sugdbatsmore study is necessary to
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understand the mechanisms of removal or operatngditons that promote removal of
compounds in the low-confidence row of the matror those compounds, e.g. atrazine
and DEET, operational conditions during conventiotgeatment appear to be

exceptionally important to treatment efficiency.

Data limitations do not allow us to reach firm clustons regarding comparative
effectiveness of alternative treatment technologidsmited results indicate that
compound-specific removal efficiencies amongstuwagous processes analyzed are
similar (Figure 2-13). It seems that large-scakestment in MBR technology for

management of CECs in wastewater effluent is notvaeranted.
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Table 2-2. Total number of samples in activated sludge, cemiog width, and assessment of
removal for selected CECs. For criteria on low, medand high qualifications, see Table 2-3.

Removal
Inar P e ElSeS clwmos Cgideen
Sludge

Acetaminophen 11 92 High 25 Medium
Atrazine 10 20 Low 36 Low
Benzophenone 10 58 Medium 18 Medium
Bezafibrate 12 50 Medium 33 Low
Bisphenol A 32 66 Medium 13 High
Caffeine 16 89 High 9 High
Carbamazepine 60 8 Low 15 High
Ciprofloxacin 26 23 Low 27 Low
Clofibric acid 22 13 Low 22 Medium
DEET 10 88 High 29 Low
DEHA 10 20 High 33 Low
DEHP 10 42 Medium 38 Low
Diclofenac 59 24 Low 16 Medium
E2 57 50 Medium 13 High
EE2 39 30 Low 12 High
Erythromycin 28 23 Low 24 Medium
Estriol 28 85 High 22 Medium
Estrone 64 56 Medium 14 High
Galaxolide (HHCB) 22 51 Medium 24 Medium
Gemfibrozil 14 25 Low 27 Low
Ibuprofen 66 68 High 10 High
Indomethacin 10 44 Medium 58 Low
Ketoprofen 34 35 Medium 21 Medium
Musk Ketone 10 88 High 22 Medium
Naproxen 69 50 Medium 11 High
Nonylphenol 54 52 Medium 14 High
Norfloxacin 21 28 Medium 27 Low
NPEs 58 57 Medium 15 High
Octylphenol 32 54 Medium 20 Medium
PFOA 29 0 Low 7 High
PFOS 23 Low 21 Medium
Pyrene 10 19 Low 29 Low
Ranitidine 14 26 Low 34 Low
Roxythromycin 18 29 Low 30 Low
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Table 2-2. Continued

Removal
cec  Jgmr Pobieer BT chwans Comdcen
Sludge
Sulfamerazine 11 26 Low 44 Low
Sulfamethoxazole 55 44 Medium 14 High
Testosterone 29 77 High 24 Medium
Tetracycline 24 34 Medium 19 Medium
Tonalide (AHTN) 34 46 Medium 21 Medium
Triclosan 35 49 Medium 18 Medium
Trimethroprim 35 9 Low 19 Medium

Removal efficiency levels in activated sludge wdstermined as follows: high corresponds to CECé wit5%
probability of 75%+ removal, medium correspondsGBCs with 25-75% probability of 75%+ removal, low
corresponds to CECs with <25% probability of 75%tmoval. Confidence in assessment was judged asvi&llhigh
means that Cl width<15%; medium corresponds to @amgs with Cl width between 15 and 25%, and low
corresponds to compounds for which ClI width obtdiise>25%.

Table 2-3. Summary of confidence level vs. removal efficiefamyselected CECs (activated
sludge processes).

Low removal efficiency Medium removal efficiency High removal efficiency
Confidence level (<33% praobability of (34-66% probability of (>67% probability of

75% + removal) 75%+ removal) 75%+ removal)
Atrazine, Ciprofloxacin, Bezafibrate, DEHP, DEET, DEHA
Low Gemfibrozil, Ranitidine, Indomethacin, Norfloxacin

(Cl width>25%) Pyrene, Roxythromycin,
Sulfamerazine
Erythromycin, PFOS, Benzophenone, Clofibric Acetaminophen, Estriol,

Medium Trimethroprim, acid, Galaxolide, Musk ketone,
(15%=ClI Diclofenac Ketoprofen,  Octylphenol, Testosterone
width<25%) Tetracycline, Tonalide,
Triclosan
Carbamazepine, EE2 ,Bisphenol A, Estrone, EZ2,Caffeine, Ibuprofen
High PFOA Naproxen, Nonylphenol,
(Cl width<159%) NP1EO, NP2EO,

Sulfamethoxazole
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*CHAPTER 3

MODELING OF ADVANCED OXIDATION OF TRACE ORGANIC
CONTAMINANTS BY HYDROGEN PEROXIDE PHOTOLYSIS AND HETON’S

REACTION

3.1. Abstract

The kinetics of nonylphenol and p-cresol destructtta hydrogen peroxide photolysis
and Fenton’s reaction was investigated under aetyarof operating conditions in
homogeneous, laboratory-scale batch reactor expatsn Models with no adjustable
parameters successfully accounted for radicabtnitn via photolysis of kD, or radical
initiation via Fenton’s mechanism, reaction of angatargets with hydroxyl radical, and
radical scavenging and recombination mechanismsglisas changes in solution pH due
to evolution of carbon dioxide because of targeheralization. Simulations of the
UV/H,0, and Fenton-based models can be used to antidipatkinetics of advanced
oxidation involving any target compound for whidrete is a known apparent second-
order rate constant for reaction with hydroxyl cadli The presence of radical scavengers
was successfully treated by the model, suggeshagthe model can be generalized to

the treatment of complex matrices.

*A modified version of this chapter was publishedGritical Industrial Engineering Chemistry
Research 2010, 49, 11331-11343.
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3.2.Introduction

Common to advanced oxidation processes (AOP) ipliysical-chemical enhancement
of hydroxyl radical production in water (1). Advatt oxidation processes include
Fenton’s reaction, irradiation of photo-catalysists as titanium dioxide with ultraviolet
(UV) light, ozonation, sonolysis, and UV photolysishydrogen peroxide, among others.
Each process has certain limitations. Fenton'sti@acfor example, performs well at pH
< 3.0, where Fe(lll) solubility is assured (2,3) igdhase TiQ must be immobilized or
recovered from treated water to increase proceastipality. Photolysis of hydrogen
peroxide consumes aqueous-phag®:Hor radical production and can be readily applied
for the destruction of micro-pollutants in water wastewater in a variety of sanitary

engineering applications (4).

There have been noteworthy explorations of AOPgHerdestruction of low molecular
weight aromatics, including nonylphenol (NP) gndresol (PC). Nonylphenol is present
in municipal wastewater as a consequence of thetsenylphenol polyethoxylates, a
group of nonionic surfactants, in detergents, eifieils, and wetting/de-foaming agents
(5). Nonylphenol is a weak estrogenic contaminantany surface waters that receive
treated municipal wastewater. Although NP ié D10 times less estrogenic thanft7
estradiol (6) its concentrations in surface watens be orders of magnitude higher than
those of natural and synthetic hormones. Furthegmia many surface waters NP is
present in combination with other endocrine disngptcompounds, so that overall

biological effects are difficult to anticipate (P}Cresol is prevalent in wastewaters
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originating from refineries, petrochemicals, polymeresins, pharmaceuticals, coal
conversion plants and various chemical industr@gs $imilarities in chemical structure
and reactivity with hydroxyl radical suggest thegps governing AOP-driven destruction

of NP, PC, and similar aromatic targets are theesam

Neamtu and Frimm€b) explored the decomposition of NP by UV lighttive presence
and absence of hydrogen peroxide, qualitativelalisihing the effects of pH, bulk
organic matter, presence of Fe(lll) andQd concentration on reaction rate. Under
specific conditions, phenol and 1,4-dihydroxybereeowere recognizable reaction
intermediates. The pseudo-first-order rate condtanNP disappearance increased with
increasing pH, perhaps as a consequence of greaetivity between hydroxyl radical

and NP in its basic form. A rigorous kinetic modeis not developed.

Chenet al (7) applied UV/HO, treatment to destroy a variety of phenolic andosteal
estrogens in water. Again, degradation was pseusioeirder in the concentration of the
target. The presence of bulk organics decreaseddies of oxidation of the target
contaminants, suggesting that these compounds astestlical scavengers. Other studies
focused on UV/TiIQ(9) and a magnetic photo-catalyst (to assist ialgst recovery) for
alkylphenol destruction (10). Ningt al. (11,12) studied the oxidation of NP and
octylphenol via ozonation. The second-order ratestamt for direct reaction ofsand
nonylphenol was (3.9+0.1)xi®'s®. Based on an assumed quasi-steady concentration

for hydroxyl radical, they estimated the secondeométe constant for the NP/OH radical



92

reaction at (1.1+0.2)x¥BM™s™. The value is similar to those reported for thection of

OH radicals with other phenolic compounds, inclgdircresol (1.2x18 M™st) (13)

As a class, phenolic compounds tend to be solublevater, weakly adsorbed on
inorganic solids and persistent in the environm®névious studies have illustrated the
utility of ozonation, photocatalytic oxidation, atite Fenton process to degraseresol.
Zheng et al. (14) described the comparative kinetics of cresol isomedation via
ozone/HO- in the presence and absence of iron. Others igatstl the mechanisms of
heterogeneous photocatalytic, e.g. UV/TiQ5), and Fenton-motivated oxidations of
cresol isomers (16) Fenton-based oxidation prodwaebton dioxide and several low-
molecular-weight organic acids, including acetid axalic acids. Floxt al. (8) explored
an AOP variant, photoelectro-Fenton oxidation aieaus-phase cresol in a continuous-
flow reactor. Cresol transformation was well ddsed by pseudo-first-order kinetics.

Process intermediates included carboxylic acidsnaetthylhydroquinone.

In this work, we extend previous efforts to chagaize the mechanism and kinetics of
UV/H,0, oxidation and Fenton’s reaction to decompose agspbase nonylphenol and
p-cresol. Using monochromatic light, we examined tlependence of transformation
kinetics on wavelength in the range 230<hin<270 nm and the concentrations of well
known hydroxyl radical scavengers (isopropanol traeol). The second-order rate
constant for reaction of NP with hydroxyl radicahsvestimated from a kinetic model.
Agreement between experimental results and AOP latiraos accounting for light

intensity/attenuation, pH, hydrogen peroxide leesisl concentrations of other radical
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scavengers was excellent using models with fornauatsimilar to previous efforts (17-

21)

3.3. Experimental

3.3.1. Materials

All chemicals were from commercial sources and usathout further purification,
including nonylphenol (Aldrich, technical gradengiand chain isomer mixture), extra-
pure p-cresol (Acros, 99%+), isopropanol (OmniSolv, GClidPgrade), and hydrogen
peroxide (Acros, 50 wt%n-Heptane served as a solvent for the GC/MS analpdis
solutions were prepared using a (Millipore Q) watarification system (resistivity > 18
MQ cm?). Hydrogen peroxiddoses ranged from 25 to 250 mM. Acetone (Fishet,GHP
grade) and carbon tetrachloride (Acros, 99.8%) wesed for actinometry. In Fenton-
based experiments, ferric sulfate {fS0,)36H,0) (Sigma-Aldrich), was the source of
Fe(lll), and sulfuric acid (EM Science) was addedacessary to establish the initial pH.
Glassware was routinely washed with water and as@&k solution, rinsed several times

with deionized water and baked overnight at®Dprior to use.

3.3.2. UV/H,0; Experiments
The experimental setup consisted of a 20-mL cyloadliglass reactor (length: 4 cm) that
was covered with a quartz window and stirred cardusly using a 1-cm glass-coated stir
bar. Light was provided from a 1000 W xenon-arc gawith f/4 ellipsoidal reflector

(Photon Technology International, A-6000). A wdliter removed infrared light ahead
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of the reactor. A grating blaze/manual monochromaims used to select the wavelength
of influent light (varied between 230 and 270 nmmdabandwidth (10 nm) for
experiments. A mirror reflected the beam verticalbywnward through a collimating lens
before entering the reactor from the top surfacatéNtemperature was maintained at

25°C using a cooling bath (Nestlab low T bath, U0}

Stock solutions of PC, NP and:®h were prepared on day of use. To overcome low NP
solubility in water, 25uM at 25°C (5), a concentrated stock solution (50 )miés
prepared in ethanol. AqQueous-phase solutions ofIQRo 25 uM, were then obtained by
adding measured volumes from the ethanol stocktisaluSolutions ofp-cresol were
prepared in water due to its relatively high ageephiase solubility, 23 g/L at 25722).
Hydrogen peroxide was added to produce initial eatrations from 25 to 250 mM. The
resulting solution was then stirred for 15 minubefore experiments were initiated by
irradiation of the reactor with UV light. Liquid s®les (50 pL) were withdrawn from the
reactor at 2-3 hour intervals and added to 1 mh-béptane to quench radical reactions
and extract organic targets. Independent expersnshowed that NP extraction was
essentially complete (results not shown). For PEgrastant partition coefficient of 0.55
between water/heptane was measured over the rdrgmeentrations studied and used
to calculate pre-extraction aqueous-phase PC ctatiems. The duration of each

experiment was around 24 hours.
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3.3.3. Fenton’s Reaction Experiments
Reactors consisted of 200-mL amber glass vialsnidads in the reaction mixtures were
added in the following order: pre-prepared PC orddRitions as described aboveSa;
to control the solution pH, H50y)s, then HO; to initiate the reaction. Reactors were
filled to near capacity and placed in an Orbit SraRath with temperature control at

25°C.

3.3.4. Analytical Methods
Both PC and NP were analyzed by GC/MS (Agilent 888&ries with 5963 MS) with a
guadrupole mass analyzer and auto-injector. Eledimgpact ionization was at 70 eV.
The carrier gas was helium at 22 cm/s. Sourceirgtedace temperatures were 200 °C
and 250 °C. The HP-5 MS column (30 m x 0.25 mm dbijitained a 0.25-um fused

silica film.

For PC measurements, the initial oven temperatl®8 (C) was maintained for 1 min,
after which the temperature was ramped to 150 *@W&C/min. The injector had a split

ratio of 1:50, and the injection volume was 2 pL.

The NP samples provided a series of isomer peakteiGC/MS chromatograms. Single
ion mode (SIM) (m/z 135) was used for quantificaturposes, following the protocol
of Azevedoet al.(23). The oven temperature was held at 60 °C fonid, and then

ramped to 170 °C at 10 °C/min and from 170 to 2@0at 5 °C/min. The injector
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temperature was 100 °C, splittess mode, and thection volume was 5 pL. The

detection limit using this method was ~1 puM.

In a subset of experiments,,®Bb concentration was measured using a modified
peroxytitanic (colorimetric) method (24). One-huedirulL samples and 50 pL of a
titanium sulfate solution were added to 5 mL ofodiezed water to quench the AOP
reaction. Color (Ay7) was measured by a spectrophotometer (Hitachi Q@326iitachi
Corp). Samples were diluted as necessary to maiatsorbance values within the range

of the standards.

3.3.5. Actinometry

A chemical actinometer based on that oétal. (25) was used to measure light intensity
from the UV source. The actinometer is based on dbbalogenation of carbon
tetrachloride to chloroform by a light-activatediss of reactions involving acetone and
isopropanol. A 5.7 M isopropanol solution was puargeith argon for > 30 min to
eliminate dissolved oxygen, after which the reastas amended with acetone and £CI
The resultant solution (200 mL) was stirred forBhutes and then exposed to the UV
source. Samples were withdrawn and analyzed foy, @ CHC4 at 20-min intervals

for 5 hr. Conversion to light intensity was as ddxe by Liet al. (25).

3.3.6. Iron
The total soluble iron concentration was measunrethb o-phenanthroline metho@6)

in which Fe(lll) is reduced to the Fe(ll) via reiact with excess hydroxylamine, then
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reacted with 1,10-phenanthroline at pH 3.2 to 38 ironb-phenoanthroline complex
produces an orange-red color that was measuredrgplectometrically L = 510 nm
(extinction coefficient: 11,000 Nem™) using a Hitachi U-2000 double beamed

spectrophotometer.

3.4.Models

3.4.1. UV/H,0, Model

The generalized mechanism of UV® photolysis includes an initiation step that

produces hydroxyl radicals QH), which react with the target compound. Propagat

steps scaveng®H, producing other active radicals{CGand CQ ", Table 3-1).

Glazeet al. (33) proposed a kinetic model containing the mogiortant elements of
UV/H,0, photolysis to predict the time-dependent concéintraof a halogenated target.
They used a quasi-steady-state assumption (QSSAdaltulate the time-dependent
concentrations of free radicals. Their model ditlaacount for C@evolution/pH change
and neglected the role of all radical scavengingcis except yD,. Stefanet al(17)
took a similar approach, but assumed that the taaggapound (in their case acetone) was

transformed to oxalic and formic acids and the@@.



98

Table 3-1. Elementary reactions in aqueous UWM photolysis in the presence of €®&inetic
and equilibrium constants are at 25 °C. Reactidn®H=4 are considered to equilibrate
instantaneously.

Rate constant, k (M™'s") or Reference
equilibrium constant, K

No. Reaction

R1 H,0, + v — 2HO" ¢=0.5 (primary quantum yield) 27
RZ .OH+H0, >0, +HO +H' ko= 2.7 10 13
R3  .OH+HO — 0,  +H,0 k= 7.5% 10° 13
R4 .OH+HCO  — COs~ +H,0 k= 8.5x 10° 13
R5 .OH+COZ7 —COs +OH ks= 3.9x 10° 13
R6  .OH+HO» — 0, + H,0 ke= 6.6% 10° 13
R7  .OH+0  —0,+O0H k;=8.0x 10° 13
R8  .OH +-OH— H,0, kg=5.5x 10° 13
R9 " .OH+cCQ~ — Products ko= 3.0 10° 28
R10 o,-” + H,0, — ‘OH + O, + OH_ kio=1.3x 10" 29
R1l o,” +CcOy~ — 0, +COZ ki = 6.5% 10° 30
R12 0,.” + HO, + HO — H,0,+ O, + OH kip=9.7x 10’ 13
R13 HOo, + HOy» — H,0,+ O, kiz= 8.6x 10° 31
R14 HO,  + H,0, — *OH + O, + H,0 kia= 3.7 29
R15 ¢O, " +H,0, — HCO, + 0y +H' kis= 8.0x 10° 32
R16 CO,” +HO, — HCO, + Oy~ kie= 3.0x 10’ 32
R17 co,~ +COv~ — 2C07 kiz= 2.0x 10’ 32
R18 pc +-0OH — Products kpc= 1.2x 10 13
R19 NP +-OH — Products knp= 1.33x 10 This work
R20 ¢ H40 +-OH — Products ko= 1.9% 10° 13
R21 C,H40 +-OH — Products keon= 1.9% 10° 13
El H,0,o HO, +H' Kar = 10" 19
E2  HOy « Oy +H Kaz= 10%% 19
E3  H,CO; » HCOs +H' Kaz= 10%% 19
E4 HCO, - COZF+H' Kaa= 101 19
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Subsequently, Crittendest al. (18) modeled UV/KHO, AOP without reliance on a quasi-

steady-state assumption for radical concentrat{@dbl, O,-~ and CQ-"). Their work

showed that the QSSA tends to under-predict hydroagical concentrations in some
cases and therefore the rates of target compoundngmsition. Furthermore, their
model included radical scavenging reactions. Expents were done in a phosphate
buffer. It was assumed that the halogenated takgets oxidized to carbon dioxide and

mineral acids and pH changes were predicted ascidm of reaction progress.

The model of Songet al. (19) accounted for time-dependent radiceDKl, O, and

CQOs+7) concentrations, pH changes due to product foonaglCQ and other acids), and

radical scavenging by J@, and natural organic matter. Its application tochlar
oxidation accounted well for the disappearancénefitalogenated target and for the time

dependence of bulk solution pH.

Previous models assume that concentrations ofpaktiss in the reactor are uniform.
However, light enters the reactor through a surbawkis absorbed (mostly by®) as it

penetrates the reactive mixture. Since light intgndecays with distance from the
source, the rate of production of hydroxyl radig@4., Table 3-1) is not uniform in the
reactor even if the hydrogen peroxide concentrat®muniform. In the experiments
reported in this work, most of the incident light &bsorbed. Hence, uniform
concentrations would require a mixing regime that overcome the non-uniformity of

the light intensity and local radical generatiomwéver, the fast kinetics of some of the
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reactions (Table 3-1) suggests that mixing might he fast enough to make all
concentrations uniform. To explore this point, adas the laminar-flow convective-

diffusion equation applied to a dilute chemical@psi in the reaction mixture,

ac (3-1)

—++vIg =D +R
ot
where ¢is species molar concentratianis the fluid velocity vector, Os the diffusivity

of species in the reactive mixture, and; & the net rate of generation of spedids/

chemical reaction.

Formally, ¢ is uniform whenever the convective and/or diffestvansport mechanisms
are fast enough with respect to the local reaat@e; that is, when the second and third
terms in equation (3-1) are much larger than thectren rate term. Here, we will
consider that the mixing regime in the reactor ushsthat convection prevails over
diffusion. The magnitude of the convective term barroughly estimated as

viIG =0(¢) &2

where ¢y and ¢ are representative fluid velocity and speciesconcentration,
respectively, and/ is a characteristic length over which the con@mn changes
appreciably. A constraint that will ensure rapickimg and uniform concentration can be

derived by comparing convection and reaction tamejuation (3-1); that is, if
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VoCio (3-3)
—»]1
(R,

speciesi can be considered well mixed in the reactor. luatign (3), B is a

representative reaction rate.

Our batch reactor is a 20-mL cylindrical glass wigth light entering the reactor through

the top. The reactor depth is 4 cm. To quantifydhmensionless parameter in equation
(3-3) for OH and HO,, we take/ =4 cm and a representative velocity v=1 cm/s. Wk wi

assume that reaction R2 (Table 3-1) is the mosbitapt contribution to the rate of
disappearance of the two species (this is consigt#h model calculations). Hence, we

can state
RiO = kZCPOCRO- i=P, R (3-4)

where the indice® andR denote hydrogen peroxide and hydroxyl radicalpeetvely.
In our experiments, the order of magnitude of thecentrations ispgg10% M, cz=10"°

M. The dimensionless parameter in equation (3-8alsulated for each species to be

(_QJ T .
ZRO p

(MJ =9x10” &9
ZRO R
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For the conditions considered, this calculatiorvghthat hydrogen peroxide will be well
mixed in the reactor, but the hydroxyl radical wibt be mixed at all, and a hydroxyl
radical concentration profile will exist at all taw. We expect that this will be the case in
most batch reactors; that is, radical concentratioii not be uniform but will vary along

the direction of light attenuation.

In principle, the spatial variability of radical moentrations needs to be considered in a
mathematical model of the advanced oxidation pcéserefore, an overall kinetic
equation can be obtained only by averaging equdB8eh) over the reactor volume, V.
Consider the volume average operator applied toispeoncentration,

1 (3-7)
== | cdV
<G > V\.[q

Now consider the volume average of equation (3J%g of the divergence theorem for a

batch reactor (no entrances and exits) leads to

1 1 1 _ (3-8)
VJVDDQdV_VJD Ulvq)dV—v.[n [VcdA=0

3-9
ijDDZc;dv:BjnDquA:o 39)
VV VA
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where A is the surface area of the reactor and a unit vector normal to the reactor
surface. Note that both convective and diffusivexds are zero everywhere on A. The
volume average of equation (3-1) becomes

d<c > (3-10)

=< >
dt R

In principle, this equation must be applied tosgecies that participate in the reaction

system (Table 3-1).

In what follows, we will present the equations thahstitute our model for the specific
case in which the target compoundisresol (PC) and no radical scavengers other than
H,O, are present. The rate of reaction R1 (Table 34pressed as disappearance of

H,0,, is given by

Rt =~@i0, fr0,! (3-11)

where ¢, , is the primary quantum yield for photo-catalytecdmposition of hydrogen

peroxide, assumed to be 0.5 in the wavelength rafighe experiments, 230-270 nm
(19), 1 is the specific light intensity (moles diiggtons per unit time and reactor volume),
and f,, , is the fraction of total light attenuation thatalssorbed by hydrogen peroxide.
Here, we will assume that only,8, and the target (PC) absorb photons, so that
fii0, * foc =1. According to Lambert-Beer’s law, the specifitensity at a given point in

the reactor is given by
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| = 1,e7%%%% (3-12)

where } is the specific intensity at the top of the reacémd the total absorbance is given

by

A, = (&pc[PCl + €, 6,[H0,])Z (3-13)

whereg,cande, , are wavelength-dependent molar extinction coeffits forp-cresol

and hydrogen peroxide, respectively, and the distance measured downwards within
the reactive mixture from the top surface, whegatlienters the reactor. Molar extinction
coefficients were obtained from UV absorption spedt the wavelengths of interest

(Table 3-4). Note that

= &cdPO (3-14)
A,
_ gHzozz[Hzoz] (3-15)
HO, — 7 A
2¥2 A

The above equations are based on the assumptibcotiheentrations of PC and.®; are
uniform in the reactor, which is consistent witle thrder of magnitude analysis presented
above. Additionally, it is assumed that none of ithadent light is reflected from the

reactor base back into solution.
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The volume averaging of equation (3-11) involvetegnation with respect ta which

yields, after mathematical manipulation,

<R, >=-¢ 0 lofho -€ 23034y (3-16)

whereA=A/z=1).

Rate equations based on equation (3-10) were dkforeall relevant chemical species

listed in Table 3-1. For example, balances for RE &0, are

3-17
A2 PO <[ OHI> gl Tacll- %) o
O] - g 0T A=) =k [H,0] <[ OH] > -k[HO, ] <['OH] > (3-18)

- klO[H 202] < [Oz_] > _k14[H 202] < [Hoz.] > _k15[H 202] < [CO3_.] >
— ki <[CO,"]>[HO, ] +k; <[ OH]* > +k;, <[HO, ][O;"] > +k, <[HO, ]* >
where ¢ is the quantum vyield for the decomposition of BRCdirect photolysis. This

direct photolysis reaction is included here for pteteness, but our results showed that it
is negligible in our experiments. In these equajosquare brackets denote point

concentrations, which are also average concentiafiar non-radical species but not so
for the radicals (e.g<[ ‘OH]> denotes the average concentration of hydroxylceddn

the reactor.) Since 4@, and HQ™ are at equilibrium (R19, Table 3-1), equation 8-k

the sum of the balances for the two species, atohiders the HO concentration to be
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negligible with respect to [#D,], which is a good assumption in the pH range af ou

experiments. Similar equations were developed &trrates of reaction of free radicals
(OH, G- /HO,-~ andCOzs+"); radical scavengers isopropanol (R20) or ethdRa@ll),

when present, and carbonate species.

A total carbonate balance was based on the assanmpitia closed system (no exchange
with atmospheric C¢) and complete mineralization of the target (18,%8)ce no

intermediates were detected by GC/MS under alteéhetion conditions explored,

ATOACO - i, qOHI > [HCO; ] -k, TOHI>[COF T+, <0 e T> 7
ks <[COT> M.+, <[00 1> [HO7 )+ N[ - 1B
where
[TotCQ] =[H,CO,]+[COZ | +[HCO;] (3-20)

(i.e. total carbonate species concentration exetudadicals, which is also uniform in the

reactor.)

In equation (3-19), N is the number of carbon at@nmesent in the molecular structure of
the target (7 for PC and 15 for NP). A charge badawas used to calculate the bulk

solution pH at each time step in the simulatiord #re concentrations of carbonate and
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bicarbonate ions were calculated based on carbewogiébria, the solution pH and total

carbonate, so that the hydrogen ion concentratesmtive only unknown.

A complete formulation of all the model equatiosprovided in Appendix B.

In the formulation presented, dependent varialielide the average concentration of all
radicals. The equations cannot be solved in theeptform, owing to existence of terms

involving radical/radical reactions. For examplee term that represents reaction R12 in

equation (3-16) contains the factefHO,-][O,-]>. Closure could be obtained if

approximations of the typg[HO - ][O 2 ]> =<[HO,]><[O ,-]> were valid. In this

case, our formulation would be very similar to thaprevious models (18,19) However,
these approximations are not valid in the rangecariditions explored in this and
previous works whenever there is significant ligktenuation, since this leads to steep
concentration profiles of radical species. On thieeohand, detailed calculations using
our model with the approximation stated above (tesoot shown) indicate that the
contributions of all radical/radical reactions ke tkinetic expressions are negligible over
the range of experimental conditions employed is #Work. Hence, our model neglects

these reactions, which provides closure to the @daition.

The overall approach produced a stiff system oinany differential equations governing

the rates of formation or disappearance of P€),H-OH, O, HO,- ", CGs- 7, TotCG;

and scavengers, when present, plus algebraic egaaffHCQ ] as a function of
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[TotCOs] and pH; and the charge balance). Details areigeovin Appendix B. A
numerical solution was found at each time step gusire stiff differential equations
solver ODE15s MATLAB subroutine (Gear's method) eTitelative tolerance was F0
while the absolute tolerances for concentrationslbfpecies were set four orders of

magnitude below their respective values.

Figure 3-1 shows calculated radical concentrationsa sample simulation, illustrating
the unsteady nature of radical concentrations dutite 24-hour course of individual
experiments. Comparison is made with the radicalkentrations calculated under the
QSSA. Note that the concentrations of primary raldidiffer significantly from those

calculated under the QSSA for the case therein.

9'5x10_16 -l L) L) L) L) "’,* l-l 9)(10_9 L) L) L) L) L) L)
-16 < 1
9.0x10 T . 8x10°
= 85x10™° ]
= ] 9
S s.ox10%f ] x10
& 7.5x10™F % OH, * OH QSSA] 6x10°
% 7.0x10"% o CO,, e CO, QSsAl 5x10°
(&) -19 -9
g 8.0x10™} 4x10
o 6.0x10™° 3x10°
4.0x10™° 2x10°
2.0x10™° 1x10°
0 5 10 15 20 25 0 5 10 15 20 25
time (hr) time (hr)

Figure 3-1. Model prediction of average radical concentratisntime for a nonylphenol
degradation experiment (UV{B,). Comparison between quasi-steady state approximat
calculations (QSSA) and full model simulationstifdiconditions: [HO,]o=50 mM, [NP}=15
puM, [EtOH]o=3.4 mM,A=250 nm. The scavenging effect of ethanol was deaned in the
calculations.
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Even though superoxide and carbonate radicals eagriored as a potential source of
reactions with the target, given their low readyivitheir presence and effect on the
process is nevertheless relevant, since they patecin important scavenging reactions
(Table 3-1) that affect the hydroxyl radical conication. Moreover, special attention

should be paid to the scavenging effects of carteomad bicarbonate ions when they are
present at significant concentrations or, as heten they are produced in significant

guantities by the continuous evolution of carborxdie.

3.4.2.Fenton’s Reaction Model
The Fenton’s reaction kinetic model is based onR&g@ll)/H,O, system model of De
Laat et al. (20,21) (Table 3-2). The model describes the deomition of hydrogen
peroxide by iron in a homogeneous aqueous solut@king into account the rapid
formation and rate limiting reduction of Fe(lll)tippperoxo complexes (FB(HO,)?*

and F&" (OH)(HO,)"). Successive reactions with hydrogen peroxideeciron between
Fe(ll) and Fe(lll), generating two radical spedie®H, and HQ- /O, ) per cycle. The

objective here was to show the effect of operatigamameters such as pH and initial
concentrations of $D, and iron on the degradation of trace organic coimants, and to
investigate if target degradation by reaction whtydroxyl radicals, using the same
reaction rate constants as in thgdslphotolysis process, can be used to predict Femton’

reaction target degradation profiles.
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Table 3-2. Elementary reactions in the Fe(lll)-catalyzed degosition of HO, (25°C; ionic
strength: 0.1 M). Values are taken from De Laat laexdFe(lll) represents the sum of’Fe
Fe(OH)" and Fe(OH),", while Fe(ll) represents the sum ofFand FeOH.

No.  Reaction Rate constant, k (s, M7s%) or
equilibrium constant, K

FE1 Fe*+H,0 o FeOH +H' K,= 2.34x 10°

FE2 F&®* + 2H,0 o Fe(OH)' + 2H" K,= 4.68x 107

FE3  2F&™ + 2H,0  Fe(OH), " + 2H" Ks=1.12x 10°

FE4 F&" 4+ H,0. FeOH +H' ks=1.9% 10, k-, = 1. 0x 10"

FES oy o 0y +H' ks = 1.58x 10°, ks = 1.0x 10

FE6 F&’* + H,0, - Fe(HQ)* +H" Ka= 3.1x 10°

FE7 FeOH" + H,0;, ~ Fe(OH)(HQ)" + H K, =2.0x 10"

P8 F"+H,0, - FE +OH + OH ke = 55

FO  FeOH + H,0; » F&* +-0H +20H  Ke=5.9¢10°

F10 FoHOy?" - Fé" + HO," ko = 2.3x 10°

FIL  Fo(OH)HQ)® - FE +HO, +OH  ku=2:3x10°

F12 FE 4 OH » FS + OH ki=2.7x 10°

F13 FeoH +OH - Fé* +20H kig= 2.7 10°

F14 Feql) + HO - FE + HO, kis=1.2x 10P

FIS Feqy+ 0 — FET+ 0,7 kis = 1.0x 10’

F16 Fe(iy + HO, ~ F€*+ 0, + H' kis = 2.0% 10°

Fi7 Fe(lll) + O~ - FET + 0, ki = 5.0% 10°

F18  .OM+H0, -0y +HO +H' kig=3.3x 10/

F19  .OH+HO» — 0, + H,0 kig=7.1x 10°

F20 .OH+0,” — O,+ OH kao= 1.0x 10'

F21  .OH ++OH— H,0, kpy=5.2x 10°

F22 Ho,  + H,0, — *OH + O, + H,0 kz2= 0.5

F23  HO, + HOy» — H,0, + O, kp3= 8.6% 10°

F24 0,7 + HO, + H0 — H,0,+ 0, + OH  k2a= 9.7 10
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Table 3-3. Additional reactions for the Fe(ll)4D, system in the presence of sulfate (25°C;
ionic strength: 0.1 M). Values form De Laat and Le.
No. Reaction Rate constant, k (s, M7's?) or
equilibrium constant, K

FE25 5042' +H o HSO, K= 34.7
FE26 Fe&®*+s0° o FesqQ' K,e= 389
FE27 E&* 42507 . Fe(SQ), Koy = 4.47% 10°
F28 F&'+50° - FesSQ Kog = 2.29% 10", k=g = 1.0% 10'°
F29 HSO, +'OH - SO;* +H,0 koo= 3.5% 10°
F30 FesQ+H0, - FE* +SQ% +-0H + OH  Ko=78

P31 resq+-OH - Fé* + 507 + OH k= 2.7 10°
P32 Fesq+HO, - FE + 507+ HO, ksz= 1.2 1C°
F33  resq+0s" = FE +507 + 02 ksa = 5.0% 10°
F34 Ft 4 S0 - FS* 4 qu- kss = 3.0x 1C°
F35 FeOH + sa - St 4 SQZ- kss= 3.0x 1¢F
F36 FeSQ+ SO~ - F&' +2 0% kse= 3.0x 16
P37 FesQ+HOy - FET+50%+0,+ H' ks7 = 1.0x 10°
F38  resq'+0s” - F€ +507+0, ks = 1.0x 10°
F39  Fe(sQ), + HOy = Fé' +2SQ% + 0, + HY  Kao= 1.0%10°
F40  Fe(sq), + 0 = FE +507+ 0, kao = 1.0% 10°

Kinetic expressions were obtained for all specikables 3-2 and 3-3), and a kinetic
model was set up in MATLAB (per above), to calcelame-dependent concentrations of
iron species, scavengers, radicals, hydrogen poxind organic targets. Special
attention was paid to reactions involving sulfafalfle 3-3) because of its addition with

iron and for pH control. Concentrations of all Spsavere uniform in the reactor.
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The use of low pHs had several important effectshenFenton-based simulation. First,
the buffering effect of low pH made it unnecessawyconsider time-dependent pH
changes and consequent changes in Fe speciatioondGddecause pH « pK(Table 3-
1), CQ production does not need to be considered sircedivenging species carbonate

and bicarbonate ions can be neglected.

Rate expressions for concentrations of organicetargethanol (if present),.8,, -OH,

HO,:", O+, F&*, FeOH, Fe(lll), FeSQ and SQ-~ were obtained. Here, Fe(lll) denotes

the sum of all species in which iron has an oxafastate of +3. Algebraic expressions
were available for total Fe(lll) and total sulfdiased on known chemical additions, so

that

[Fe(lll )] = [Fe* ] +[FeOH?*] +[Fe(OH) ;] +2[Fe,(OH)#'] (3-21)
+[Fe(HO,)*"] +[Fe(OH)(HO,)"]

[TotSQ] = [HSO, ] +[SOF ] +[FeSQ] + 2[Fe(SQ):] (3-22)
+[FeSQ] +[Sq, ]

in which all species can be expressed as functériz®” and SG* using appropriate
equilibrium relations from Tables 3-2 and 3-3. Thields a system of ordinary
differential equations and algebraic equations.alletare provided in the Appendix B.

lonic strength corrections were made using the &agguation (34).
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The QSSA was again avoided, and the stiff systemouoiflinear differential-algebraic
equations was solved numerically using the Geahate{ODE15S in MATLAB). The
program provided time-dependent chemical trajeesorifor comparison with

experimental results.

3.5.Results and Discussion

3.5.1.Hydrogen Peroxide Photolysis
Preliminary experiments established the waveledgipendent lamp intensity in 10-nm
bandwidth intervals from 230 to 270 nm (Table 3uding CC} actinometry. The
reported zeroth-order rate constant of carbon dekoeide degradation (k and the
known quantum yield of the proce@b) supported calculation of the lamp intensity in
each 10-nm bandwidth tested. Lamp irradiances ata&2l 250 nm were significantly
lower than at 270 nm. Wavelength-dependent diffegenin irradiance were used to
rationalize differences in observed reaction ratesubsequent monochromatic light

experiments (below).

3.5.2.P-Cresol Experiments and Scavenger Effects.
The kinetics of PC destruction at initial hydrogeeroxide concentrations of 25 and 150
mM indicated that a higher specific rate of PC ¢farmation was achieved at the lower
peroxide level (Figure 3-2a). Direct photolysis dhdt contribute materially to overall
reaction rate since no appreciable changes in PCeotrations were measured in the

absence of KD, (control curve in Figure 3-2a).
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Table 3-4. Carbon tetrachloride (CT) decomposition zeroth-ord&e constant in actinometry
experiments (B and resultant wavelength-dependent UV sourcasitie(l,). Intensity was
calculated based on a quantum yielgefl56 mol/ein. (25) In the actinometry experimettts,
wavelength range width was 10 nm, centered ondperted value. Molar extinction coefficients
were measured from UV absorption spectra at theifsge wavelength.

Wavelength Ka lo €4202 Enp €pc
(hm) (M/s) (enL*sh) M'em?)  (M'cm? (M*em™)
230 3.917x 10’ 2.636x% 10° 50.7 4333 -
250 9.033x 10"  5.790x 10° 17.1 1600 115.0
270 1.435x 10°  9.199x 10° 9.2 2533 -
10y g 1.000
0.8 @ ] .
o —a& 0.995
o | O,
g, 09 1 Z \,
SE| ~2 0.990} S
8 0.4 ]l O, .
— “-Eoz]o L T
[ O 25mM B — [Hzoz]o
0.2} = 150mMm : 0.985L O 25mM J
Model with CQ W 150 mM
e Model constant pH -~ Model (25 mM) |
0.0F ¥¢ Control: UV/No HO, b Model (150 mM)
2 N 2 N 2 N 2 [ 0980 2 2 N 2 " [ 2 [

time (hr)

0 5 10 15

10 15 20 25

time (hr)

Figure 3-2. Decomposition of (a) p-cresol and (b) hydrogen piele@for two initial HO,
concentrations (UV/H202). [PC]0=240, A=250 nm.
Two modeling approaches were used to simulate pso&inetics. In the first, the
evolution of CQ from PC mineralization and the consequent chang®lution pH were
neglected (constant pH lines in Figure 2a). Ingbeond, the complete model was used.

When target mineralization/pH effects were consdermgreement between model and
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experiment improved. The solution pH decreased withe (see Figure 3-6 and
discussion below for similar results). It is emphed that model results were achieved
with no fitting parameters. All necessary rate ¢ants were obtained from preliminary

experiments or published data (Table 3-1).

The inverse relationship between hydrogen perogm®entration and specific rate of
reaction can be understood on the basis of regctbhetween hydroxyl radical and

hydrogen peroxide (R2, Table 3-1). Although theoseeorder rate constant for the

-OH/H,O, reaction is more than two orders of magnitude fotvan that of the OH/PC

(R18, Table 3-1), the initial concentration of hygen peroxide was at least two orders of
magnitude higher than that of PC. Furthermore, B&ahsed by 80-95% during the 24-
hour experiments, while the 8, varied only slightly (Figure 3-2b), increasing the
fraction of hydroxyl radicals consumed by reactwith hydrogen peroxide over the
course of each experiment. Increasingdfconcentration from 25 to 150 mM lowered
the near-steady concentration of hydroxyl radidedsn 2.30x10" M to 1.78x10™> M
(model prediction at 10 hours), due to the increase/drogen peroxide scavenging over
hydroxyl radicals, reducing the pseudo-first-ordate constant for PC disappearance

proportionately.
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Figure 3-3. Pseudo-first order rate constants for U\iOsloxidation ofp-cresol as a function of
initial H,O, concentrations. Solid line is the model predictioiotained from a fit of model results
to a first-order decay curve; [PER40-250uM, A=250 nm. Error bars represent standard
deviations from repeat experiments. The coeffica@ntariation among rate constant estimates
was 9-12% across the entire range of hydrogen gEr@oncentrations examined.
Experimental and modeling results for PC degradatiball HO, concentrations tested
(Figure 3-3) reflect the fact that hydrogen perexabmpetes with the target compound
for hydroxyl radicals. Pseudo-first order rate d¢anss for PC degradation were estimated
from fits of log-concentration vs. time curves (ekment and model results), resulting in
the points and continuous curve shown. Use of aiqusérst order rate constant to
represent the overall rate of reaction is not cetgy adequate mainly due to the
dependence of hydroxyl radical concentration oretifurthermore, the overall process

involves changes in pH and other species concenigafe.g., carbonate ion) that affect

the rate of consumption of radicals and the taoget time. Therefore, it is expected that
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there will be deviations from first order kinetiSigure 3-2, for example). Nevertheless,
pseudo-first-order rate constants provide a meansompare the effects of peroxide
dosages in the system and offer a convenient wagotopare model predictions to
experimental observations. Over the entire rangd,0k concentration studied (5 to 250
mM), model predictions are in good agreement wxpeeimental observations. The rate
increased up to a J@, concentration of about 25 mM, after which addiabii,O-
slowed the disappearance of PC due to the acfityydrogen peroxide as a hydroxyl
radical scavenger. The results support model vglidind suggest that no major
contributor to the overall reaction mechanism hesnbomitted. The validated model can
be used to anticipate the effects of scavengingtiees on contaminant transformation
and to calculate intrinsic rate constants for rieast of hydroxyl radicals with other

targets from experimental data.

Addition of 10 mM isopropanol, a hydroxyl radicatavenger (R20, Table 3-1),
significantly reduced the PC oxidation rate (Fig®€). The pseudo-first-order rate
constant for PC disappearance dropped from 1.283>s1to 3.96 x 16 s?, reflecting a
lower concentration of hydroxyl radicals. The psbkd second-order rate constant for
the reaction of isopropanol with hydroxyl radicdlable 3-1) was used to model PC
disappearance. Results suggest that the effectyofaalical scavenger for which there is
a known reaction rate constant can be rationadigtéd in the overall UV/peroxide AOP

model.
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Figure 3-4. Decomposition of PC with and without an organicvecaer (isopropanol).
[PC]=289uM, A=250 nm (UV/HO,).
3.5.3.Nonylphenol Experiments.
Batch experiments and the validated kinetic modetewused to estimate the second-
order rate constant for reaction of hydroxyl ratlieath NP. Incorporation of a
scavenging reaction between hydroxyl radical artthresl was necessary due to the
limited aqueous-phase solubility of NP and the equagnt introduction of ethanol with

NP. Experimental data on NP degradation was fitbeithe model, using the intrinsic rate
constant for the second-ord€@H/NP reaction as the only adjustable parametesulRe

yielded a rate constant of (1.33+0.14) ¥°*s® at 25C. Model and experiment were
in agreement at hydrogen peroxide concentratiorZbahM and 100 mM (Figure 3-5).

The fitted second-order rate constant is slighiiynaér than that of Ningt al. (12) (1.1 x

10'° M™s™), derived from ozonation experiments.
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Figure 3-5. Decomposition of NP for two initial concentrationishydrogen peroxide;

[NP]0=14.0uM, A=250 nm (UV/H202). Ethanol is added to facilitate Nissolution and its role

as a scavenger of hydroxyl radicals is modeledy@rerate model results, the rate constant for

.OH/NP reaction was used as an adjustable parameter

Previous works have noted the importance of pH gearwhen AOPs result in carbon
dioxide evolution (18,19). In our experiments, gndicant drop in pH was observed over
the 24-hour period of reaction. To model pH charigeias assumed that the target (PC
or NP) and scavenger (when present) were completéheralized. The model was
capable of predicting the pH drop adequately (Fg@-6), although it slightly
overpredicts reaction-dependent pH variation dutireginitial stages of the experiments
with NP and underpredicts pH variation in the latiages. This would occur if NP were
mineralized via sequential steps in which metastabiganic intermediates were

produced and later oxidized to €Orhe formation/oxidation of intermediates would

affect NP oxidation kinetics if hydroxyl radicalgeaconsumed via reaction with
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intermediates. Because,®L provides a relatively large sink for hydroxyl reals,

however, intermediates must accumulate to fairgdaconcentrations before their effects
are likely to be appreciable. The procedures usezktract and measure NP and PC did
not reveal the presence of known intermediatesred fadical attack, such as alkyl-
benzoquinones, alkyl-hydroquinones, or carboxytims such as acetic, oxalic, formic

and maleic acids.

70 T - T v T v L) v )
. [HO)]
6.5 R @] 25 mM -
. Model 25 mM |
e 50mM
6.0} S— Model 50 mM]
I t Yo 1
o
5.5k 7
@
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a5l [NP] 0:14,l1'\/I
. [EtOH] 0:3.4 mM
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Figure 3-6. Evolution of pH during NP degradation experimertsia initial H,O,
concentrations (UV/ED.); [NP];=14.0uM, A=250 nm.
The significance of C®evolution and pH variation to model outcome andusaacy is
evident (Figures 3-2 and 3-7). Values of the psdudborder rate constants for NP

oxidation increased up to 35% when L£6volution was included in the oxidation
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mechanism, and fits to kinetic observations weresatly improved at bD;

concentrations from 25-200 mM (Figure 3-7).

0.4t / Y% Experimental
0.2 _ [ Model constant pkNo CQ)_'
' L ) Model variablepH (CO)
0.0F d
0.00 0.05 0.10 0.15 0.20
[H,0,] (M)

Figure 3-7. Pseudo-first order rate constant for oxidation &f & a function of O,

concentration (UV/HD,). Lines represent model predictions. [MR]0-15uM, [EtOH];=3.4-4.2

mM. A=250 nm. The constant pH prediction neglects the @6duced by NP mineralization.
Hydrogen ions are produced by the reaction eOHwith hydroxyl and carbonate
radicals (R2 and R15, Table 3-1). In addition, saveeactions produce OH The
contribution of these reactions to pH change in eh@imulations was small. Instead,
differences in model predictions based on carboride evolution arise primarily from
the pH dependence of carbonate species distrib(ieaations E4 and E5, Table 3-1) and
increased total carbonate concentration in thegehbalance. Observed pH variation (in
the range 5<pH<6) should have lowered the condémtsa of free radical scavenger

bicarbonate and carbonate ions, allowing the raféRooxidation to increase. However,
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the increase in total carbonate decreased theysteatfoxyl radical concentration (R4

and R5, Table 3-1), offsetting the pH effect, alodved the decomposition of NP.

It is well known that commercial preparations of Wéhsist of as many as 10 isomers
with different patterns of alkyl chain branching5(36). Several isomers elute as
distinguishable, albeit overlapping, peaks using tbhromatographic procedures
employed here. Nevertheless, no effort was maddetotify specific isomers, and NP
concentration/removals are reported as the sunil detectable isomers. This approach
was justified by experimental observations in whHitWperoxide treatment extinguished
all NP peaks proportionately (Figure 3-8), suggesthat the NP phenolic ring is the site
for initial free radical attack. Such speculatiansupported by similarities in second-
order reaction rate constants for p-cresol, norgmoh and other simple aromatics
(1.2-1.3x 10" Ms?). Hence, kinetic results based on oxidation of ®@®ther simple
aromatics selected for analytical convenience neyepresentative of the entire class of

compounds.

Differences in the oxidation kinetics of NP at ohemt light wavelengths of 230, 250 and
270 nm and variable light intensities (Table 3-&regvwell accounted for in the model
(Figure 3-9), suggesting that there is no wavelengpendence of UV/peroxide quantum
yield (@, 0,) in the range 230-270 nm and perhaps beyond, ggested elsewhere (37)
In this case, there is a compromise between the ilosabsorption of light by the

hydrogen peroxide as the wavelength increases ladakct that the total irradiance

increased with wavelength (Table 3-4). Model catiohs reported in Figure 3-9 were
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obtained using the intrinsic rate constant fittedptevious data (Figure 3-5), without

adjustable parameters.
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Figure 3-8. Nonylphenol isomers decomposition in UV®3. [NP],=14uM, [ethanol}=3.4 mM.
[H20,],=100 mM,A=250nm.
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Figure 3-9. Wavelength/intensity effects in the UVABL, decompaosition of nonylphenol. The
light intensities for each wavelength are repoite@iable 3-4.

3.5.4.Implications for Reactor Design
The model used in this work to quantify U\WBL AOP is sufficiently robust to represent
the degradation kinetics of organic contaminantgroa wide range of conditions.
Because the model can handle accurately radicaesgar pathways, it is likely a good
predictive tool for the treatment of complex maga@ontaining multiple targets, as long
as the hydroxyl radical oxidation rates are knovam €ach target, and complete
mineralization is anticipated. Evidently, designafarge-scale reactor using practical
UV-light sources will necessitate an integratedlysis over the intensity spectrum. In
addition, mixing should be evaluated, keeping innanithe existence of radical
concentration gradients induced by light intengitgdients, which potentially can make

treatment of radical/radical reactions more rel¢véinder the conditions explored in this
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work, radical/radical reactions were negligible,tkat their inclusion in the model was

not necessary.

In practical design situations, the® dosage, the UV-light intensity spectrum and the
intrinsic rate constant for reaction of the targempound and hydroxyl radicals will be
the most important parameters in the determinatifotihe reactor’s residence time and,
eventually, process cost and feasibility. The madleloped in this work could be
adapted to the reactor type used, and model cétmsacould be used to predict the

target’s rate of decomposition for cost analysid eventual process optimization.

To illustrate aspects of design optimization, cdasithe behavior of a batch reactor
similar to that used in our experiments, which wi#at an organic target with initial
concentration &1 puM. Additional input parameters are: light intensity=1x10°
Ein/mol s (typical of pilot-scale UV disinfectionnits), light path length/=5 cm,
constant pH of 7. Figure 3-10a shows the expectpardence of the time required for
90% destruction of the targetod) as a function of initial hydrogen peroxide
concentration and the intrinsic second-order reaatate constant between the target and
hydroxyl radicals (k). As expected, there is a minimum in process tivita hydrogen
peroxide concentration, which reflects the behaleading to maxima in Figures 3-3 and
3-7. It is interesting to note that low valueslkgf(e.g. x10" M™s* in Figure 3-10a)
require such long process times that, at relatil@ly H,O, concentrations, the J; is
itself completely consumed, and 90% conversiorheftarget is never achieved. In this

case thegby, vs. [HO2]o curve exhibits a vertical asymptote.
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The minimum process timeoft, ) is plotted as a function &, along with the KO,
concentration at which the minimum occurs, in Fg@-10b. These would be the
optimum design parameters for the light intensititjal target concentration and reactor
configuration selected. Note that the relation e process time and Is practically a
straight line in the log-log representation. Theimpm H,O, concentration is between
0.5 and 2 mM for most of the practical rangekpialues, but it increases abruptly for
kr<2x10” M's? due to significant hydrogen peroxide consumptiorioager process
times. Trace contaminants of interest are locateBigure 3-10b based on reported k
values. It is clear that, fdg>3x10" M™'s?, application of this technology is feasible to
destroy these compounds, since the required optiprogess times do not exceed 2 min,
and hydrogen peroxide doses are between 0.5 and12 @m the other hand, more
recalcitrant compounds, such as perfluorooctane forsae (PFOS) and
perfluorooctanoate (PFOAK#&10® M™s?) (38) clearly fall outside the range in which
this process can be carried out with practicalatiffeness for the light intensity level

considered.
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Figure 3-10. Model calculations of design parameters for a begeletor with §=1x10° ein/mol
s, /=5 cm, pH 7; (a) time required to reach 90% desivnof target (1uM initial concentration)
as a function of initial hydrogen peroxide concetitin and intrinsic rate constant for the reaction
between the target and hydroxyl radicals; (b) optimprocess times from (a) and hydrogen
peroxide concentration at which they are achieed fanction of the intrinsic rate constant.
Parameters for several trace contaminants of sitare indicated: 1— phenolic compounds (e.g.
NP and PC, this work) and other endocrine disrgaisphenol A, 1d-ethinyl estradiol, 13-
estradiol) (39); 2 — trichloroethylene (40), 3 +adine (41), 4 — NDMA (42), 5 — trichloroacetic
acid (43), 6 — difluoroacetic acid (43).

3.5.5.Fenton’s Reaction
Fenton-based oxidations of PC and NP were carti¢thcaqueous solution at pk2.7 in
the presence of sulfate ion, a hydroxyl radicalyeoger. Process simulation followed the
same approach used for the Uy AOP, with kinetic rate and equilibrium constants
reported by De Laat and Le (21), taking into ac¢dba oxidation of trace organics and

the influence of ethanol addition (NP experimemts)AOP kinetics. Conditions for the

Fenton-based experiments were selected to illesthet importance of solution pH, total
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iron concentration, initial hydrogen peroxide camication, total sulfate and ethanol

concentrations and solution ionic strength to ieadtinetics.
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Figure 3-11. p-Cresol degradation in the Fenton system as aiumof (a) pH at fixed [Fe(llI)}
= 0.135 mM, and (b) iron concentration at fixed @5 [PC}=20 uM; [H20,]o =10 mM, 25°C.
Solid lines represent model predictions.

Oxidation kinetics of PC became faster with incheg®H in the range 1-2.7 due to (i)
the effect of pH on Fe(lll)/kD, complexation (Table 3-2), and (ii) decreased tsteilate
concentration at higher pH. The model and obseymatwere in reasonable agreement

for PC oxidation (Figure 3-11a) over the range ldfgnd total iron concentrations tested.
The intrinsic rate constant used for the BEf reaction was 1.8 10'° M™s™, following

the results obtained for the UV4B, process. Solution pH was essentially constant
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during the course of each experiment. The model atxurately predicts the effect of

changes in the total iron concentration (FigurelB)jl

The oxidation of nonylphenol was similarly affectied variation in pH (Figure 3-12a).

Experimental data were well represented by the iiodihe Fenton-based simulations.
The rate constant for the NBH reaction used in the simulations was 1x380'° M*s?,

as determined by the,B, photolysis experiments. The model responded weathianges
in the initial HO, concentration and presence/concentration of ettarbsulfate. In the
range of hydrogen peroxide concentrations providbdre was a direct relationship
between the initial concentration of,®h and NP removal kinetics (Figure 3-12b).
Relatively low concentrations of iron effectivelatalyze HO, decomposition, radical
generation and NP degradation, reactions that weskk described in the modeling
exercise. Model results (not shown) indicate thdtate effects were due to changes in
complexation of Fe(lll) species by sulfate, as gggabto radical scavenging by sulfate

ion, an observation offered previously by De Laat &e (21).
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Figure 3-12. Nonylphenol degradation in the Fenton system asmetibn of (a) pH at fixed
[H20,]0=120 mM, and (b) kD, concentration at fixed pH=2.7. In all cases [A{@§+0.25 mM,
[NP]o=13-20uM; 25 °C. Solid lines represent model predictions.

3.6.Concluding Remarks

A comprehensive kinetic model was successfully usesimulate the destruction of two
alkylphenol contaminantsp-cresol and nonylphenol. The rate constant for treac
between nonylphenol and hydroxyl radicals was esteah at (1.33+0.14) xi®pMm7s?
from UV/H,O, photolysis experiments, a value close to thosestanfcturally similar
alkylphenols, including-cresol (12). Excess hydrogen peroxide (>25 mMYyekesed the

rate of PC decomposition due to radical scavengiagredicted.

The effect of organic decomposition on solution pis successfully modeled by
assuming that organic targets were mineralized r@sdltant carbonate species were

distributed to satisfy equilibrium requirements. sRkéant pH changes proved to be
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important determinants of reaction kinetics. Thedelaeadily accounts for the effects of
radical scavengers, ethanol and isopropanol ors @teNP and PC oxidation both for

UV/H,0, photolysis and Fenton’s treatment.
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*CHAPTER 4

ADVANCED OXIDATION OF TRACE ORGANICS IN WATER BY HYDROGEN
PEROXIDE SOLAR PHOTOLYSIS

4.1. Abstract

The kinetics of solar-UV/bD, advanced oxidation for destruction of p-cresol and
fluorescein was investigated under a variety ofrajieg conditions in homogeneous,
laboratory-scale batch reactor experiments. A kinetodel, previously developed for
monochromatic light, was adapted for use with stlgrirradiance. Using (i) computed
ground-level solar spectral irradiance for the datd time of the experiments, and (i)
wavelength-dependent light attenuation in the reacmixture as model inputs, the
kinetic model represents experimental data wittamjtistable parameters. Model output
included the time-dependent pH arising from congpletineralization of p-cresol or
fluorescein. Observed radical scavenging effectseweerrectly predicted by the kinetic
model. Contaminant transformation was also measuneda municipal secondary
wastewater effluent matrix. Here, 2-D fluorescespectroscopy was used as a measure
of the time-dependent bulk organic characterisiicstreated wastewater. Results
indicated that solar-UV/pD, advanced oxidation is capable of eliminating astically
reducing the concentrations of organic constituéms remain in conventionally treated

municipal wastewater effluent, including both bakd trace organics.

*A modified version of this chapter has been subsditfor publication inIndustrial &
Engineering Chemistry Research.
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4.2. Introduction

Modern analytical procedures allow for measurem@ntrace organic compounds in
chemically complex media such as municipal wastewatfluent at parts-per-trillion
concentrations. The revelations provided by suchsmeements raise concern about the
potential health and ecosystem impact of treateérnwaand motivate efforts to further
purify waters that were previously considered clga). Many trace organics that reach
municipal wastewater through human use are onlfgtigrremoved during conventional
wastewater treatment processes, so that advaneatingnt processes are sometimes
called upon to polish wastewater effluent, paracyl when effluent is likely to be
reused. However, advanced treatment methods suakvasse osmosis or advanced
oxidation processes (AOP) are economically and gatigally intensive, requiring
investment of capital, engineering and operatioaaburces that are sometimes claimed
to be cost inefficient (4) As water stress increase high-growth, water short areas,
water managers are forced to include waters of imegaguality, including reclaimed
wastewater, in their respective water resourcesfghims. Relatively low cost, energy
efficient treatments to improve reclaimed water lfqyaare of great interest in areas

where the cost of water renovation is otherwisdiiitive.

Advanced oxidation processes are used for disiofecnd to polish waters containing
trace organic pollutants. Common to this class rotcesses is the formation of highly
reactive chemical radicals that react indiscrimehatvith residual organics in wastewater
effluent, including many compounds that resist ¢farmation during conventional

biochemical processes. Most AOPs are based on risdugtion of hydroxyl radicals
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(‘OH), which are among the strongest chemical oxgl&nbwn and react at relatively
high rates with many organic contaminants (4,5) Amthe methods used to generate

such radicals is the hydrolysis of hydrogen perexg ultraviolet light.

Ultraviolet irradiation may induce direct photolgsf certain organic compounds. Doll

and Frimmel (6) studied the kinetics of direct miu®gradation of pharmaceuticals such
as carbamazepine, clofibric acid and iomeprol inewawhen exposed to a solar UV
simulator equipped with atmospheric attenuatiaefd. The irradiation source, a 1000-W
medium pressure xenon lamp, and a set of optidatdimimicked solar irradiation in the

300-500-nm range. Their results showed that phagnotaal photodegradation follows

pseudo-first order kinetics, and that these chesiicauld be degraded in natural waters
using real sunlight. Successive studies of theesgraup have shown similar results for
other organic targets such as nonylphenol and mutylol, exploring also the degradation
by advanced oxidation in the presence of hydrogaoxide (UV/HO,) and by photo-

Fenton’s reactions (UV/¥D./Fe) (7,8).

Since the provision of ultraviolet light energyais important determinant of overall AOP
economics, solar irradiance in the ultraviolet msgould not be overlooked. The typical
solar UV-flux at ground-level is 20-30 W#mor 0.2-0.3 moles photons?hr in the 300-

400-nm range that is suitable for use in photogttateactors (9) Despite its obvious
potential, there has been little commercial devalept or industrial use of solar

photocatalysis for wastewater treatment. A briefew of related research follows.
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Solar photo-Fenton is among the AOPs that have bessidered for the destruction of
aqueous-phase pesticides (10), pharmaceuticalsafid)other emerging contaminants
(12). The technology uniformly suffers from the dee lower pH in order to maintain

adequate levels of soluble Fe(lll).

Irradiance of titanium dioxide leading to hydroxsddical generation has also been
explored. Solid-phase titanium dioxide must be obitized or recovered from treated
water in order to increase cost efficiency. Notablamples of solar photocatalyzed
applications at the engineering scale for wateatinent include a tubular fix-bed
photoreactor that was developed to treat grouneémaintaminated with fuels such as
benzene, toluene and xylene (13). The system wakegdawith titanium dioxide
supported on silica gel. Pretreatment was necgseaprevent fouling of the catalyst.
Even on cloudy days the unit destroyed >99% ofdbetaminants (>2 mg/L influent
concentration) in less than 7 minutes. Dillat al. (14) used a similar type of
photoreactor to polish biologically pretreated istlial wastewater from Volkswagen
factories in Wollfsburg, Germany and Taubaté, Brakhe pilot plant consistsed of
twelve double-skin sheet reactors (DSSR) made @fiflas. The reactor operated in a
recycled batch mode and was used to treat up t6 LB0. The TiQ photocatalyst was
suspended during the process and recovered byngediiring non-daylight hours. In
another application, the SOLARDETOX Project in Ahiage Spain, was based on a
commercial solar detoxification system using commbparabolic collector technology

(CPC) with either a titanium dioxide slurry or agpb-Fenton process (15).
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Solar-UV/H,0, advanced oxidation is not limited by either pH swlids recovery
requirements. Its primary disadvantages arise ftom light absorption by hydrogen
peroxide in the solar UV range. In this work, weplexe the use of solar-UVAD, to
oxidize organic contaminants in water. A kinetic dab previously developed for
monochromatic light, was adapted for use with treaigd-level solar spectral irradiance
calculated using a spectral atmospheric model (SM&R Organic targets includgs
cresol, a common phenolic contaminant present isteveater as a result of industrial
activities (16) and fluorescein, selected for atiedy convenience, reactivity with
hydroxyl radical and because the compound is dyrgttotolyzed in visible light. Solar-
UV/H,0, was then used to oxidize residual (bulk) organitscenventionally treated
wastewater, using fluorescence 2-D spectroscopyfotlow the transformation of

organics.

4.3. Experimental

4.3.1. Materials.
All chemicals were obtained from commercial souraesd used without further
purification, includingp-cresol (Acros, >99%), fluorescein (J.T. Baker)ppisopanol
(OmniSolv, GC/HPLC grade), and hydrogen peroxider@s, 50 wt%)n-Heptane was
the solvent for GC/MS analyses. All solutions wemepared using a Milli-Q water
(resistivity >18 M) cmi®). Glassware was routinely washed and baked ovetraig500

°C prior to use.
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4.3.2.Solar UV-H0, Experiments

Experiments were conducted in cylindrical (12-crandeter, 500-mL) glass reactors that
were open to the atmosphere and stirred continyausshg a 2-cm glass-coated stir bar.
Reactor sides and base were covered with alumimiimBxperiments were performed
between 10 am and 2 pm to take advantage of pdak is@adiation. Temperature was
controlled (21-25°C) by a water bath. Light-freeganic target with D, kept in the
dark), peroxide-free (direct solar photolysis) atight/peroxide-free experimental
controls were included in the experimental desiglh.experiments were performed on

cloudless days.

Stock solutions op-cresol or fluorescein and,B, were prepared on the day of use.
Hydrogen peroxide was added at initial concentratirom O to 150 mM. Resulting
solutions were stirred for 15 min before experirsemere initiated by exposing the

reactor to the sun.

For p-cresol experiments, liquid samples (@0 were withdrawn from the reactor at 30-
min intervals and added to 1 mL ofheptane to quench radical reactions prior to
measurement op-cresol by gas chromatography. Separate experinugteymined a
water/heptane partition coefficient WK=0.55, defined as the ratio of molar
concentrations op-cresol in both phases. For fluorescein experimewsiL aliquots
were periodically withdrawn to measure fluoresceamcentration via UV absorbance.

Solution pH was measured in liquid samples.
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4.3.3.Wastewater Experiments
Chlorinated/dechlorinated wastewater effluent whtined from the Ina Road Water
Pollution Control Facility in Tucson, AZ. The fatyl provides conventional secondary
treatment (pure oxygen activated sludge). Built977, Ina Road Plant is a 37.5 million
gallon per day (MGD) plant. After the treatmentogess, based on convectional
activated sludge, the wastewater is disinfecteth miost of it released to the Santa Cruz
River; a small amount of effluent is reused atAlndaur Pack golf course and for on-site
irrigation (17). In the experiments, effluent wased without filtration. Hydrogen
peroxide was added and experiments were initia@@xposure to sunlight. Solution pH
and UVss4 absorbance were monitored throughout each expetimeTime-dependent
bulk organic characteristics of the treated wastewavere determined by 2-D

fluorescence.

4.3.4. Analytical
p-Cresol was analyzed by GC/MS (Agilent 6890N Seri8963 MS) with a quadrupole
mass analyzer and auto-injector. Electron impautzation was at 70 eV. The carrier gas
was helium at 22 cm/s. Source and interface teatpexs were 200 °C and 250 °C. The
HP-5 MS column (30 m x 0.25 mm ID) contained a u25 fused silica film. The initial
oven temperature (100 °C) was maintained for 1 mafter which temperature was
ramped to 150 °C at 10 °C/min. The injector hagl# satio of 1:50, and the injection

volume was 2 pL.
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The fluorescein concentration was measured using $péctroscopy at 490 nm
wavelength. Since fluorescein absorbance is atifumof pH, generation of pH-specific

calibration curves were performed.

Excitation-Emission matrices (EEM) for wastewatgp@&iments were obtained using a
Perkin EImer Model LS-55B Luminescence Spectromdtiee excitation range was 200-
450 nm and the emission range was 300-600 nm. &atitation and emission slits were

set at 5 nm. The scan speed used to generatedi2dcence maps was 400 nm/min.

The hydrogen peroxide concentration was measur@ty us modified peroxytitanic
(colorimetric) method (18). One-hundred pL samped 50 pL of a saturated titanium
sulfate aqueous solution were added to 5 mL ofrdeenl water to quench the AOP
reactions. Color (47 was measured in a spectrophotometer (Hitachi QB2®itachi
Corp). Samples were diluted as necessary to maiatsorbance values within the range

of the standards.

4.4. Modeling

4.4.1.Solar Spectral Irradiance
The SMARTS §imple Model of the Atmospheric Radiative TransiérSunshine)
software package was used to calculate solar sppectrdiance. Calculations are based
on a spectral model of solar irradiation (versio.2 was used in this work) (19). The
program, which is available from the National Reable Energy Laboratory (NREL),

computes the ground-level solar spectral irradidmceepresenting the atmosphere as a



145

one-layer medium that attenuates extraterrestiaddr sirradiance via scattering and
absorption mechanisms (20). The optical depth=850 nm (turbidity measurement),
and the atmospheric ozone and water vapor conteetsieeded to compute the solar
spectral irradiance, as well as the extraterréstakar spectrum. These parameters were
available for the dates of each solar experimewmfrNASA—Giovanni online
applications (AQUA/AIRS and MODIS). Table 4-1 sunmmas the data and input
parameters used in the SMARTS calculations. Theagxttestrial spectrum used was
obtained from Gueymard (21). The atmospheric camagon of carbon dioxide
employed for the calculations was 370 ppm, anddference solar constant was 1366.1

W/m? (21).

The spectral irradiance calculated at ground lavdlucson, Arizona, on July 15, 2010,
and the corresponding extraterrestrial spectraldiance (Figure 4-1a) indicate that
energy at wavelengthiis< 300 nm is almost completely absorbed by the gpma® (22).

Irradiance is significantly attenuated during passdhrough the atmosphere at all

wavelengths < 400 nm.

Seasonal changes on the total solar irradianceamsequences for solar UNVAB, AOP
kinetics were considered. The ground-level glob@diance close to the winter solstice
(December 7, 2009) was less than half of the sgattral irradiance close to the summer

solstice (July 10, 2010; Figure 4-1b).
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Table 4-1. Input parameters used to model the UV solar sgdntadiance (SMARTS) at the

University of Arizona in Tucson, AZ.

Dates of Experiments

Parameters 2009 2010

09/10 10/17 12/07 01/29 02/19 03/03 05/24 06/15 1®7/ 10/08 11/18
Water Vapot (cm)  3.12 1.84 0.55 1.33 0.80 0.88 0.40 1.25 4.211.79 0.54
Turbidity” 0.172 0.125 0.120 0.183 0.145 0.142 0.192 0.2342800. 0.107 0.096
Ozoné (DU) 288 266 254 420 334 322 354 326 276 292 276
Aerosol Mode Urban SRA IAMAP mode. Atmosphere: U&rBlard 1976. Gaseous absorption: light pollution.
Albedo Concrete slab. Fixed parameter.
Site Pressure 1019 mb
Altitude 0.728 km. Height above ground: 12 m. Eixearameters for all calculations.

Solar Geometry

32.22 N+, -110.92 W-, -7 GST

¥Precipitable water, values obtained from MODI%erosol Optical Depth given at 550 nm (MODISQzone content
obtained from AQUA/AIRS satellite data (NASA); DDpbson units.
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Figure 4-1. (a) Comparison of the global spectral irradianciattop of the atmosphere and at
ground level in Tucson on July 15, 2010; (b) Corgaa of the UV global solar spectral
irradiance in Tucson, Arizona, in fall 2009 and suen 2010, obtained with SMARTS.
Experiments were performed on the dates shown hwk@ére close to solstices. The figure
includes the molar absorption coefficient for hyglo peroxide.
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The molar absorptivity of hydrogen peroxide is ud®#d in Figure 4-1b, since UV
absorbance by hydrogen peroxide is the criticat Step in UV/HO, AOP; the product

of the wavelength-dependent irradiance angDHabsorbance is proportional to the
contribution of each discrete wavelength interval the rate of hydroxyl radical

generation. It is easy to see, for example, thateleamgths above 400 nm do not
contribute to hydroxyl radical production due te thck of light absorbance by hydrogen
peroxide in that wavelength range. Absorption gitiatA=400 nm was less than 0.05%

over a 4.5-cm path length at the highest conceatsbf HO, used here.

In all kinetic simulations, the global spectraladiance at ground level was used to
estimate the wavelength-dependent irradiance egtethe AOP reactors. Global
irradiance consists of the superposition of directbeam irradiance and diffusive
irradiance. The direct irradiance provides mosth# energy available on the ground
from the solar spectrum (23). Diffuse irradiancsutes from the interaction of solar
radiation with suspended particles, gas molecuhes aerosols in the atmosphere. The
scattering by aerosols is limited to short wavetbagf less than 1000 nm (23). As a
result, the contribution of diffuse irradiance ke tglobal irradiance in the infrared range
and above is low, but in the UV range, diffusedraace provides a substantial fraction

of the global irradiance at ground level (Figur2a)-
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Not surprisingly, ground-level solar irradiance gensitive to the time of day. All
experiments were conducted between 10 am and 2opmaiximize solar exposure.
Nevertheless, ground-level solar irradiance vatgdup to 20% during that period
(Figure 4-2b). To model such variations in intepnsa second-order polynomial was
fitted to the normalized total irradiance and uaed time-dependent correction factor for

incident radiation in each discrete bandwidth eleime

4.4.2. Solar UV/H0O, Model.
The mechanism of UV/KD, advanced oxidation and the corresponding kineticeh
have been described previously (16,24). The meshannvolves the generation of
hydroxyl radicals by photolysis of hydrogen peraxideaction of these radicals with the

target compounds and radical scavengers (incluayagogen peroxide itself), generation

of other active radical species {Oand CQ"), and radical-radical recombination

reactions.

A summary of all the reactions that were considenetthis work is presented in Table 3-
1 (Chapter 3). Previous models were valid for mdmomatic light sources and were
applied to numerous target compounds (16,24,25¢ fhain novelty of the approach
used in this work is the extension of the modepabychromatic light, which will find
applications not only in the treatment of solar folhsis as is done here but to reactors

that use polychromatic light sources.
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In a previous work (16) we argued that, in a badctor with mechanical agitation, it is
a good assumption to consider that all non-radipaties are well mixed so that they can
be represented by a single molar concentration. édew the rates of formation and
decomposition of radicals are much faster than nrassfer rates. As a consequence,
radical concentrations will vary with position ihet direction of light attenuation. This
implies that, rigorously, an overall kinetic mod=n only be established from a point
equation that is then averaged over the reactamvel This is the approach employed in

what follows.

The volume-averaged kinetic equation for the deamsitipn of an organic targefl)

takes into account its reaction with hydroxyl radé; as well as direct photolysis (16).

A2

ATV _ e (0 0HY) = ¢ [ @ fira— e (4-1)
A1

dt

In this equation, square brackets denote point mmmacentrations and angular brackets
denote volume averages. The target molar concemtrdil], is considered uniform
whereas the hydroxyl radical concentration is ainw@ average([- OH]). The first term
on the right hand side of the equation includessdémnd order reaction rate constant for
target decomposition by hydroxyl radicaks, The second term on the right hand side
represents the volume-averaged rate of decomposifithe target by direct photolysis.
Here, ¢, is the quantum yield (mol/ER, is the specific spectral intensity of light that

enters the reactor (that is incident light intgngiér unit reactor volume and wavelength,
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E/m’nm — see below)f,.r is the fraction of the light intensity that is absed by the
target (see below), arf; is the total spectral absorbance of the targétenreactor (see
below). The spectral integral in equation 1 is iearout between wavelength limits that

cover all relevant light absorption for the tar@fetandA,.)

Although direct photolysis is considered, its cdmition top-cresol conversion proved to
be negligible under experimental conditions explone this work (see below). Direct
photolysis contributed substantially to the ovedstomposition of fluorescein, however,

and a quantum yield for this target was determiquerimentally.
The specific spectral intensity was calculated ftbmspectral irradiance from

ARASA

Qr = VeNohc (4-2)

WhereS, is the spectral irradiance (W/nm), Vk is the reactor volume @) Ag is the
surface area of the reactor exposed to incidetit ligr), Na is Avogadro’s number
(6.022 x 16%, h is Planck’s constant (6.626 x itkg/m?s) andc is the speed of light

(299,762,458 m/s).

The total spectral absorbance of the solutionvsmgby

Ay = (ea-r[T1 + &1-p,0,[H, 02])1 (4-3)
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whereg; _r andg,_p, o, are the wavelength-dependent molar extinctionfrients for

the target and hydrogen peroxide, respectivelyufassl here to be the only light-
absorbing species in solution), ahds the path length for light in the reactor. Molar
extinction coefficients were obtained from UV al@mn spectra at the wavelengths of

interest. The fraction of irradiation absorbed lhy target is

&-rlT]1 (4-4)

fa-r = A

The integral in equation (4-1) was evaluated nuoadlsi. For this purpose, the spectral
irradiance was discretized in 5-nm intervals arellitmit wavelengths used wehe=300
nm andA,=400 nm. Solar energy outside this wavelengthrwadlehad essentially no

effect on radical generation due either to attdonain the atmosphere or inability to

photolyze hydrogen peroxide.

A similar approach was used to represent the i@acste for hydrogen peroxide.

A2

d[H;0,] _ o, f Qi froyo, (1 — e~23%343)dA — ke, [H,0,1([- OH])
it

dt

(4-5)
— ks [HOZ_]([' OH]) — k10[H202]([02_ 1= k14[H202]([H02 1)

— kys[H,0,([CO3 1) — k16[HO; ([CO3 1) + kg([- OH]?)

+ k12{[HO; -][05 1) + k13{[HO; ]?)
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This equation considers that the quantum yield Hgdrogen peroxide photolysis is
independent of wavelength in the range 30Q < 400 nm, which is consistent with
previous kinetic studies (26) HOis determined from the equilibrium with,@&, (R19,

Table 3-1) assuming that [HQ « [H.O;], a condition that is met throughout the pH

range of our experiments.

Equation (4-5) includes averages of products ofcedcconcentrations that result from
radical/radical reactions (R8, 12 and 13). Reactaes for this type of reaction were
verified to be negligible in all cases so that mguanptions were necessary regarding

nonlinear averages.

Similar equations were developed for net rates e#ction of free radicals-QH,

O, /HO,-~ andCO;+"); radical scavengers (R20) (when present), andocate species.

Details of the complete formulation are given inapter 3.

The approach presented yielded a stiff system dfinary differential equations

governing the rates of formation or disappearari¢beotarget contaminants@,, -OH,

0,7, HO,: ™, CO;s- 7, total carbonate species and radical scavengdgebraic equations

(carbonate equilibria and the charge balance) wsed to calculate the concentrations of
carbonate species and solution pH. Numerical swiativere obtained using the ODE15s

MATLAB subroutine (Gear's method). The relativeex@nce was set at Tpand the
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absolute tolerances for concentrations of all ggewiere four orders of magnitude below

their respective values (16).

4.5. Results and Discussion

4.5.1.P-Cresol and Fluorescein Experiments.
Results of p-cresol degradation experiments are presented gur&i 4-3. These
experiments, performed in winter (February 201vshhat, under the experimental
conditions exploredp-cresol can be almost completely degraded in alfeurs at high
enough hydrogen peroxide concentrations. At amirtitydrogen peroxide concentration
of 10 mM, the half time fop-cresol disappearance was 112 min. Direct phot®I{sd
H,0O,) did not contribute materially to the observedctem rate. Kinetic simulations
accurately reproduced empirical observations withfitted constants over the entire

range of experimental conditions.

Solution pH can be an important determinant of UMJKprocess kinetics (16,24,25).
To calculate reaction dependent changes in solupidn it was assumed that AOP
treatment results in complete target mineraliza{it®). The model was able to simulate
pH change due tp-cresol oxidation over the entire range of initigidrogen peroxide

concentrations (Figure 4-4). However, the modejhsly overpredicted pH reduction
during the initial stages of each experiment, cstesit with the temporary development
of metastable, partially oxidized intermediates)(1&Eventual compound mineralization
is suggested by agreement of model pH predictiomis measured values in the latter

stages of each experiment. It is doubtful that pigatermediates provide a meaningful
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sink for hydroxyl radicals since hydrogen peroxidself is an important radical
scavenger at the concentrations used here. Inaakks; measurements indicated no
appreciable variation of hydrogen peroxide coneiutns (results not shown) during the

time of the experiment.

1.0 [HO,)]
0_9_- * O0mM
i BHE 2mM

0.8-_ A 5mM
— 0.7- O 10mM
S o6l % 50 mM
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Figure 4-3. Experimental decomposition pfcresol by solar-catalyzed UV,B, as a function of
initial hydrogen peroxide concentration. Solid Brepresent model predictions. Experiments
were carried out on February 19, 2010.

Model performance was further tested by adding rizognol (IPOH), a well

characterized hydroxyl radical scavenger, to tlaetien mixture. The second-order rate
constant for reaction with hydroxyl radical withOPI is about an order of magnitude
lower than the reported value fpicresol oxidation (R18 and 20, Table 3-1). The nhode

accurately predicts the scavenging effect of ispanol (Figure 4-5), suggesting that the

simulation can be usefully applied to predict reackinetics in all situations for which
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the second-order rate constants for the reactiomydfoxyl radicals with trace organic

targets and radical scavenging compounds (inclulyaigogen peroxide) are known.

HO]
B 2mM
A 5mM
O 10 mM
X 50 mM

0O 20 40 60 80 100 120 140 160 180
time (min)
Figure 4-4. pH change during-cresol experimental decomposition by solar-catdydV-H,0,,
at different hydrogen peroxide concentrations, ldndtic model performance. Solid lines
represent the model. Experiments were carried oltebruary 19, 2010.

Results also indicate that diurnal and seasonahti@ns in spectral irradiance can be
successfully accounted for in process simulatiétedf-lives for p-cresol in batch AOP
experiments conducted in winter (February) and samfuly) decreased dramatically
with increases in hydrogen peroxide concentratipnta 50 mM. Not surprisingly,

contaminant half-life was inversely related to tatadiance (Figure 4-6).
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Figure 4-5. Effect of an organic scavenger (IPOH)muaresol decompaosition by solar-catalyzed
UV-H,0,. Solid lines represent model predictions. Expenitsavere carried out in September
10, 20009.

Previous work (Chapter 3) showed that high levéleyalrogen peroxide concentrations
slowed the rate of UV/peroxide AOP destructionpacresol because of the scavenging
effect of hydrogen peroxide on hydroxyl radical2(Rable 3-1). Rate deceleration at
very high peroxide concentrations was not obserwerke, however, because of the
relatively small reactor depth (4.5 cm) and limileght path length. A relatively small
fraction of the incident irradiance was absorbethareactor, even at the higher peroxide
concentration (40% absorbed at 300 nm, 1% at 350nn&® mM HO,), so that each
H,O, concentration increment increased the net ratgydfoxyl radical production in the
reactor, the average hydroxyl radical concentrateord the pseudo-first-order rate

constant for the disappearancepeadresol. Peroxide- and irradiance-dependent vanst
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in p-cresol concentration conformed to predicted valwesodel simulations with no

adjustable parameters.

At 10 mM HO,, the half-life forp-cresol oxidation decreased from 112 min in Felyruar
2009 to 71 min in July 2010 as a consequence oéased irradiance. The effect was
well anticipated by the simulation. Results copagling to additional irradiance levels
(insert to Figure 4-6) show that the pseudo-firsteo rate constant fop-cresol
disappearance increases approximately in propottototal irradiance over the range
550-1000 mW/crh Again, model simulations provided an adequateessmtation of

data with errors below 10% with respect to expentakresults.

The fluorescein target provided an additional modekhallenge arising from direct
photolysis and fluorescein-dependent light absarban the UV range. Maintenance of
pH > 9.0 was necessary in these experiments irr dodkeep fluorescein soluble at all
times. The kinetics of fluorescein (FL) degradatiorsunlight (Figure 4-7) illustrates the
dependence of rate on hydrogen peroxide conceamiratDirect photolysis was

responsible for disappearance of the target in pgkeoxide-free experiment. This
particular data set was used to fit a fixed quanyietd for fluorescein photolysis (0.0018
mol/Ein in the wavelength range 300-400-nm). Thadcelated quantum vyield was
incorporated in the model to predict degradatiotesan the presence of hydrogen

peroxide (Figure 4-7).
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Figure 4-6. Half-lives for p-cresol decomposition by solar-catalyzed UMGHas a function of
hydrogen peroxide concentration in winter (Feb 3Q08 summer (July 2010). Insert: Half-life
times forp-cresol at a fixed KD, concentration (10 mM), as a function of total saleadiation

(ground-level). Solid lines represent model predic.

4.5.2.Wastewater Applications.

Solar-peroxide AOP is potentially a cost effectimeethod for polishing treated
wastewater prior to reuse. However, non-productiwasumption of hydroxyl radicals
with residual (bulk) wastewater organics is likébyhave an adverse effect on process
efficiency. It is necessary, then, to monitor théefof bulk organics themselves during
UV/peroxide AOP in order to anticipate the time-elegent drag that residual organics
will likely exert on AOP applications for managemesf trace organics. Here, we
followed the AOP-dependent destruction of dissolaganic material (DOM) in
municipal wastewater effluent using 2-D fluoresaespectroscopy (excitation emission

matrices, EEM) as described above. It is recoghthat fulvic acids, humic acids and
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proteins—primary components of residual DOM in camionally treated wastewater—
are distinct fluorophores (27) Leenheer and Cro@8) (and others proposed a
classification for EEM peaks, relating them to specomponents of DOM, suggesting
that fluorescence at 420-480/330-350 and 380-48028%) nm (emission/excitation) is
associated with humic-like material. Similarly, dhescence at 300-350/270-280 (em/ex)
is related to proteinaceous  structures. Consegyentltime-dependent
excitation/fluorescence contours from EEM may pdeva reasonable means to track the
fates of several important classes of residual Dddving engineered or natural processes

that polish effluent.

[FL] =25:M ] [MHO]
pH,=9.0-9.7 1 * 0mM
m 50mM
A 150 mM

[FLI/IFL],

OO T " T " T " T " T T T
0 30 60 90 120 150 180
time (min)
Figure 4-7. Experimental decomposition of sodium fluoresceie Oy solar-catalyzed UV-iD,
as a function of hydrogen peroxide concentrati8nlid lines represent model predictions.
Experiments were carried out on June 15, 2010.
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Figure 4-8. Excitation-emission matrices (EEM) for Ina Road teaster effluent (05/16/2011)
before (a) and after (b) 3 h of solar-catalyzed A@Rtment with 5 mM kD, in a batch reactor.
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Solar-UV/peroxide treatment of wastewater efflueletarly lowers the concentrations of
residual DOM components (all peaks, Figure 4-8)elHéhe peak intensity at 435/350
em/ex (humic substances) was taken as a repragsentagasure of residual DOM in the
treated water (3 hr, sunlight, 5 mM initial,Gk concentration). The time-dependent
intensity of the 435/350 peak (Figure 4-9) illugtsa the effectiveness of solar-
UV/peroxide treatment for removal of this orgamaction. The 5 mM kD, treatment

reduced the intensity of the peak by > 80% in threers. Absent hydrogen peroxide, the
peak intensity was reduced by < 20% in a comparnpbied, presumably due to direct

photolysis.

600]& v L] v L] v L] v L] v L] v L] ['—lzoz]
N 1 —%—o0mm
\ — {*-omm
> — —mE—1m
7 T " o 2mM
& m_ | —2—5mM
€ 400- 5 B -
S 3004 o :
© \O
m L \ \O
¥ 200- A\ TTT—
[ fluorescence peak A\A
100 435/350 em/ex I—L

0 30 60 90 120 150 180
time (min)
Figure 4-9. Relative intensity of the 435/350 em/ex peak inftherescence spectrum for Ina

Road wastewater effluent (05/16/2011) as a funaticime of solar-catalyzed UV-iD,
treatment and hydrogen peroxide concentration.
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These results identify several potentially prodeetavenues for additional research.
Solar-UV/peroxide treatment may be a useful efftupalishing technique, although
radical scavenging must be quantified in some wayfacilitate reactor design for

destruction of trace organic contaminants. If iparbxidation produces organic
intermediates and/or by-products, these shouldhbestigated. Radical scavenging by
residual organics should be better understoodatgss modeling is to lead to effective
reactor design and selection of operating condtigrarticularly if solar-UV is included

among a series of treatments designed to restonecipal wastewater for reuse.

4.6. Concluding Remarks

A comprehensive kinetic model with no adjustableapeeters and representing the
oxidation of organics by solar-catalyzed UV/per@xidOP in a batch reactor was
developed and validated. The model employs soketsg irradiances in the 300-400 nm
range from an atmospheric spectral model (SMARDSg@dtimate the irradiance to the
reactor. The kinetics of-cresol and fluorescein decompositions were subdss
simulated for a wide range of operating conditionsluding different hydrogen peroxide
concentrations, light intensities and the presetrs®nce of an organic scavenger.
Reaction-dependent changes in pH were adequatetielew by assuming that organic

targets were mineralized.

The solar-UV/peroxide process has potential forighahg conventionally treated
wastewaters. Decreased intensities in 3D fluorescemaps suggest that DOM in

municipal wastewater effluent was substantiallyucsti during a three-hour exposure to
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sunlight. Further research is needed to estalthshfates of specific contaminants,
establish process kinetics for wastewater appbaoati and to optimize the process in

terms of hydrogen peroxide dosage and reactor gunaiion.
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CHAPTER 5

EXPERIMENTAL SIMULATION OF ADVANCED OXIDATION PROCESSES IN
FLOW-THROUGH REACTORS

5.1. Abstract

The goals of this project include use of UY¥( advanced oxidation in continuous-flow
reactors and adaptation of a kinetic model for @sscsimulation and optimization of
operating conditions. Simulation of process peri@ance in a continuous flow reactor
depends on accurate representations of the ligttilalition in the reactor, reactor
hydrodynamics, and the spectral distribution ohtign this section, the application of
AOP in commercial flow-through reactors designedW® disinfection is evaluated for
the treatment of water spiked with trace organiataminants such as p-cresol and for the
treatment of real wastewater effluent from a lovastewater treatment plant. A
previously developed kinetic model was adapteditioluse in these systems, for both
monochromatic and polychromatic light. Results gasg that current technologies
available for UV disinfection can be successfulsed for the chemical treatment of

water contaminated with trace organic contaminants.
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5.2.Introduction

Two different cylindrical flow-through reactors, signed primarily for UV disinfection,
have been utilized to study the degradatiop-ofesol and fluorescein via UV{B,. One
reactor was a commercially available residential Wisinfection reactor with a
monochromatic light source (low-pressure larhps 254 nm). The other was a pilot-
scale reactor with a polychromatic light source dram pressure UV source). In both
cases, approximate plug-flow hydrodynamics werenkesl throughout the experimental
range of flow rates. In a subset of experimentsyentionally treated wastewater was

the fluid matrix for AOP treatment of the targets.

The model was successfully used to predict the tkimeof target compound
disappearance in the bench-scale reactor with niwoowatic light source. However,
process simulation in the pilot-scale reactor wess Isuccessful and will be object of

further research.

5.3. Experimental
5.3.1. Materials and Analytical Methods
Experimental materials and methods conformed tccqmores described previously

(Chapters 3 and 4).

5.3.2. Experimental Setup
The bench-scale reactor (R1) consisted of a 6-dm55-cm long stainless steel cylinder

that was equipped with a low pressure 16.5-W larkig, (. = 254-nm) located
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concentrically in the barrel. The total availabtdume of the annular region was 1.05 L.
The pilot-scale reactor (R2, 20 Hanovig was similarly configured, although with
larger dimensions —i.d. 15 cm, length 1.5 m, sesslsteel with a 2.5-kW medium
pressure lamp (xenon/mercury with a wavelength-deéget intensity). Both reactors
were equipped with a quartz sleeve to protectahglfrom flowing water and to remove
light energy in the rangé < 220 nm. The reactors and system configuratianms

provided (Figures 5-1 and 5-2).

e v W
A 1 \\
ol

| .

Figure5-1. Hanovia pilot-scale polychromatic reactor (R2)eThedium pressure lamp (2.5
kW) concentrically located at the center of theepggoovides light energy in the UV-visible range.

Water flow to both reactors was provided by a \@daspeed pumpDayton Model
1F976 with a maximum flow of 23 L/min. The flow rateaw fixed to this value when
using the larger polychromatic reactor (R2). Fla@ate was an independent variable in
experiments with the bench-scale reactor (R1, Imi). Reactor R1 was operated

without recycle. The medium pressure lamp in @aR2 released considerable heat, so
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that a minimum flow was necessary to méin reactor temperature in the range-
25°C. To maintain the minimum flow rate without soming an unacceptable wa
volume, water was rewculated to a 1Zz-L tank throughout each experiment with

pilot-scale reactor.

J ]
v le €
Pump

Large
Tank Reactor I%{
(R1 | }
Small Flow meter
Reactor
To To Sample

Discharge

Figure5-2. Schematic representationthe experimental setup for the two reactors, pung:
recirculation tank.

Residence time distributions (RTDs) were measuoeddactor R2 using a combinati
of pulse and step inputs of a salt tracer. Sodibforde was used as the tracer, anc
electical conductivity meter was connected to the maottlet to provide a continuol
record of effluent conductivity. RTDs (Figur-3) are representative of n-ideal (plug

flow) hydrodynamics. However, in the time scalewhich the reactions occur the
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polychromatic reactor R2 (55 seconds nominal regsiddéime), there are deviations from

the ideal plug flow reactor behavior.
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Figure 5-3. Residence time distributions for pulse and stept®n the large tubular reactor
(R2), measured in terms of the time-dependenteificonductivity. Sodium chloride was the
tracer.

5.3.3.Procedure
Solutions of target compounds (p-cresol or fluoegscwere prepared beforehand by
diluting a concentrated stock solution in 60-L adter in the feeding tank to achieve the
desired concentrations. Recirculation in the syster 10 min proved to be enough to
obtain a homogeneous target concentration for eamhpound. For reactor R1,

hydrogen peroxide was added also during this tiA&er the 10 min, the recirculation

was stopped and the lamp turned on. A two minateod of warming was allowed using
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a relatively low flow rate (<0.5 L/min); then 5-ndamples were taken at different flow
rates. Two minutes between samples was allowedleve steady state in the flow. No
change in temperature was observed using thisarathe range of flow rates for
turbulent flow in this reactor was estimated ussn&eynold’s number calculated using

the annular flow of the reactor as hydraulic disanet

_ pDnV (5-1)
U

Re

Wherep is the water density (1000 kglnDy is hydraulic diameter (3.5 cmy, is the
annular velocity (flow rate) divided by annular area= 0.00234)mand # is the water
viscosity (1000 kg/m3. Using this approach, flow rates above 1-L/mirsumed

turbulent flow regime (Re>2500) in the reactor.

For the polychromatic reactor (recirculation modafter the 10 min mixing time to
dissolve the target, the lamp was turned on, aBdnain period was given to achieve
steady state in the lamp output (manufacturer recendation). During this time the
recirculating solution was exposed to the light atct photolysis occurred. Then,
hydrogen peroxide was added to the tank and theecdration of the target was
measured simultaneously in the outlet of the rea@tme zero). 5-mL samples were
taken from reactor outlet and, in some experimeait®) from tank outlet, every two to
five minutes. A spiral chiller connected to a walbath Lauda RM-20) was used to

reduce the change in temperature during these iexgats. The chiller was submerged in
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the feeding tank. However, temperature changee wieserved in all experiments (from

75 °F to 85 °F) in 35 minutes.

5.4.Modeling

A kinetic model (Chapter 3) was used to simulaaegsformation of the target compounds
in reactor R1. Inputs to the model included the measidence and the influent

concentrations of the target and hydrogen peroxd#al plug flow reactor hydraulic was

used for the calculations. On the other hand, dactor (R2), an alternative model was
created to simulate performance in a recirculasiygtem consisting of a CSTR (mixing

tank) and tubular reactor with a residence timéribigtion given by Figure 5-3. Since

reactive radicals that are produced in the tubrdactors are consumed at relatively high
rates, no reaction of the organic target or hydnogeroxide will occur in the holding

tank. A mole balance for a chemical species imtheng tank yields

dCy (5-2)
dt( ) — Q(Cyry — Cigr))

whereV is the mixing tank volumeQ is the volumetric flow rateC; is the species
concentration exiting the tank and entering thectmga and C, is the species
concentration exiting the reactor and entering rifiging tank. At each stepC, was
calculated using the kinetic model developed fdygwomatic sources (Chapter 4) and
C,; was modeled solving equation 5-2 numerically byeEs method. The RTD was

discretized in ten different residence times (frémto 150 s). The tubular reactor was
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simulated as a combination of several batch resdtoparallel, each one with its own
residence time and volume and with an initial comion equal to the inlet
concentration (§. The outlet concentration was calculated with kiveetic model at a
time equal to the residence time of each reactdrthan the global concentration was
calculated as a weight averaged of the contribatwinall ten ideal reactors. The time
steps for solution of equation 5-2 were 5 s. Ntit@t for the first residence time, the

concentration exiting the reactdz, is constant (initial concentration).

5.5.Results and Discussion

5.5.1. Monochromatic Reactor (R1)
Hydrogen peroxide photolysis provides an adequeti@aneter for estimation of light
intensity in low pressure lamps if the intensityigh enough to oxidize the peroxide in a
time that is observable experimentally (1,2). dsthis approach, measurements of
hydrogen peroxide in the outlet of the monochromagactor were compared to the inlet
concentration (1 mM) to calculate,®, conversion at a variety of flow rates. The
calculated conversion was then used to estimatentbasity of the low-pressure lamp
(Figure 5-4).
Even at very low initial peroxide concentrationsgée-pass peroxide photolysis through
the reactor was relatively low due to the shotligath-length (1.75-cm) and low lamp
intensity (see below). Although a higher peroxidgmeentration would provide better
absorption and more rapid peroxide conversion, eotmation differences under

reasonable operating conditions proved to be scwihpared to the initial peroxide
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concentration, again leading to error in the ediimmaof light intensity. Consequently,
the conversion ofp-cresol was used to estimate the quasi-steady otatien of
hydroxyl radicals and then the lamp intenspyc(esol actinometry) using a much higher
initial hydrogen peroxide concentration (50 mM; dHig 5-5) to absorb essentially all

light from the low pressure lamp.

Conversion (%)

o

1 2 3 4 5 6
flow rate (L/min)

Figure 5-4. Hydrogen peroxide conversion in the monochromaactor (R1).

Experimental results in Figure 5-5 were used torege the incident light intensity using
the kinetic model. Note that the model fit is betat high flow rates (low residence
times). This is due to transition from turbuleatlaminar flow at low flow rates, which

modified the residence time distribution in theatea due to lack of radial mixing.
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Reynolds number calculations using the hydraularditer of the annular region in the

reactor suggest that flow is no longer turbulerftaat rates < 1 L/min. (See Procedure)

1004 R
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—— Model

Conversion (%)
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? e e
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o
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1
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o
1
1

0.5 1.0 15 2.0 2.5
flow rate (L/min)

Figure5-5. p-Cresol conversion in the monochromatic reactor) (Bblid line represents the
kinetic model, using the lamp intensity as adjustglarameter.

The light intensity calculated using the model PX#0° Ein/L s) was successfully
applied to anticipat@-cresol degradation at different hydrogen peroxidecentrations
(Figure 5-6). Note that direct photolysis (no pade added) does not contribute to the
rate of oxidation, as reported previously (Chaptgrand 4). Changes in pH due to

mineralization of the target are also adequatedgioted by the model (Figure 5-7).
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Figure5-6. p-Cresol oxidation in the monochromatic reactor (Rtdlifferent hydrogen peroxide
concentrations. Solid line represents model priextistusing the input light intensity determined
in the actinometry experiment (Figure 5-5). Legshdws hydrogen peroxide concentration.

The monochromatic reactor (R1) was also used iremx@nts with target organic
compounds in a matrix consisting of conventionatgated wastewater effluent from a
local wastewater treatment plant (Ina Road, Tucgdfy, see details in experimental
section Chapter 4). Florescence spectroscopy (EEM) was used to follow the
degradation of residual bulk organics in the wasatewmatrix (Figure 5-8). Results show

that 55 s of treatment with 5 mM hydrogen peroxidduced the relative intensities of

high intensity regions of EEMs by 60% on average.
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Figure5-7. pH evolution during-Cresol oxidation experiments in the monochromgactor

(R1) at different hydrogen peroxide concentrati@did line represents model predictions.
Legend shows hydrogen peroxide concentration.
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Figure 5-8. EEMs for Ina Road wastewater effluent before (abpevel after 55 seconds of

treatment (below) with a hydrogen peroxide conedittn of 5 mM in the monochromatic reactor
(R1). Legend shows relative intensity.
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5.5.2. Polychromatic Reactor (R2)

Simulation of the polychromatic reactor performaposed an additional challenge as the
spectrum of the lamp was not provided by the mastufar, and the reactor was operated
by recirculating water via the feed (mixing) tankn alternative spectrum for a medium

pressure lamp was obtained from the literaturg f®)ure 5-9). The spectrum was used
as a reference to calculate the relative outpuheflamp over the 220-340 nm range.
According to the manufacturer, the lamp is proteotgth a quartz sleeve that absorb
most of the irradiation at wavelengths below 220 nRrom experience using the solar
AOP model, wavelengths from 300-350 nm are releventUV-H,O,-dependent

conversions of the target compounds.

Using methods developed to model solar catalyzed® AGhapter 4), the relative
intensities in the spectrum were normalized tottital area of the spectrum, and used to
calculate a total output of the lamp in the ran§evavelengths provided by applying
hydrogen peroxide actinometry (Figure 5-10). Asadided in Chapter 4, the spectrum
was discretized in 5 nm bands. The model consithatsthe quantum yield for hydrogen
peroxide photolysis is independent of wavelengttheanwhole 220-340 nm range, which

is consistent with previous studies (3).

Results indicate that hydrogen peroxide oxidatibdifierent initial concentrations can
be successfully modeled using a single fitting peater, the total light intensity in the
220-340 nm range (here, 120 W). All the intensitie the 220-340 nm range can be

calculated as they are fractions of this total gatuthe spectrum.
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Figure 5-9. Spectrum for a typical mercury medium pressure 143)p

As for the solar catalyzed process, the quanturd Y@ hydrogen peroxide photolysis

was assumed constant over the entire UV range [3)e results provided agreement
between model simulations for hydrogen peroxiderdeson developed on this basis
and experimental results (Figure 5-10). Moreovenetdependent measurements of
hydrogen peroxide concentration at the outlet efrthixing tank were in agreement with
experimental results (not shown), suggesting timatlations for the recirculating system

consisting of ideal reactors in series providedeptable agreement at all points in the

treatment system.
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Figure 5-10. Hydrogen peroxide conversion at different starttogcentrations in the
polychromatic large reactor (R2). Experimentaliesl were taken at the exit of the treatment
reactor. Solid lines represent model calculatiagiagitotal lamp intensity as adjustable parameter

(best fit at 120 W) and the relative intensity gpgm shown in Figure 5-9.

Oxidation ofp-Cresol at various hydrogen peroxide concentratisas used to validate
the model developed (Figure 5-11). Direct photislgs p-cresol, evident in experiments
with no hydrogen peroxide, proved to be importantthe reactor with the medium
pressure lamp and was included in subsequent madesilations by fitting a constant
guantum vyield (0.48 mol/Ein), using the 275-nm baasl reference to experimental
conversion ofp-cresol in the absence of hydrogen peroxide. Wagelength band was
selected to model p-cresol direct photolysis asaB€brption spectrum presents a local
maximum around 275-nm (molar absorption coefficier8100 M'cm™, see Figure 5-

12).
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The revised model accounting for direct photolgsggificantly overestimated the rate of
p-cresol removal in the presence of hydrogen pematl concentrations 0.5 mM

(Figure 5-11).

[PC] =100 M [H,0,] (mM)
% 0.0
o ‘7,"5 @ 05
%) % A 10
O e ¥
o, ° D .
5} &£
A
“A ® Q
A 4, A A

5 10 15 20 25 30
time (min)

Figure5-11. p-Cresol oxidation at pH=6 in the pilot scale reaslgstem with polychromatic
light source (reactor R2). Solid lines representlei@redictions. Concentrations are
measurements at the exit of the reactg).(C

The model results exhibit two distinct regions dgrthe first two residence times in the
reactor: for O<tg, the concentration op-cresol at the reactor exit is approximately
constant and equal to the initial concentrationlevthiere is no hydrogen peroxide since
the HO, added to the tank at t=0 has not reached theoreexit; t<t<2t, the HO, starts

reaching the outlet of the reactor at a concewmali.5 times higher than the nominal

concentration, and a discontinuity is observed tluehe conversion of the target
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compound during the first residence time. During second residence time, the flow of

low target exiting the reactor starts diluting theget concentration in the tank.
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Figure5-12. p-Cresol and fluorescein absorption spectrum intWeange.

Similar results were obtained when fluorescein testarget compound (Figure 5-13).
Fluorescein showed little evidence of direct phgg (0.029 mol/Ein, using the 240-nm
band as a reference) in peroxide-free experimedesertheless, model simulations
significantly overpredicted the rates of fluorescekidation in the large tubular reactor,
suggesting that lamp intensities calculated baselydrogen peroxide actinometry were

in error.

Results obtained with solar-catalyzed AOP (Chafferconfirmed that polychromatic

light UV/peroxide can be accurately modeled if light spectrum is well characterized.



188

At this point, a more accurate and complete spectofi the xenon-mercury lamp is
needed to support process simulation, as the valuggensity obtained with hydrogen
peroxide actinometry depend on having the corrgmtctsum. Unfortunately, the
spectrum of light intensities so derived is notfuk®r simulating the destruction of trace
organic targets. Other factors that could leagdtential errors in the calculation of the
light intensity are the effects that reflection amdraction of the light on the surfaces of
the reactor can have in the distribution of thétlid,5). These effects and deviations

from the plug flow reactor behavior have not beensidered in this work.

1.0 [|;L] ;=3'o rr'lM -
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= _ . @ 1.0
oL 0.4 ° Model ]
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Figure 5-13. Fluorescein oxidation at pH=9.8 in the pilot saaactor system with

polychromatic light source (reactor R2). Solid 8mepresent model predictions.
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If the data are analyzed using just the recircoatnodel and considering the reaction to

be a pseudo-first order process with a rate cohdtatine concentration at the reactor exit

would be given by

Coey = Cage—vy €7 (5-4)

The experimental results can be simulated by fjttime pseudo-first order rate constant
to data (Figure 5-14), which suggests that probgdsodynamics is well characterized in
the model since the concentration in the tank anthe outlet of the reactor can be

predicted by using the rate constant as a fitteng@meter.

10G- O Tank T
. O Reactor
80-[ Model -
E sd. [HZOZ] 1mM )
O A
% aq ]

. . 1 P — D\‘/ n HQ
0 5 10 15 20 25
time (min)

Figure 5-14. p-Cresol oxidation in the pilot scale reactor systeith polychromatic light source
(reactor R2). Solid lines represent the hydraulet predictions considering the reactor as an
ideal PFR and the reaction a first-order procks€.71 min'.
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5.6.Concluding Remarks

Commercial flow-through reactors designed for U¥imliection can be effectively used
for advanced oxidation of trace organic contamisar@ylindrical reactors operated in a
turbulent flow regime were successfully represeteglug-flow reactors for the purpose
of process simulation. Agreement between model ipied and experiment was

acceptable for hydrogen peroxide and, in the beweahe reactor, forp-cresol

disappearance.

2-D fluorescence spectroscopy suggested that mdidilk organics were also effectively
oxidized during UV/peroxide AOP. Sixty % reductiohrepresentative EEM peaks was
observed during a 55-s residence time using a \§.fow pressure lamp with 5 mM

HzOz.

Attempts to model process performance in the reaystem with a medium pressure
light source achieved mixed success. The disappearof hydrogen peroxide was
adequately modeled using fitted lamp intensity. wideer, extension of that model for

destruction op-cresol and fluorescein, including direct photatysvas not successful.
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CHAPTER 6

CONCLUSIONS

Analysis of the information available for removd chemicals of emerging concern
during wastewater secondary treatment indicateskfoalegradation and adsorption on
the biosolids are the most important factors inréraoval of trace organics from water.
The scarcity of quantitative studies on biodegrddplof CECs under typical WWTP

bioreactor operating conditions handicaps the apptin of WWTP performance models
for anticipation of CEC removal during conventiomastewater treatment. However, the
rapid increase of CEC measurements in the conteanpaanitary literature is sure to
remedy that situation within a few years, as witlaptation of laboratory CEC

biodegradation measurements for use in field-sciheulations. To be useful, the
evolving database on biodegradability of trace noiggm should be periodically

summarized and critically reviewed (as we havengtted) in order to recalibrate efforts
to establish and quantify the dominant mechanisifGEL attenuation, better anticipate
compound-specific response to standard WWTP opeativariables and performance
measures, and refine fate models during wastewetatment. Based on the results
obtained in this work, there remain knowledge gapsl statistically based conclusions
can be reached with acceptable confidence for artyandful of the CECs of potential
interest. Low-confidence-level compounds and cleatsiincluded that lack sufficient

data for meaningful statistical analysis shouldobgects of further data collection. The

highest priority should be placed on the develogn@ndata among mass produced,
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relatively toxic chemicals for which physical and¢hemical data suggest that removal
during conventional wastewater treatment might bw.|Such data will either (i)
illustrate the general competence of conventioredtewater treatment methods, perhaps
after they are better tuned for CEC management(iipmotivate investigation and
eventual deployment of alternative treatment preegsnd/or regulatory strategies (e.g.,
source control) to protect surface waters that iafeienced by treated municipal

wastewater.

The limitations of wastewater treatment plants limiating trace organics justify the

application of tertiary treatment technologies sashadvanced oxidation processes in
many areas in which the water may be reused. kwrpatal results and mathematical
modeling confirm the feasibility of UV/peroxide AOI® destroy trace organics using
artificial light sources such as low pressure (mabmomatic) and medium pressure lamps

(polychromatic) and natural sources (solar irracegn

Mathematical optimization has shown that chemiéaisvhich the rate of reaction with

hydroxyl radicals are relatively low (<18 ™s") pose a challenge to advanced oxidation
technologies because residence times required rmove these contaminants are
unpractical from operational point of view. The mdimitation of the UV/peroxide

process is the need of hydrogen peroxide concerigathigh enough to absorb the
maximum fraction of light possible in the availalpath length. Further research is
needed to investigate the optimal intensity, hydrogeroxide concentration and reactor

dimensions in terms of operational cost to treagnuicals with different ranges of
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reactivity with hydroxyl radicals. Furthermore etleffect of dissolved organic matter
needs to be included in the model in order to He &b enable prediction of rates and
acceptable times for the treatment of real wastewdto do this, excitation/emission
fluorescence matrices can be used as a surrogafetavaneasured organic matter

scavenging potency.

The development of an AOP kinetic model for polyehatic light applications based on
the integration of the light spectrum was succdssfiavelength dependence of light
attenuation and photolysis of the hydrogen peroxiges well represented for solar
irradiation experiments. Moreover, the novel mockeh be used to predict the fate of
specific target compounds for which the UV spectamd the intrinsic kinetic constant
with hydroxyl radicals are known. Solar spectrainaspheric models proved to be

adequate for estimating UV irradiance at differsgdisonal and atmospheric conditions.

Application of UV/peroxide advanced oxidation in mo@hromatic and polychromatic
UV disinfection reactors demonstrated to be effectb eliminate trace organics and to
treat dissolve organic matter in real wastewatduerfts. The kinetic model can be
effectively used with reactors equipped with lowegsure lamps, and for which the
hydrodynamics can be well represented by a plug-8Boenario. Polychromatic reactors
could not be successfully modeled given the lack aofcomplete and accurate

representation of the lamp spectrum output.
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SUPPLEMENTARY MATERIAL ABOUT CEC REMOVAL

Table A-1. Chemicals of emerging concern studied and theictires

CEC

CEC

General Class Structure General Class Structure
17a-Ethynyl o CH,
estradiol (EE2) K etoprofen £ o
Hormone Pharmaceutical O ‘ )

NO,
17B-Estradiol
Musk ketone 0
(E2) y
Hormone Synthetic Musk

Acetaminophen

Pharmaceutical

Atrazine

Pesticide

Benzophenone

Plasticizer

Bezafibrate

Pharmaceutical

N,N-diethyl-
toluamide
(DEET)

Insect repellant

Naproxen

Pharmaceutical

Nonylphenal

Alkylphenol

Nonylphenol
diethoxylate
(NP1EO)
(n=1)
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Table A-1. Continued.

CEC CEC
General Class Structure General Class Structure
. Nonylphenol
Bisphenol A ) monoethoxylate O{\/\ }H
.y o
Plastic _”‘_/ A \r‘na-"'./ \_”‘— EVI\IIEZZ)EO) /©/ ’
manufacture SN/ l_ N/ V“A|ky|pheno| CiHys
b Ethoxylates
CHs;
e
Caffeine </N | \K Norfloxacin . gIJ c">
. N N . TSN oH
Pharmaceutical y ~CH Pharmaceutical o~ , o~ §
OH
Carbamazepine %/ \A Octylphenal
Pharmaceutical g \;-::.-/ Alkylphenol
v \NH2 CBH17
o} o}
F Perfluor ooctanoic
Ciprofloxacin | OH acid (PFOA) FFFRFFRF O
F
OH
Pharmaceutical (\N N Perfluorinated FrFEFFFFEF F
HN\) A Surfactant
) Per fluor ooctyl
Clofibric acid O sulfonate (PFOS)  r_f RF RS RS
Pharmaceutical /II\ //I / N\ Perfluorinated FFFFFFFF
Ccl” Surfactant
Di (2-ethylhexyl) Pyrene O
ad| pate (DEHA) /\j/\o)J\/\/\[ro\/(/\/ Polycychc Q Q
- e Aromatic
Plasticizer

Di (2-ethylhexyl)
phthalate
(DEHP)

Plasticizer

Ranitidine NO,

R L
A
T o’)\“ a\/\n’ o

Pharmaceutical

u
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CEC
General Class

Structure

CEC
General Class

Structurt

Diclofenac

Pharmaceutical

Erythromycin

Pharmaceutical

Estriol (E3)

Hormone

Estrone (E1)

Hormone

Galaxolide
(HHCB)

Synthetic Musk

Gemfibrozil

Pharmaceutical

Cl
.
OH
O

O

Cl

Roxithromycin

Pharmaceutical

Sulfamer azine

Pharmaceutical

Sulfamethoxazole

Pharmaceutical

Testosterone

Hormone

Tetracycline

Pharmaceutical

Tonalide (AHTN)

Synthetic Musk

e v} -
hI,/ YT
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Table A-1. Continued.

CEC CEC
General Class Structure General Class Structure
Ibuprofen Triclosan OH cl
P OH o
Pharmaceutical Personal Care
o Product cl .
2
Indomethacin N Trimethoprim “1 X OCH,
Pharmaceutical ™o { oH Pharmaceutical HszN/ ocH,
OCH,
0
!

x +— 90" narcentile

~§ +— 75" percentile
o
s |2
@5 -+ median
a |2 O
o = 3
—_ [}
iy -1}
- -
T th .
o -— 25" percentile

x +— 10" percentile

Figure A-1. Box-plot characteristics.
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Table A-2. References used to build the box plots and cuiwealdistribution functions.

CEC Referencesfrom database
17a-Ethynyl 1, 8, 10, 41, 107, 116, 153, 155, 165, 202, 222, 369, 315, 323, 335, 341,
estradiol (EE2) 342, 359, 397, 416, 421, 430, 487, 492, 627, 632, 6
17B-Estradiol 8, 14, 24, 35, 41, 107, 116, 143, 146, 153, 155, 182, 189, 202, 211, 212,

(E2)

Acetaminophen
Atrazine
Benzophenone
Bezafibrate
Bisphenol A

Caffeine
Carbamazepine

Ciprofloxacin
Clofibric acid

Di (2-
ethylhexyl)
adipate (DEHA)
Di (2-
ethylhexyl)
phthalate
(DEHP)
Diclofenac

Erythromycin
Estriol (E3)
Estrone (E1)
Galaxolide

(HHCB)
Gemfibrozil

213, 229, 236, 262, 273, 280, 309, 315, 323, 33%, 342, 359, 397, 406,
416, 421, 487, 492, 622, 623, 626, 635, 637, 644, 6

57, 123, 193, 200, 224, 287, 313, 334, 377, 438, 627, 480

101, 233, 369, 447, 640

323, 437, 637, 640, 646

8, 10, 28, 29, 44, 168, 222, 313, 437, 632

14, 127, 143, 170, 210, 215, 222, 227, 317, 328, 389, 395, 409, 416, 419,
492, 611, 640

44,132, 224, 298, 334, 377, 416, 467, 490, 636, 64

7, 8, 10, 31, 36, 44, 92, 107, 132, 133, 136, 183, 170, 200, 203, 222, 224,
226, 227, 233, 248, 249, 262, 264, 291, 298, 313, 317, 319, 334, 341
363, 364, 376, 377, 385, 416, 430, 437, 438, 480, 627, 632, 635, 637
22,102, 109, 118, 140, 177, 199, 224, 292, 388, 376, 378, 383, 417, 437,
480, 601, 632, 637

44,73, 145, 195, 200, 224, 264, 277, 288, 291, 298, 367, 378, 437, 627,
632, 635

3, 14, 21, 458

5, 14, 21, 78, 139, 355, 356, 458, 606

7,8, 10, 28, 31, 36, 41, 73, 92, 107, 133, 145,163, 193, 195, 200, 222,
224,226, 235, 249, 277, 288, 298, 313, 317, 329, 334, 341, 364, 367,
369, 376, 378, 385, 416, 430, 437, 447, 467, 480, 603, 616, 620, 627,
628, 631, 632, 635, 636

41, 118, 143, 177, 187, 199, 200, 222, 224, 298, 293, 317, 364, 368, 416,
423, 437, 616, 632, 637

8, 116, 143, 155, 165, 170, 189, 211, 229, 236, 289, 359, 416, 451, 482,
623, 626, 630, 632, 641, 644

8, 24, 35, 107, 116, 153, 155, 165, 172, 189, 202, 229, 236, 262, 269,
273, 280, 291, 315, 323, 337, 342, 349, 397, 406, 421, 482, 487, 492,
622, 623, 626, 632, 637, 641, 644

29, 43,107, 112, 114, 133, 205, 341, 386, 396, 430, 488, 636, 637, 646

7, 44, 168, 200, 224, 226, 264, 226, 264, 313, 388, 364, 369, 376, 385,
437, 438, 467, 480, 603, 616, 632, 636
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Table A-2.Continued

CEC

Referencesfrom database

Ibuprofen

Indomethacin
Ketoprofen

Musk Ketone
N,N-Diethyl-
toluamide (DEET)
Naproxen

Nonylphenol

NPEs

Norfloxacin
Octylphenol

Perfluorooctanoic
acid (PFOA)
Perfluorooctyl
sulfonate (PFOS)
Pyrene

Ranitidine
Roxithromycin
Sulfamerazine
Sulfamethoxazole

Testosterone
Tetracycline

Tonalide (AHTN)
Triclosan

Trimethoprim

123, 132, 133, 138, 143, 145, 153, 168, 170, 128, 224, 226, 248, 249,
277, 288, 291, 298, 313, 317, 319, 323, 334, 384, 367, 369, 378, 385,
388, 430, 437, 467, 480, 488, 490, 603, 616, 628, 631, 632, 635, 636,
646

31, 200, 313, 323, 437, 603

28, 73,123, 132, 143, 145, 164, 170, 193, 195, 2P0, 226, 248, 249,
288, 313, 317, 319, 323, 369, 416, 437, 467, 480, 16, 628, 632, 636
43, 272, 450, 627, 646

44, 416, 637, 640, 646

7,28, 36, 41, 73, 121, 132, 133, 143, 153, 196, 195, 200, 216, 217,
224,226, 248, 288, 313, 317, 319, 323, 364, 369, 385, 430, 437, 467,
480, 488, 490, 603, 616, 627, 628, 631, 632, 636, 6

29, 38, 100, 106, 127, 143, 218, 222, 251, 267, 388, 349, 355, 380,
381, 395, 4009, 415, 416, 419, 431, 451, 470, 482, 484, 485, 486, 492,
630, 636, 637, 638

14, 29, 38, 100, 106, 127, 142, 218, 222, 309, 380, 381, 382, 415, 419,
431, 458, 470, 482, 484, 485, 486, 492

22,102, 140, 187, 199, 292, 344, 368, 378, 417, 482, 480, 632

14, 24, 29, 106, 127, 142, 143, 170, 218, 222, 308, 409, 416, 458, 486,
492, 630, 637, 646

51, 125, 239, 305, 387, 418, 440

51, 125, 228, 239, 305, 387, 418, 440

33, 90, 190, 267, 408

200, 226, 291, 313, 317, 437, 438, 471, 480

8, 22, 29, 41, 133, 143, 153, 199, 222, 368, 423, 430, 616, 627, 632
22, 368, 371, 400, 463

8, 22, 29, 31, 41, 87, 107, 109, 133, 143, 153, 199, 200, 222, 224, 225,
291, 298, 313, 368, 371, 376, 377, 383, 385, 306, 423, 430, 437, 442,
447, 480, 488, 601, 616, 631, 632, 636, 637

335, 349, 451, 482, 641, 644

22,109, 118, 187, 196, 197, 199, 290, 292, 298, 3@8, 376, 383, 480,
627, 632, 637

8, 10, 43, 107, 112, 114, 133, 341, 386, 396, 416, 488, 636, 637

29, 43, 107, 112, 114, 133, 205, 317, 334, 386, 896, 450, 467, 488,
636, 637, 646

7,22,41, 44, 104, 109, 123, 143, 187, 199, 298, 313, 317, 367, 368,
377, 383, 395, 416, 417, 423, 437, 616, 627, 637
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Table A-3. References used to build the MS Access Database

Ref Authors Journal/Publisher ~ Volume Year Pages
1 J.S. Vader, C.G. van Ginkel, F.M.G.M. Chemosphere 41 2000 1239-
Sperling, J. de Jong, W. de Boer, J.S. de 1243
Graaf, M. van der Most, P.G.W. Stokman
3 H.N. Gavala, F. Alatriste-Mondragon, R. Chemosphere 52 2003 673-682
Iranpour, B.K. Ahring
4 M. Hijosa-Valsero, V. Matamoros, R. Water Research 44 2010 3669-
Sidrach-Cardona, J. Martin-Villacorta, E. 3678
Becares, J.M. Bayona
5 M. Huang, Y. Li, G. Bioresource 99 2008 8107-
Technology 8111
7 N. Paxéus Water Science and 50 2004  253-260
Technology
8 N. Kreuzinger, M. Clara, B. Strenn, H.  Water Science and 50 2004  149-156
Kroiss Technology
9 Lenz, V. Beck, M. Fuerhacker Water Science and 50 2004  141-147
Technology
10 M. Clara, B. Strenn, M. Ausserleitner, N.Water Science and 50 2004  29-36
Kreuzinger Technology
12  G. Park, J.H. Lee, I.S. Kim, J. Cho Water Saieziod 50 2004  239-244
Technology
14 M. Nasu, M. Goto, H. Kato, Y. Oshima, Water Science and 43 2001 101-108
H. Tanaka Technology
17  S. Beier, S. Koster, K. Veltmann, H. Fr. Water Science and 61 2010 1691-
Schroder, J. Pinnekamp Technology 1698
18 L. Flyborg, B. Bjorlenius, K.M. Persson Wateiedce and 61 2010 1103-
Technology 1120
21 A Llop, F. Borrull, E. Pocurull Water Scienasda 60 2006  2425-
Technology 2437
22  G.C. Ghosh, T. Okuda, N. Yamashita, H.Water Science and 59 2009 779-786
Tanaka Technology
24 L. Balest, G. Mascolo, C. Di laconi, A. Water Science and 58 2008 953-956
Lopez Technology
25 T.Z.D.des Mes, K. Kujawa-Roeleveld, Water Science and 57 2008 1177-
G. Zeeman, G. Lettinga Technology 1182
28 N. Lindqvist, T. Tuhkanen, L. Kronberg Water Bach 39 2005 2219-
2228
29 M. Clara, B. Strenn, O. Gans, E. Martinea)Vater Research 39 2005 4797-
N. Kreuzinger,H. Kroiss 4807
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Ref Authors Journal/Publisher ~ Volume Year Pages
31 J.L. Zhou, Z.L. Zhang, E. Banks, D. Journal of Hazardous 166 2009 655-661
Grover, J.Q. Jiang Materials
33 T.Benabdallah El-Hadj, J. Dosta, J. Mata/ater Science & 53 2006  99-107
Alvarez Technology
34 T.Okuda, Y. Kobayashi, R. Nagao, N. Water Science & 57 2008 65-71
Yamashita, H. Tanaka, S. Tanaka, S. Fujil,echnology
C. Konishi, I. Houwa
35 0. Braga, G.A. Smythe, A.l. Schafer, A.JWater Science & 52 2005 273-278
Feitz Technology
36 S. Suarez, M. Ramil, F. Omil, J.JM. Lema  WateeBce & 52 2005 9-14
Technology
38 S. Terzic, M. Matosic, M. Ahel, . Water Science & 51 2005  447-453
Mijatovic Technology
41  S. Suarez, J.M. Lema, F. Omil Water Research 44 2010 3214-
3224
42  J. Gasperi, V. Rocher, S. Gilbert, S. Water Research 44 2010 3065-
Azimi, G. Chebbo 3076
43 |.S. Lee, S-H. Lee, J-E. Oh Water Research 44 1020 214-222
44 Q. Sui, J. Huang, S. Deng, G. Yu, Q. Fan  WagmeRrch 44 2010 417-426
46 Y. Lee, U. von Gunten Water Research 44 2010 -5&mb
48 F.L. Rosario-Ortiz, E.C. Wert, S.A. Water Research 44 2010 1440-
Snyder 1448
51 A.Y.Lin, S.C. Panchangam, P. Ciou Chemosphere 0O 8 2010 1167-
1174
52 D. Reinhold, S. Vishwanathan, J.J. Park,Chemosphere 80 2010 687-692
D. Oh, F.M. Saunders
56 J.L. Tambosi, R.F. de Sena, M. Favier, WDesalination 261 2010 148-156
Gebhardt, H.J. José, H.F. Schroder, R. de
Fatima P. Muniz Moreira
57 F.P. Shariati, M. Reza Mehrnia, B.M Desalination 250 2010 798-800
Salmasi, M. Heran, C. Wisniewski, M.H.
Sarrafzadeh
66 R. Reif, S. Suéarez, F. Omil, J.M. Lema Desailomat 221 2008 511-517
71 M. Bodzek, M. Dudziak Desalination 198 2006 22-3
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72 J. Zhang, L. Giorno, E. Drioli Desalination 194 2006 101-107
73  T.K. Kimura, H. Hara, Y. Watanabe Desalination 781 2005 135-140
74  T. Urase, C. Kagawa, T. Kikuta Desalination 178 2005 107-113
75 S.Lyko, T. Wintgens, T. Melin Desalination 178 2005 95-105
77  B. De Witte, H. Van Langenhove, K. Chemosphere 78 2010 1142-
Demeestere, K. Saerens, P. De 1147
Wispelaere, J. Dewulf
78 M. Clara, G. Windhofer, W. Hartl, K. Chemosphere 78 2010 1078-
Braun, M. Simon, O. Gans, C. 1084
Scheffknecht b, A. Chovanec
80 I. Kim, N. Yamashita, H. Tanaka Chemosphere 77 0092 518-525
85 S.K. Marttinen, M. Ruissalo, J.A. Rintala Jouimfa 73 2004 103-109
Environmental
Management
86 J. Heidler, R.U. Halden Journal of 11 2009 2207-
Environmental 2215
Monitoring
87 S.Yang, J. Cha, K. Carlson Journal of 1097 2005 40-53
Chromatography A
88 W. Gebhardt, H.F. Schroder. Journal of 1160 2007 34-43
Chromatography A
89 E.C. Catalkaya, F. Kargi Journal of 44 2009 630-638
Environmental
Science and Health
Part A
a0 K.Y. Maillacheruvu, |.A. Pathan Journal of 44 2009 1315-
Environmental 1326
Science and Health
Part A
92 T. Heberer, D. Feldmann Journal of Hazardouk22 2005 211-218
Materials
95 A.L. Ahmad, L.S. Tan, S.R.A. Shukor Journal @izdrdous 151 2008  71-77
Materials
99 R. Molinari, P. Argurio, T. Poerio Journal of Mbrane 340 2009 26-34
Science
100 D. Patureau, N. Delgenes, J.-P. Delgenes Cheracs 72 2008 586-591
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101 X.-J. Kong, D. Li, L.-Q. Cao, X.-Mei Chemosphere 72 2008 59-66
Zhang, Yan Zhao, Y. Lv, J. Zhang

102 H.A. Duong, N.H. Pham, H.T. Nguyen, Chemosphere 72 2008 968-973
T.T. Hoang, H.V. Pham, V.C Pham, M.
Berg, W. Giger, A.C. Alder

104 S. Perez, P. Eichhorn, D.S. Aga Environmental 24 2005 1361-

Toxicology and 1367
Chemistry

106 S. Gonzalez, M. Petrovic, D. Barcelo. Chemosphe 67 2007  335-343

107 M. Carballa, G. Manterola, L. Larrea, T. Chemosphere 67 2007  1444-
Ternes, F. Omil, J.M. Lema. 1452

108 A.S. Stasinakis, A.V. Petalas, D. MamaisChemosphere 68 2007 375-381
N.S. Thomaidis, G. Gatidou, T.D. Lekkas

109 A.L.Batt, S. Kim, D.S. Aga Chemosphere 68 200428-435

112 Y. Horii, J.L. Reiner, B.G. Loganathan, Chemosphere 68 2007 2011-
K.S. Kumar, K. Sajwan, K. Kannan 2020

114 X. Zeng, G. Sheng, H. Gui, D. Chen, W. Chemosphere 69 2007  1305-
Shao, J. Fu 1311

115 V. Matamoros, J. Puigagut, J. Garcia, J.MChemosphere 69 2007 1374-
Bayona 1380

116 M. Auriol, Y. Filali-Meknassi, C. D. Chemosphere 70 2008  445-452
Adams, R. D. Tyagi, T. Noguerol, B. Pina

118 W. Chenxi, A.L. Spongberg, J.D. Witter Chemasph 73 2008 511-518

119 Y. Zhang, J.L. Zhou Chemosphere 73 2008 848-853

121 V. Matamoros, M. Hijosa, J.M. Bayona Chemospher 75 2009 200-205

122 R. Hao, J. Li, Y. Zhou, S. Cheng, Y. Chemosphere 75 2009 987994
Zhang

123 T.Yu, A.Y.Lin, S.K. Lateef, C. Lin, P. Chemosphere 77 2009 175-181
Yang

125 M. Murakami, H. Shinohara, H. Takada Chemospher 74 2009 487-493

126 J.L. Conkle, J.R. White, C.D. Metcalfe Chemasph 73 2008 1741-

1748
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127 P. Pothitou, D. Voutsa Chemosphere 73 2008 4716
1723

128 N. Cottin, G. Merlin Chemosphere 73 2008 71871

129 M.H. Plumlee, J. Larabee, M. Reinhard Chemasphe 72 2008 1541-
1547

132 J.L. Santos, |. Aparicio, M. Callejon, E. Journal of Hazardous 164 2009  1509-
Alonso Materials 1516

133 A. Joss, E. Keller, A.C. Alder, A. Gobel, Water Research 39 2005 3139-
C.S. McArdell, T. Ternes, H. Siegrist 3152

134 I. Kim, N. Yamashita, H.Tanaka. Journal of Hdpais 166 2009 1134-

Materials 1140

136 Marta Carball, Francisco Omil, Juan M. Water Research 39 2005  4790-
Lema 4796

138 R. Kanda, P. Griffin, H.A. James, J. J. Environ. Monit. 5 2003  823-830
Fothergill.

139 Peter Roslev, Katrin Vorkamp, Jakob ~ Water Research 41 2007 969 —
Aarup, Klavs Frederiksen, Per Halkjeer 976
Nielsen

140 N. Vieno, T. Tuhkanen, L. Kronberg Water Reskar 41 2007 1001 -

1012

141 M.A. Belmont, M. Ikonomou, C.D. Environmental 25 2006 29-35

Metcalfe Toxicology and
Chemistry

142 M. Clara, S. Scharf, C. Scheffknecht, O. Water Research 41 2007 4339 -
Gans 4348

143 Norihide Nakadaa, Hiroyuki Shinoharaa, Water Research 41 2007 4373 -
Ayako Murata, Kentaro Kiri, 4382
Satoshi Managaki, Nobuyuki Sato,

Hideshige Takada,

145 A. Tauxe-Wuersch, L.F. De Alencastro, Water Research 39 2005 1761-
D. Grandjean, J. Tarradellas 1772

146 Fusheng Li, Akira Yuasab Aya Obara, Water Research 39 2005 2065-
Alexander P. Mathews 2075

148 Roly Oliver, Eric May, John Williams Water Rasgh 39 2005 4436-

4444

153 M. Carballa, G. Fink, F. Omil, J.M. Lema,Water Research 42 2008 287 -
T. Ternes 295

154 V.Matamoros, J Garcla, J.M. Bayona, Water Rebea 42 2008 653 -

660
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155 E.J. McAdam, J.P. Bagnall, Y.K.K. Koh, Chemosphere 81 2010 1-6
T.Y. Chiu, S. Pollard, M.D. Scrimshaw,
J.N. Lester, E. Cartmell
157 L.A. Kirk, C.R. Tyler, C.M. Lye, J.P. Environmental 21 2002 972979
Sumpter Toxicology and
Chemistry
164 J.B. Quintana, S. Weiss, T. Reemtsm Water Resea 39 2005 2654-
2664
165 M. Muller, S. Combalbert, N. Delgenés, Chemosphere 81 2010 65-71
V. Bergheaud, V. Rocher, P. Benoit, J.-P.
Delgenes, D. Patureau, G. Hernandez-
Raquet
168 A. Joss, S. Zabczynski, A. Gobel, B. Water Research 40 2006 1686 —
Hoffmann, D. Loffler, C.S. McArdell, 1696
T.A. Ternes, A. Thomsen, H. Siegrist
169 A.L. Filby, J.A. Shears, B.E. Drage, J.H. Environ. Sci. 44 2010 4348-
Churchley, C.R. Tyler Technology 4354
170 N. Nakada, Toshikatsu Tanishima, Water Research 40 2006 3297 -
Hiroyuki Shinohara, Kentaro Kiri, 3303
Hideshige Takada
172 Y. Suzuki, T. Maruyama Water Research 40 2006061+
1069
176 V. Yangali-Quintanilla, S.K. Maeng, T. Journal of Membrane 362 2010 334-345
Fujioka, M. Kennedy, G. Amy Science
177 C. Accinelli, M.L. Sacca, I. Batisson, J. Chemosphere 81 2010 436-443
Fick, M. Mencarelli, R. Grabic
178 S. Deng, Q. Yu, J. Huang, G. Yu Water Research 44 2010 5188-
5195
180 A.M. Comerton, R.C. Andrews, D.M. Journal of Membrane 313 2008  323-335
Bagley, C. Hao Science
183 J.Lu, Q. Jin, Y. He, J. Wu, W. Zhang, J. Water Research 44 2008 1075-
Zhao 1082
187 A. Gulkowska, H.W. Leung, M.K. So, S. Water Research 42 2008  395-403
Taniyasu, N. Yamashita, L.W.Y. Yeung,
Bruce J. Richardson, A.P. Lei, J.P. Giesy,
P.K.S. Lam
188 L. Kim, H. Tanaka Water Environment 82 2010 294-301
Research
189 R.F. Chimchirian, R.P.S. Suri, H. Fu Water Emvinent 79 2007  969-974

Research
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190 H. Carrere, A. Bernal-Martinez, D. Environmental and 52 2006  3612-
Patureau, J. Delgenes Energy Engineering/ 3620
AIChE Journal
193 Jim T. Yu, Edward J. Bouwer, Mehmet Agricultural Water 86 2006  72-80
Coelhan Management
194 S.J Rooklidge, J.R. Miner, T.A. Kassim, American Water 97 2005 92-100
P.O. Nelson Works Association.
Journal
195 Kosjek, E. Heath, B. Kompare Analytical and 387 2007  1379-
Bioanalytical 1387
Chemistry
196 A.Pena, M. Paulo, L.J.G. Silva, M. Analytical and 396 2010 2929-
Seifrtova, C. M. Lino, P. Solich Bioanalytical 2936
Chemistry
197 N. Prado, J.Ochoa, A. Amrane Bioresource 100 2009 3769-
Technology 3774
198 M. Mezcua, M.J. Gomez, |. Ferrer, A.  Analytica Chimica 524 2004  241-247
Aguera, M.D. Hernando, A.R. FernandezActa
Alba
199 B.Li, T. Zhang, Z. Xu, H.H.P. Fang Analyticai@®ica 645 2009 64-72
Acta
200 J. Radjenovic, M. Petrovic; D. Barcelo Anab&nal Chem 387 2007  1365-
1377
202 T. Yoshimoto, F. Nagai, J. Fujimoto, K. Applied and 70 2004  5283-
Watanabe, H. Mizukoshi, T. Makino, K. Environmental 5289
Kimura, H. Saino, H. Sawada, H. Omura Microbiology
203 M. Leclercq, O. Mathieu, E. Gomez, C. Arch Environ 56 2009 408-415
Casellas, H. Fenet, D. Hillaire-Buys Contam Toxicol
204 H. Song, K. Nakano, T. Taniguchi, M.  Bioresource 100 2009  2945-
Nomura, O. Nishimura Technology 2951
205 K. Bester Chemosphere 57 2004 863-870
206 S. Barnabe’a, |. Beauchesne, D.G. Water Research 42 2008 153-162
Cooper, J.A. Nicell
209 J.Y. Kim, K. Ryu, E.J. Kim, W.S. Choe, Process Biochemistry 42 2007  1470-
G.C. Cha, I. Yoo 1474
210 J.Chen, X. Huang, D. Lee Process Biochemist3 2008 451-456
211 V. Gabet-Giraud, C. Miege, J.M. Science of the Total 408 2010  4257-
Choubert, S.M. Ruel, M. Coquery Environment 4269
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212 X.Chen, J. Hu Process Biochemistry 44 2009 0433
1334
213 V. lIvanov, J.J. Lim, O. Stabnikova, K.Y. Process Biochemistry 45 2010 284-287
Gin
215 A.S. Stasinakis, C.l. Kordoutis, V.C. Bioresource 101 2010 2090-
Tsiouma, G. Gatidou, N.S. Thomaidis  Technology 2095
216 C.E. Rodriguez-Rodriguez, E. Marco- Bioresource 101 2010 2259-
Urrea, G. Caminal Technology 2266
217 G. Mascolo *, L. Balest, D. Cassano, G. Bioresource 101 2010 2585-
Laera, A. Lopez, A. Pollice, C. Salerno  Technology 2591
218 R. Cespedes, S. Lacorte, A. Ginebreda, Bnvironmental 153 2008  384-392
Barcelo Pollution
220 Ana Dordio, A.J. Palace Carvalho, Dora Bioresource 101 2010 886-892
Martins Teixeira, Cristina Barrocas Dias, Technology
Ana Paula Pinto
221 L. Clouzot, P. Doumeng, N. Roche, B.  Bioresource 101 2010 6425-
Marrot Technology 6431
222 Heidemarie Schaar, Manfred Clara, OliveEnvironmental 158 2010  1399-
Gans, Norbert Kreuzinger Pollution 1404
224 W Sim, J. Lee, J. Oh Environmental 158 2010  1938-
Pollution 1947
225 X. Chang, M.T. Meyer, X. Liu, Q. Zhao, Environmental 158 2010 1444-
H. Chen, J Chen, Z. Qiu, L. Yang, J. CaoPollution 1450
W. Shu
226 M. Gros, M. Petrovic, D. Barcelo Environmental 26 2007  1553-
Toxicology and 1562
Chemistry
227 A. Musolff, S. Leschik, M. Mdder, G. Environmental 157 2009  3069-
Strauch, F. Reinstorf, M. Schirmer Pollution 3077
228 R. Ma, K. Shih Environmental 158 2010 1354-
Pollution 1362
229 M. Muller, F. Rabenoelina, P. Balaguer, Environmental 27 2008 1649-
D. Patureau, K. Lemenach, H. Budzinski, Toxicology and 1658
D. Barcelo, M. Lopez De Alda, M. Kuster,Chemistry
J. Delgenes, G. Hernandez-Raquet
230 Q. Sun, S. Deng, J. Huang, G. Shen, G. Environmental 25 2008 20-26
Yu Toxicology and
Pharmacology
231 E. Chamberlain, C. Adams Water Research 40 20517-

2526
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232 T. Kupper, C. Plagellat, R.C. Brandli, L.FWater Research 40 2006  2603-
de Alencastro, D. Grandjean, J. 2612
Tarradellas
233 M. Bernhard, J. Muller, T.P. Knepper Water Reske 40 2006  3419-
3428
235 H. De Wever, S. Weiss, T. Reemtsma, J.Water Research 41 2007  935-945
Vereecken, J. Muller, T. Knepper, O.
Rorden, S. Gonzalez, D. Barcelo, M.D
Hernando
236 T.Hashimotoa, K. Onda, Y. Nakamura, Water Research 41 2007  2117-
K. Tada, A. Miya, T. Murakami 2126
239 B. Boulanger, J.D. Vargo, J.L. Schnoor, Environ. Sci. Technol 39 2005 5524-
K.C. Hornbuckle 5530
240 A.V. Dordio, A.J.E. Candeias, A.P. Pinto,Ecological 35 2009 290-302
C. T. da Costa, A.J.P. Carvalho Engineering
243 P. Pholchan, M. Jones, T. Donnelly, P.J. Environ. Sci. Technol 42 2008 6141-
Sallis 6147
247 Guang-Guo Ying, Rai S. Kookana Environment 33 2007  199-205
International
248 J.L. Santos, I. Aparicio, E. Alonso Environment 33 2007 596-601
International
249 Katherine H. Langford, Kevin V. Thomas  Envircemh 35 2009 766-770
International
251 S. Gonzalez, M. Petrovic, D. Barcelo Journdflpdrology 356 2008 46-55
253 J.L. Tambosi, R.F. de Sena, W. Gebhard©zone: Science & 31 2009  428-435
R.F.P.M. Moreira, H.J. Jose, H. Fr. Engineering
Schroder
254 Giorgio Bertanza, Roberta Pedrazzani, Ozone: Science & 32 2010 204-208
Matteo Papa, Giovanna Mazzoleni, Engineering
Nathalie Steimberg, Luigi
Caimi, Claudia Montani, Diego Dilorenzo
255 S.A. Snyder, E.C. Wert, D.J. Rexing, R.EOzone: Science & 28 2006  445-460
Zegers, D.D. Drury Engineering
256 C. Gagnon, A. Lajeunesse, P. Cejka, F. Ozone: Science & 30 2008 387-392
Gagne , R. Hausler Engineering
257 Y. Kim, M. Osako, D. Lee Waste Management 20 2002  341-349
& Research
258 Cicek N, Londry K, Oleszkiewicz JA, Water Environmental 79 2007  795-800

Wong D, Lee Y. Research
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261 Pei Xu, J.E. Drewes, Christopher BellonayWater Environmental 77 2005 40-48
Gary Amy, Tae-Uk Kim, Marc Adam, Research
Thomas Heberer
262 S. Zuehlke, U. Duennbier, B. Lesjean, R.Environment 78 2006  2480-
Gnirss, H. Buisson Research 2486
263 S. Suarez, M.C. Dodd, F. Omil, U. von Water Research 41 2007 2481-
Gunten 2490
264 M.A. Soliman, J.A. Pedersen, H. Park, AWater Environment 79 2007 156-167
Castaneda-Jimenez, M.K. Stenstrom, |.HResearch
(Mel) Suffet
265 X.Jin, J. Hu, S. Leong Ong Water Research 41 0072 3077-
3088
266 D.M. Fuerhacker, S. Scharf, W. Pichler, The Science of the 277 2001 95-100
T. Ertl, R. Haberl Total Environment
267 M. Barret, G. Cea Barcia, A. Guillon, H. Journal of Hazardous 181 2010 241-247
Carrére, D. Patureau Materials
269 G.D’'Ascenzo, A. Di Corcia, A.Gentili, The Science of the 302 2003 199-209
R.Mancini, R.Mastropasqua, M.Nazzari, Total Environment
R Samperi
271 B.D. Stanford, H.S. Weinberg Environmental 44 2010 2994-
Science Technology 3001
272 Y.Lv, T. Yuan, J. Hu, W. Wang Science of ttmall 408 2010 4170-
Environment 4176
273 Y.K.K. Koh, T.Y. Chiu, A.R. Boobis, Environmental 43 2009 6646-
M.D. Scrimshaw, J.P. Bagnall, A. Soares,Science Technology 6654
S. Pollard, E. Cartmell, J.N. Lester
277 C. Zwiener, F.H. Frimmel The Science of the 309 2003 201-211
Total Environment
280 M.R. Servos, D.T. Bennie, B.K. BurnisonScience of the Total 336 2005 155-170
A. Jurkovic, R. Mclnnis, T. Neheli, A. Environment
Schnell, P. Seto, S.A. Smyth, T.A. Ternes.
281 H. Zhang, H. Yamada, H. Tsuno Journal of Hamasd 42 2008 3375
Materials 3380
283 J.E. Loyo-Rosales, C.P. Rice, A. Torrents  JalwhHazardous 41 2007 6815-
Materials 6821
284 A.L.Batt, S. Kim, D.S. Aga Journal of Hazardou40 2006  7367-
Materials 7373
286 Angela Rodayan, Ranjan Roy, Viviane Journal of Hazardous 177 2010 237-243
Yargeau Materials
287 A. Rodayan, R. Roy, V. Yargeau Environmental 44 2010 284-289

Science Technology
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288 K. Kimura, H. Hara, Y. Watanabe Environmental 41 2007  3708-
Science Technology 3714
289 V. Matamoros, C. Arias, H. Brix, J.M. Environmental 41 2007 8171-
Bayona Science Technology 8177
290 S. Kim, P. Eichhorn, J.N. Jensen, A.S. Environmental 39 2005 5816-
Weber, D.S. Aga Science Technology 5823
291 S. Castiglioni, R. Bagnati, R. Fanelli, F. Environmental 40 2006 357-363
Pomati, D. Calamari, E. Zuccato Science Technology
292 B.Li, T. Zhang Environment and 44 2010 3468-
Science Technology 3473
294 K.E. Conn, L.B. Barber, G.K. Brown, Environmental 40 2006  7358-
R.L. Siegrist Science Technology 7366
295 E.C. Wert, F.L. Rosario-Ortiz, S.A. Environmental 43 2009  4858-
Snyder Science Technology 4863
296 T. Kosjek, H.R. Andersen, B. Kompare, Environmental 43 2009 6256-
A. Ledin, E. Heath Science Technology 6261
298 A.Y.Lin, T.Yu, S.K. Lateef Journal of Hazardou 167 2009 1163-
Materials 1169
302 F. Alatriste-Mondragon, R. Iranpour, B.KWater Research 37 2003  1260-
Ahring 1269
304 D. DiGioia, L. Sciubba, L. Bertin, C. Water Research 43 2009  2977-
Barberio, L. Salvadori, S. Frassinetti, F. 2988
Fava
305 J.Yu,J. Hu, S. Tanaka,S. Fujii Water Research 43 2009  2399-
2408
306 O. Gonzélez, M. Esplugas, C. Sans, A. Water Research 43 2009 2149-
Torres, S. Esplugas 2158
307 C. Abegglen, A. Joss, C. S. McArdell, G. Water Research 43 2009 2036-
Fink, M. P. Schlisener, T. A. Ternes, H. 2046
Siegrist
309 M-L. Janex-Habibi, A. Huyard, M. Water Research 43 2009  1565-
Esperanza, A. Bruchet 1576
310 A. S. Stasinaskis,S. Kotsifa, G. Gatidou, Water Research 43 2009 1471-
D. Mamais 1479
311 A. Wick, G. Fink, A. Joss, H. Siegrist, T. Water Research 43 2009 1060-
A. Ternes 1074
312 E. C. Wert, F. L. Rosario-Ortiz, S. A. Water Research 43 2009 1005-
Snyder 1014
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313 J. Radjenovj M. Petrovg, D. Barced Water Research 43 2009 831-841

314 A. M. Comerton, R. C. Andrews, D. M. Water Research 43 2009 613-622
Bagley

315 T. Hashimoto, T. Murakami Water Research 43 9200573-582

317 B. Kasprzyk-Hordern, R. M. Dinsdale, A. Water Research 43 2009 363-380
J. Guwy

319 V. Matamoros, C. Arias, H. Brix, J. M.  Water Research 43 2009 55-62
Bayona

323 T.Urase, T. Kikuta Water Research 39 2005 1289-

1300

324 G. R.Boyd, S. Zhange, D. A. Grimm Water Readear 39 2008 668-676

325 M. Clara, N. Kreuzinger, B. Strenn, O. Water Research 39 2005 97-106
Gans, H. Kroiss

326 A. C.Johnson, H. -R. Aerni, A. Gerritsen Water Research 39 2005 47-58
M. Gibert, W. Giger, K. Hylland, M.
Jurgens, T. Nakari, A. Pickering, M. J. -F.
Suter, A. Svenson, F. E. Wettstein

327 B. Guieysse, G. Viklund Chemosphere 59 2005 -3@D

328 M. T. Rose, F. Sanchez-Bayo, A. N. Chemosphere 63 2006  1849-
Crossan, I. R. Kennedy 1858

329 L. Sanchez-Prado, M. Llompart, M. LoresChemosphere 65 2006  1338-
C. Garcia-Jares, J. M. Bayona, R. Cela 1347

333 J. Heidler, R. U. Halden Chemosphere 66 2007 2-3%®

334 M. J. Gémez, M. J. Martinez Bueno, S. Chemosphere 66 2007  993-
Lacorte, A. R. Fernandez-Alba, A. Agluera 1002

335 M. Esperanza, M. T. Suidan, R. Marfil- Chemosphere 66 2007  1535-
Vega, C. Gonzalez, G. A. Sorial, P. 1544
McCauley, R. Brenner

336 J.Lee,B.C. Lee, J. S. Ra,J.Cho, . S. Chemosphere 71 2008 1582-
Kim, N. I. Change,H. K. Kim, S. D. Kim 1592

337 H. Zhang, H. Yamada, S.-E. Kim; H.-S. Water Science and 54 2006  123-132
Kim, H. Tsuno Technology

338 M. Clara, B. Strenn, N. Kreuzinger Water Reslear 38 2004  947-954
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341 T.A.Ternes, N. Herrmann, M. Bonerz, TWater Research 38 2004  4075-
Knacker, H. Siegrist, A. Joss 4084
342 R. Kanda, J. Churchley Environmental 29 2008 315-323
Technology
344 B. Shao, D. Chen, J. Zhang, Y. Wu, C. Journal of 1216 2009 8312-
Sun Chromatography A 8318
348 J. Zhange, M. Yang, Y. Zhang, M. Chen Jourhal o 20 2008 135-141
Environmental
Sciences
349 Z-h. Liu, M. Ito, Y. Kanjo, A. Yamamoto  Jourrl 21 2009  900-906
Environmental
Sciences
352 L. D. Nghiem, A. Manis, K. Soldenhoff, Journal of Membrane 242 2004  37-45
A. |. Schéafer Science
355 P. Fauser, J. Vikelsge, P. B. Sgrensen, L\Water Research 37 2003 1288-
Carlsen 1295
356 S. K. Marttinen, R. H. Kettunen, K. M.  Water Research 37 2003 1385-
Sormunen, J. A. Rintala 1393
357 T.A. Ternes, J. Stuber, N. Herrmann, D. Water Research 37 2003 1976-
McDowell, A. Ried, M. Kampmann, B. 1982
Teiser
358 K. Bester Water Research 37 2003  3891-
3896
359 A. Svenson, A-S. Allard, M. Ek Water Research 7 3 2003  4433-
4443
363 J. Hollender, S.G. Zimmermann, S. Journal of Hazardous 43 2009 7862-
Koepke, M. Krauss, C.S Mcardell, C. Ort,Materials 7869
H. Singer, U.V. Gunten, H. Siegrist
364 C.l. Kosma, D.A. Lambropoulou, T.A.  Journal of Hazardous 179 2010 804-817
Albanis Materials
365 A.Y Lin, C. Lin, J. Chiou, P.K.A. Hong JourraflHazardous 171 2009 452-458
Materials
366 L.S. Gaulke, S.E. Strand, T.F. Kalhorn, Environmental 43 2009 7111-
H.D. Stensel Science Technology 7116
367 P.H. Roberts, K.V. Thomas Science of the Total356 2006 143-153
Environment
368 K.G. Karthikeyan, Michael T. Meyer Sciencelod Total 361 2006 196-207
Environment
369 L. Lishman, S.A. Smyth, K. Sarafin, S. Science of the Total 367 2006  544-558

Kleywegt, J. Toito, T. Peart, B. Lee, M. Environment

Servos, M. Beland, P. Seto
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371 X. Peng, Z. Wang, W. Kuang, J. Tan, K. Science of the Total 371 2006  314-322
Li Environment
372 A.Gobel, C.S. McArdell, A.Joss, H. Science of the Total 372 2007 361-371
Siegrist, W. Giger Environment
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& Technology 5454
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375 V. Matamoros, A. Caselles-Osorio, J.  Science of the Total 394 2008 171-176
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Aparicio, E. Alonso Environment
382 M Guang-Guo Ying, Rai S. Kookana, Aniscience of the Total 407 2009 5147-
Kumar, Munro Mortimer Environment 5155
383 Gy. Plész, H. Leknes, H. Liltved, K.V.  Science of the Total 408 2010 1915-
Thomas Environment 1924
385 G. Teijon, L. Candela, K. Tamoh, A. Science of the Total 408 2010 3584-
Molina-Diaz, A.R. Fernandez-Alba Environment 3595
387 R. Bossi, J. Strand, O. Sortkjeer, M.M.  Environment 34 2008 443-450
Larsen International
388 O.A.H. Jones, N. Voulvoulis, J.N. Lester Enmimental 145 2007 738-744
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391 M.P. Schlusener, K. Bester Clean 36 2008 25 -3
395 L.B. Barber, K.E. Lee, D.L. SwackhamerAquatic Toxicology 82 2007 36-46
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396 J.L.Reiner, J. D. Berset, K. Kannan Arch. iEomv 52 2007  451-457

Contam. Toxicol.
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Bing Bulletin
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Richle, H. Siegrist 3055
422 M.M. Huber, T.A. Ternes, U. Gunten Environ..Sci 38 2004 5177-
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423 A. Oobel, A. Thomsen, C.S. Mcardell, AEnviron. Sci. 39 2005 3981-
Joss, W. Giger Technol. 3989
424 M.M. Huber, S. Korhonen, T.A. Ternes, Water Research 39 2005  4290-
U. Gunten 4299
426 J.Y.Hu, X. Chen, G. Tao, K. Kekred Environi.Sc 41 2007  4097-
Technol. 4102
428 M.H. Plumlee, K. Mcneill, M. Reinhard EnvirdBci. 43 2009 3662-
Technol. 3668
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430 M. Carballa, F. Omil, T. Ternes, J.M. Water Research 41 2007  2139-
Lema 2150

431 G. Hernandez-Raquet, A. Soef, N. Water Research 41 2007 2643-
Delgenes, Patrick Balaguer 2651
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445 Y. He, G. Chen, Z. Ji, S. Li Separation and 66 2009  390-396
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448 J. E. Drewes, C. Bellona, M. Oedekoven,Environmental 24 2005 400-409
P. Xu, T-U. Kim, G. Amy Progress
450 J-J. Yang, C. D. Metcalfe Science of the Total363 2006  149-165
Environment
451 M. P. Fernandez, M. G. lkonomou, |. Science of the Total 373 2007 250-269
Buchanan Environment
458 J. Sanchez-Avila, J. Bonet, G. Velasco, SScience of the Total 407 2009  4157-
Lacorte Environment 4167
463 D. T. Sponza, P. Demirden Separation and 56 2007 108-117
Purification
Technology
467 G.-G.Ying, R.S. Kookana, D.W. Kolpin Journél o 11 2009  1498-
Environmental 1505
Monitoring
470 S. Gonzalez, M. Petrovic, D. Barcelo Journal of 1052 2004 111-120

Chromatography
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471 A. Caruccia; Giovanna Cappaia; Martina Journal of 41 2006 1831 —
Pireddaa Environmental 1842
a DIGITA, University of Cagliari, Science and Health
Cagliari, Italy
478 L. Bo, T. Urase, X. Wang Front. Environ. Sci. 3 2009 236-240
Engin. China
479 V. Matamoros, J.M. Bayona Environment Scienc0 2006  5811-
& Technology 5816
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D. Barcel6 International
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487 Anderson, Henrik; Hansruedi Siegrist;  Environmental 37 2003  4021-
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Technology
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Oppenheimer; E.C. Wert, Y. Yoon
490 P. Thomas, Gregory Foster Environmental 24 2005 25-30
Toxicology and
Chemistry
491 G. Winkler, R. Fischer, P. Krebs; A. Engineering in Life 7 2007 42-51
Thompson; E. Cartmell, P. Griffin Sciences
492 G.G. Ying, R. Kookana, A. Kumar Environmental 27 2008 87-94
Toxicology and
Chemistry
493 T.Yi, S. Mackintosh, Diana S. Aga, W.F.Water Research 25 2011  1369-
Harper, Jr 1377
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494 D. O'Grady, S. Evangelista, V. Yargeau Enviremtal 26 2009  1393-
Engineering Science 1400
601 N. Le-Minh, S.J. Khan, J.E. Drewes, R.MWater Research 44 2010  4295-
Stuetz 4323
603 O. A. H. Jones, N. Voulvoulis, J. N. Critical Reviews in 35 2005 401-427
Lester Environmental
Science and
Technology
604 Z. Liu, Y. Kanjo, S. Mizutani Science of thetdlbo 407 2009 731-748
Environment
606 C. Dargnat, M.-J. Teil, M. Chevreuil, M. Science of the Total 407 2009 1235-
Blanchard Environment 1244
611 D.P. Mohapatra, S.K. Brar, R.D. Tyagi, Chemosphere 78 2010 923-941
R.Y. Surampalli
616 J. Sipma, B. Osuna, N. Collado, H. Desalination 250 2010 653-659
Monclus, G. Ferrero,J. Comas, .
Rodriguez-Roda
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620 Y. Zhang, S.-U GeilRen, C. Gal Chemosphere 73 0820 1151-
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621 S. K. Khanal, B. Xie, M. L. Thompson, S.Environmental 40 2006  6537-
Sung, S-K. Ong, J. (H.) V. Leeuwen Science & 6546
Technology
622 A.C. Johnson, J.P. Sumpter Environmental 35 2001  4697-
Science & 4703
Technology
623 S.S. Teske, R.G. Arnold Rev Environ Sci 7 2008 107-124
Biotechnol
625 Y. M. Lee, J. A. Oleszkiewicz, N. Cicek, Environmental 25 2004  635-645
K. Londry Technology
626 Y. K. K. Koh, T.Y. Chiu, A. Boobis, E. Environmental 29 2008  245-267
Cartmell, M. D. Scrimshaw, J. N. Lester Technology
627 K.M. Onesios, J.T. Yu, Biodegradation 20 2009 441-466
E.J. Bouwer
630 M. Auriol, Y. Filali-Meknassi, R. D. Process Biochemistry 41 2006  525-539
Tyagi, C.D. Adams, R.Y. Surampalli
631 J.L. Tambosi, L.Y. Yamanaka, Quim. Nova 33 2010 411-420

H.J.J.R.F.P.M. Moreira
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632 Miege, J.M. Choubert, L. Ribeiro, M. Environmental 157 2009 1721-
Eusebe, M. Coquery Pollution 1726
635 M.D. Hernando, M. Petrovic, J. Comprehensive 50 2007 451-474
Radjenovic, A.R. Fernandez-Alba, D. Analytical Chemistry
Barcelo
636 J. Kagle, AW. Porter, R.W. Murdoch, G. Advances in Applied 67 2009 65-108
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR THE UV/HO, AND FENTON'’S KINETIC MODELS

In this section, we present the full system of ¢igna that were solved for each of the models dlesdrin the Chapter 3.

The models are presented for a generic target=PClor NP in our calculations) and a generic scgeersSc (Sc=ethanol or

isopropanol).

B1. UV/H,O, Model

dT . - (B-1)
L = dertm1 <1 oM > —grigfr e B0%)
d[chltOZ] = ~QH,0,! of oo, (1 €7 2393 ) —k5[H,05] <[* OH] > ~k3[HO, ] <[* OH] > &2

—k1o[H202]1<[03"]>—k14[H202] <[HO; ] > —ky5[H0,]<[CO3™ | >

—ky6 <[CO3"]1>[HO, ] +kg <[* OH]2 > +k1, <[HO," J[03"] > +kq3 <[HO, ]2 >



. (B-3)
% = 2041,0,! of H,0, A - € 230%) —k[H0,] <["OH] > ~k3[HO, ] <['OH] >

—k 4[HCO; ] <[ OH] > -ks[CO5” ] <[  OH] > —k¢ < [HO,"][* OH] > -k, <[03"][* OH] >
—2kg <['OH]? > —kg < [CO5 " ][* OH] > +ky0 <[03"] >[H ;0,] + k14 <[HO3] > [H,0,]

~Kk[T] <[ OH] > ~kg,[Sd <[ OH] >

] >(1+ [H+]J =K 5[H,0,] <[* OH] > +k3[HO, ] <[* OH] > -kg <[HO,"][* OH] > (B-4)
dt Ko
—k7 <[03"][* OH] > —k10[H20,] <[03"] > —k11 < [CO3 " ][03" ] > —k12 <[HO," ][O3"] >
= 2kq3 <[HO3 12 > —k14[H20,] <[HO, ] > +k15[H20,] < [CO3™ ] > +ky6[HO, ] <[CO5™ ] >
. B-5
w =k 4[HCO3"] <[* OH] > +k5[CO3* ] <[* OH] > —kg < [CO3 " ][* OH] > &9
—k11 <[CO37][03'] > —k15[H20,] < [CO3™ 1> —ky6[HO, 1< [CO5™ ] > —2k17 <[CO3 ]2 >
dTOtEOs] -k, 4 OHI > [HCO31 ks < OHI > [COF T+ ki <[05 ICOF 1>
. . _ d[T]
+Ky5 < [CO3°] >[H207] + kg < [CO3°] >[HOz] + N TS
dsd _ ®-7)

Tt —ksc[Sd <[* OH] >
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(HCO:] = [TotCO;] (B-8)
’ {1+[H+]+Ka4}
Kaz [H*]
coz-] = KaulHCO3 ] (&)
’ [H+]

[H*]=[OH ]+[HCO; ]+ 2[CO5 |+ <[05'] > +[HO, ]+ < [CT5'] > (B-10)

In equation (B-6), N is the total number of carladoms in the target molecule.

Model calculations yield concentration of all sgscas a function of time. For radicals, the corme¢ion found is a volume-
averaged concentration. As discussed in the maptskadical/radical reactions, such as reaction$2and 13 in B-2 are
neglected in the calculations, but are includece Her completeness. It was verified that all terimg#lving this type of

reaction were negligible by performing calculatiamgler the assumption <[R1][R&><[R1]><[R2]>.

Direct photolysis of the target is included in etijpmm (B-1) (second term on the right-hand side}), ibwas negligible in our

calculations.



B2. Fenton’'s Model

d[T]

o = AT OH

d[F;:] ==k, [Fe2+] + k_4[FeO|-|+][H+] - kg [F62+][H202] ~ked ! ]~ Kedl ] —klZ[F62+]['OH]

— k14 [FETI[HO, 1 - kys[FE** 1[0, 7]+ kyglFe( 111)][HO, ] + ky7[Fe( 11N][O," ]
~kgF€?* [5O3 ] + k_ g FeSQ)] - ks [FE?* J[SO; |+ ka7l FESG[HO,']
+Kag FESG 1[0, 7] + Kag [FES0,) 7 1IHO, | + kyo [FESO,) 7110, ]

d[H20,] _

=2 = —kg[Fe”"[H,02] ~ko[FEOH'I[H 0] = kg H 20, ][" OH] + kaal” OHJ* ~ ko[ H 0, ][HO, ]

+Kg[HO, 12 + kpu[0," TI[HO,' ] — ko[ FESQ][H ,0,]

d[ OH] _

at —kg [F€** 1[H 20,1 — k12 [FE2* ][" OH] - ky5[FEOH'][* OH] - kyg[H ;01" OH] — k1g[HO, ][ OH]

—k[O5 T1[" OH] = 2K o9[" OH]? — K 2o[HSOZ1[* OH] + k3o[ FeSQ ][ H ;0] — kgy[FeSQ,][* OH]

~k [ T][" OH] ~kg[Sc][* OH]

(B-11)

(B-12)

(B-13)

(B-14)
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AHOZT - i [HO, ]+ k_[0y TITH* 1+ kad 1 o]+ afl 5] ~ kya FEZ* JIHO, ] ~ ky [ FeOH ITHO, ]

dt

d[o," ]
dt

disO; ]

— kyglFe( 1N][HO," ] + Kyg[H ,0,1[* OH] = k1g[HO, 1 OH] = 2k 53[HO," 1> =K 24[05"~ ][HO, ']

—kg3[FeSQ][HO, ] - k37[FeSCI][H02.] —kgg [FES0,)21[HO, ] — kyg [FESO,) 2 1[0, 7]

— k0[O "1[" OH] — k4[0;  "1[HO, ] — k33[FeSQ ][O, ] — kg FeST, ][0, -]

d[FeOH']

dt

dt

d[FesQ|]
dt

—ky4[FEOH ][HO, "] ~ kys[FEOH ][O, "] — k3s[FeOH" ][SO; ]

= kg [FE** 1ISO; 1 — K_g [ FESQ)] — ko[ FeSQI[H 0] — ka;[FeSQ][* OH]
- k32[FeSQ][H02.] - k33[FeSQ][OZ._] - k36[FeSQ ][80.4_]

dFe(1l1)] _ _ d[Fe**] _ d[FeOH']

=ks[HO, "1 —K_s[0, "I[H*] ~ky5[F€* ][O, "] — kys[FEOH' ][O, 1 = ky7[Fe( 111)][O, 7]

= +k, [Fe?*] - k_4[FeOH'J[H*] -k g[FeOH'][H ,0,] - k;s[FEOH"][* OH]

= Koo [HSO;][* OH] — kg4 [Fe2* ][SO, ]~ kss[FeOH" J[SO; ] — kse[FeSQy 11SO; ]

dt

dasq _
dt

dt dt

_kSc[SC][. OH]

(B-15)

(B-16)

(B-17)

(B-18)

(B-19)

(B-20)

(B-21)
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[TotSO,)] =[HSO; ]+ 505 ] +[FeSG] + 2[FeS0,) 3] +[FeSQ ]+ [SO; ]

[Fe(11l)] = [Fe**]+[FeOH "1+ [FEOH) 3]+ 2[Fe, (OH)5 ] +[1 1]+ 1]

[Feor] = KilFe™]
[H7]

o _ Ko[Fe™]
FEOH) 5] = —2
[Fe(OH) ] 2

K3[F63+]2
[H*]?

[Fe, (OH)3'] =

K o [F€*" I[H,0,]

lal = -
[1a] ]

_ Kp Ky [Fe**][H,0,]
[H*]?

[1p]
[HSO,] =K 5805 1[H"]
[FeSQ] =K [Fe* 1[SO; ]

[FeS0,)2] = Ko7 [FE™ 1ISO; 1

(B-22)
(B-23)

(B-24)

(B-25)

(B-26)

(B-27)

(B-28)

(B-29)
(B-30)

(B-31)

225



226

Peroxy-iron complexes atg=(Fe(HO,)**) andl,=(Fe(OH)(HQ,)*"). Their contribution to the ¥D, balance is negligible under

the pH conditions employed in this work.

The equilibrium constants reported in Tables 3-@ &3 correspond to a solution with ionic strengtl®.1 M, as reported by

De Laat and L& Changes in ionic strength of the solution willukeén changes of the activity coefficients of ajed species.

Corrections to the equilibrium constants can beuwated in terms of estimates of activity coeffite To illustrate this

calculation, consider the reaction FE27 (Table .3:8} K7 be the equilibrium constant used in the calcutei(as it appears

in equation B-31, corresponding to an ionic strbrfg)} and K71 be the reported value at ionic strength 0.1 M. dAfe state

that

{ ¥} s-01m

Ko7 =K 2701
S

where the activity coefficient product is given by

(B-32)

(B-33)

The ionic strength of the solution can be calcaldtem the concentration of all ionic species imtg of the charge number

for each species;, by



Activity coefficients are calculated for speciestwarious charges from the correlations

-
o.gsJ
o.gsJ

In(yy, ) = —0.5[

In(y,.) = ‘{m -

In(Yas) = —4.5(

s=2 Y161’

Vs
1+154S

NG

vs
1+ 1.5\/§

(B-34)

(B-35)

(B-36)

(B-37)
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B3. Giovanni-NASA Data for the Calculation of Sol&pectral Irradiance using
SMARTS (Chapter 3).
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FigureB1. Ozone content in the atmosphere at Tucson AZ, #aigust 2009 to December
2010.
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Figure B2. Water vapor content in the atmosphere at Tucsonfrdmh August 2009 to December

2010.
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Figure B3. Water vapor content in the atmosphere at Tucsonfrdmh August 2009 to December

2010.
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APPENDIX C

ADDITIONAL RESEARCH ON FLOW OF NON-NEWTONIAN WASTELURRIES
WITH APPLICATION TO TRANSPORT OF NUCLEAR WASTE

Analysis of the Horizontal Pipeline Flow of Non-Newtonian Settling Dense Slurries
Mario R. Rojas and A. Eduardo Saez

Department of Chemical and Environmental Enginggrithe University of Arizona, Tucson, AZ 85721,
USA

mrrojasc@email.arizona.edu aeshez@email.arizona.edu

C.1. Abstract

The steady-state flow of dense aqueous slurrigsiizontal pipes with Newtonian and
non-Newtonian (Casson) carrier fluids has beenyaedl using a two-layer model
consisting of a top layer of flowing suspension anskettled bed of particles. The coarse
solids used have a wide range of particle densitigerage size and particle size
distributions, and the fluids studied were desigiesimulate U.S. Department of Energy
Hanford site waste slurries. The Doron and Bard€&7) two-layer model was modified
and extended to the quantification of slurries aonhg wide particle size distributions,
including high-density particles, as well as nonalinian fluids. The most important
changes from previous models include an independetiling analysis for different
particle size fractions, effects of the shape o farticles on the settling velocity
calculations, and a new correlation to represeattthtbulent particle dispersivity. To
incorporate the rheological properties of the fyithe Wilson-Thomas turbulent flow
equation for a Casson fluid (Wilson and Thomas }19&%s used. The results indicate that

the turbulent dispersivity of settling particlessisnsitive to particle size and density. A
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new correlation is proposed to relate particle elisyity to Archimedes number (Ar).
The model also gives good estimation of the cilititsgposition velocity as the minimum
of the pressure drop vs. superficial slurry velpcélation. The existence of a stationary
layer can be observed and predicted by the modeéérutaminar and turbulent flow
conditions.

Keywords. Non-Newtonian Slurries, Two-layer Model, HorizahPipeline Flow, Solids

Transport

C.2. Introduction

The transport of slurries in horizontal pipes ipracess with widespread application in
practice. Even though it is generally desirableofmerate at velocities that ensure
complete suspension of solids, some processes tepemaler conditions at which a
granular deposit occupies part of the cross seatiomhe pipe. In fact, for slurries
composed of dense patrticles, it might be econolyiedtractive to operate in a regime in
which a granular deposit exists. Typically, thesgcpsses involve suspension of particles

with wide particle size distributions in turbuletdws.

Gillies et al. (1991) proposed a two-layer model to predict teachlosses for coarse-
particle or settling slurries in horizontal pipes @ modification of the Wilson (1970)
model. Gillieset al's model is capable of representing solids cone¢iotn profiles over

the cross section, and their relation to the méaw felocity and the settling particle
velocity. The same research group has used thdatyes-model in different applications,

such as the study of frictional losses in conceedraslurry flows (Gillies and Shook
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2000) and the modeling of heterogeneous slurrieselatively high fluid velocities

(Gillies et al.2004), with successful results.

Doron and Barnea (1993) proposed a three-layer hasdan extension of their own two-
layer model (Dororet al. 1987) and other published models. They proposattiie main
limitation of the two-layer model is its inability predict accurately the existence of a
stationary bed at low flow rates: in some casesmwdestationary bed was observed,
model results indicated flow with a moving bed. S'hiso leads to reduced reliability of
the pressure drop calculations for low flow ratas,which a stationary bed can be
expected. Using the three-layer model, the authase able to quantify the critical
deposition velocity as the limit when the statignded height approaches zero. The
value obtained can be viewed as an upper limitHercritical velocity since, in practice,
a bed layer can be considered to vanish when ighhis of the order of the particle size.
According to their results, model predictions ardairly close agreement with the Turian
et al. (1987) expression and the correlation propose&ibies et al. (1991a) for critical

velocity, which were derived from semi-empiricabiyses.

The Doron and Barnea model incorporates a crogsseat solids mass balance to
qguantify the solid distribution in the pipe undézady-state conditions. The balance leads
to a one-dimensional version of the sedimentatigpatsion equation, whose solution
yields the vertical solids concentration profiletire cross section of the moving layer.
The solids settling velocities and dispersion dogfhts are vital for the accurate

performance of this prediction.
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Similar two- and three-layer models have been dpesd and extended to other
applications (Gorji and Ghorbani, 2008). Ramadgtal. (2005) proposed an extension of
the three-layer to non-Newtonian (power-law) fluitts predict solids transport in
horizontal and inclined wellbore drilling applicatis. The model is focused on the

prediction of transport rates for drilling applicats.

In this work, we modify the two-layer model to chaeterize the flow of
dense/concentrated Newtonian and non-Newtoniarrietumwith broad particle size
distributions in flow through horizontal pipes, an attempt to represent real waste
slurries of the US DOE’s Hanford site. For the caseNewtonian fluids, the most
important changes from previous models include pedeent settling analysis for
different particle size fractions, effects of thkape of the particles on the settling
velocity calculation, and a new correlation to esant turbulent particle dispersivities.
To extend the model to non-Newtonian fluids, a regproach has been developed and
tested. The Wilson-Thomas Turbulent flow equation@asson fluids has been coupled
with the two-layer model. The transition betweemilaar and turbulent flow has been
studied using the Wasp criterion (Bingham fluiddppted by Polosket al. (2008) to

Casson fluids.

C.3. Experimental
Materials. The suspensions (simulants) used were designedatoh specific physical
properties, such as rheology and particle sizeilbligion (PSD), of actual waste slurries

of the Hanford site. The carrier fluid was wated ail experiments were performed at
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20°C. Glass (Spheriglass, Potters Industry), alumiWashington Mills) and stainless
steel 316 (Aemtek), were selected to representtiagse particles in the experiments.
These materials have densities of 2500, 3770 a®® Kg/nt, respectively, and were
qualified as “low”, “medium” and “high” particle desity.

Particle size distributions range from 1 to 30@. Other properties of the simulants are
listed in Tables C-1 and C-2. Simulants are idextiby a two-letter code: the first letter
identifies the particle density (low, medium orlnigs stated above), and the second letter
refers to relative particle size. Examples of gégtmorphologies are shown in Figure C-
1. The glass particles are spherical but the alanaind stainless steel particles have
irregular shapes. In order to include the effectlodpe in drag coefficient calculations,
we followed the analysis presented by Tran-Cengl. (2004). Since their correlation for
particle drag coefficient is based on the defimitiof circularity and surface-equivalent
sphere to nominal diameter ratio, these have beduded in Table C-1. The definition of
surface-equivalent sphere to nominal diameter r@hif,), is the ratio betweed,, the

particle diameter defined in terms of projectecharethe sphereX)

d,=J4A I 7T (C-1)

and the volume-equivalent-sphere diameter or ndndrameter, calculated from the

particle volumeY),
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d =3ev/mr (C-2)

Experimental Setuprhe slurries were prepared in a 400-gal miximktaonnected to a
flow loop system. During the experiment, the slugyransported through the system by
a 15-hp/1800 rpm centrifugal pump (Georgia Iron Kédr The main section of the flow-
loop consists of 3 in schedule 40 stainless stealght horizontal pipeline on which
different pressure ports were installed. Pressuwpsdwere measured with a differential

pressure transducer over a pipe length of 5.7 m.

Table C-1. Properties of the Newtonian simulants.

Acronym LL LH HL HH
Particle hydraulic diametepn) dp, 10.9 138.0 25.0 150.0
Solids content (vol %) 9.8 7.4 9.3 3.0
Particle density (kg/M 2500 2500 7950 7950
Particle circularity €) 1.000 1.000 0.901 0.901
da/d, 1.000 1.000 1.151 1.151
Bed layer solids concentration ol %) 60 60 60 40

Table C-2. Properties of the non-Newtonian simulants.

Acronym LH1 LH2 MM1 MM 2

Particle hydraulic diametepn) dp, 116.0 152.7 83.3 85.5
Solid vol fraction (%) 8.4 10.7 9.5 9.7
Fines vol fraction (%) 7.7 9.6 8.9 10.7
Particle density (kg/f 2500 2500 3770 3770
Fines particles density (kgfin 2500 2500 2500 2500
Infinite shear rate viscosity (Pa s) 0.0018 0.0026 0.0023 0.0024
Casson yield stress (Pa) 2.4 4.4 2.4 4.7
Particle Circularity €) 1.000 1.000 0.4472 0.4472
Surface-equiv-sphere diameteg/@,) 1.000 1.000 1.1689 1.1689

Bed Layer solids concentration, (%6) 60 60 50 50
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The slurry is recirculated through the system uttié flow reaches steady state
(approximately 30-60 min). Before it enters the madrizontal measurement section, the
slurry flows through a Coriolis flow meter (Micro-dion, F-series). A chiller connected

to the mixing-tank was used to keep the temperatanstant during the experiment (20

°C).

Figure C-1. Micrographs of (a) LH, (b) HL, (c) MM and (d) Hhhsulant particles.

All the tests were conducted starting with a rekti high superficial velocity of 3-4 m/s,
and then the velocity was decreased in 0.15 mfs sigtil a rise in differential pressure
was detected, indicating the presence of a setikd of particles; this point was

considered as the experimental critical deposiigocity.

After the Coriolis flow meters, the slurry enterad electrical resistance tomography
(ERT) probe (Industrial Tomography Systems) thabréed cross-sectional maps of the

slurry electrical conductivity in real time. Sin@®nductivity is a function of solids
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concentration, these maps yield a representatidheotolids distribution over the cross

section, including observation of the deposited lagdr.

C.4. Model Description and Modifications

The model is based on the distribution of forcamglthe flow direction over a cross-
sectional area of the pipe, and mass balancescditteibution of each layer to the force
balance consists of shear stresses at the pipeandllat the interface, which can be
calculated by means of friction factors. More detabout the formulation of the two-
layer model are provided by Doron and Barnea (19BR)ure C-2 shows the general
scheme for the two-layer model, identifying thees$ distribution in the pipe cross-

sectional area.

Figure C-2. Geometry and stress distribution in the two-layeded.

The model assumes that verticg) particle transport is governed by the convection-
dispersion equation, which balances the settlingk fof particles with a turbulent

dispersion flux,
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d’C . dC
+w—=0 (C-3)

£
dy? dy

wherew is the terminal settling velocity of the partiglesis the turbulent dispersivity,
andC is the solids concentration (solids volume frag)iol his equation was applied to
different particle size ranges within the partisiee distribution of the solid. Details are
presented in the Discussion section below. Integyadquation (3) over the cross-section
of the upper layer yields the mean solids concéntran the upper layer,

Cc,D*”

2 wD_ . ,
C, = oA i exp{—zg[smy-sm(ab)]jcosz Wy (C-4)

whereD is the pipe diamete#y, is the cross-sectional area of moving lay@ris the
angle associated with the stationary bed locaftagufe C-2), andC, is the concentration
of solids in the stationary bed, used as boundanglition in the integration of equation

(3). Mass balances in solid and liquid phases yield

U,C.A +UCA =UCA (C-5)

Uh(l_ch)ph+Ub(1_Cb)Ab:Us(1_Cs)A (C-6)

where Us is the superficial velocity of the slurry), is the velocity of liquid moving

through the stationary bed, aAgdis the cross-sectional area of stationary bed.vEthee
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of C,, obtained from equation (4) must equal the valumiobd from the mass balances.

A force balance in the flow direction can be expegkas

IS + 1S - Foo ¥ 7,5, — 7S
A, A,

(C-7)

where 7t represents the shear stress acting on the suideaxh layer at the pipe surface
(h and b subscripts) or at the interface petween layers (Figure C-2§ represents
perimeter Fny is the dry friction force exerted by the bed layehich includes the effect
of the submerged weight of particles and the trassion of stresses from the interface,

and is given by

oloe (P (o = ord [P 1) g + 7 s
Fmb-n{ZCb(zj (o M)QK 5 1}(6’b+2j+0089b}+tan (p} (C-8)

where ps and g are the densities of solid and carrier fluid, exgjvely, 77 is the dry
friction coefficient,y, is the bed heightg is the internal friction angle ang is the

acceleration of gravity.

The angle and perimetefd, S\, S, S) can be expresseats functions ofy, and, therefore,
for a given flow condition, it is possible to solthee preceding set of equations hawpg
Ch, Unh andUy as unknowns. If the system exhibits a stationay @ur case), the static

dry friction force is no longer equal to the maxmmury friction force. In this case, the
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equations to solve are the mass balance (equa}jeand the pressure gradient per unit

length is then obtained from

dP _ B ]
Aha‘ Thsh TiSI (C 9)

The shear stresses are expressed in terms obfri@ctors as follows
_1 2
T, —E,OIUi f, (C-10)

where the subscriptrepresents the interface between the two layensile® definitions

apply to the two layerd(andb). The densities of each layer are given by
Pn = PL, + 0, A-C,) (C-11)

And the friction coefficient fj for each layer can be calculated using the fahgw

correlation
f,=a Reﬁ (C-12)

wherea andf3 are constants that depend of the flow regimebutent (=0.046,3=0.2)
and laminar =16, 3=1). The Reynolds numbers are based on the velaoitydensity of
each layer. Furthermore, the friction factor in theving layer is given by the Colebrook

correlation, using the particle size as an equitaleughness,
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d
=—O.86In[ P 251 J (C-13)

1
—_— +
J2f 37D, Re./2f,

The set of equations described above were usedt®inthe Newtonian simulants. The
non-Newtonian simulants used in this work were $ataad using a new approach. The
Wilson and Thomas (1985) theory for turbulent floas been adapted and coupled to the

two-layer model. This theory considers the effettvariable fluid viscosity on the

velocity profiles of the viscous sub-layers in tuidnt flow.

Through the analysis of viscosity effects at tineetiand length scales of dissipative micro
eddies, the theory predicts a thickening of theaus sub-layer, which tends to increase
throughput velocity and thus promotes drag reduactithe Wilson-Thomas theory has
been adapted to different rheological behaviordunting Casson fluids, for which it has
been shown that the superficial velocity achievgdabCasson fluid for a given shear

stress is related to the velocity of an equivaiewvtonian fluid by

1-¢

2 1
gl

U= Un + 25U In +Uu |:<((25 + 1_255) + 116(2\/? + ;{)j| (C-14)

whereg is the ratio of the yield stress to the wall she&teess 1(/tw), Uy is the superficial
velocity for an equivalent Newtonian fluid at thense shear stress, andis the shear

velocity, calculated from
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u = | (C-15)

Calculation of the pressure drop of a Casson flaid homogeneous turbulent flow

requires the use of this last equation. For lamiileav, the equivalent expression is

8u T 16 4 1
el BT | by P SO S £ -
D (uj[ 7 ¢ 35 215} (C-16)
where . is the viscosity of a Casson fluid, whose constieuequation in shear flow

relating shear stressg, to shear ratey, is given by

12 _ r1/2
= TC

r + (U™ (C-17)

We have adapted these equations to the two-laydehto simulate the upper layer. The
process starts by relating the wall shear stressjirations (14) or (16) (depending on the
flow regime) to the shear stress in the upper ftegion ¢, andt;), assuming that the

lower layer is stationary. The wall shear leada fwessure gradient given by
dpP
Aqaz—fw(sm +3) (C-18)

For a given bed height, all the geometric paramsetan be calculated. If the pressure

gradient is given, the effective wall shear streaa be obtained from equation (18),
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which allows for calculation of. At this point, the effective viscosity of the Gas fluid

can be calculated from

= He
H m (C-19)

To calculate the Newtonian superficial velocity,), we solve Colebrook’s equation for
the friction coefficient at the interface simultansly with equation (9), using the friction
factors and Reynolds numbers of a Newtonian fl@ddce the mean Newtonian fluid
velocity is known, equation (14) can be used teculate the velocity in the upper layer

(Up), the Reynolds number of the fluid, and the cqroesling superficial fluid velocity,

_UWA
U ==t (C-20)

After these calculations, the no-slip condition wldobe checked to insure the existence
of a stationary layer, followed by the calculatioh settling velocity, dispersivity and
verification of the mass balance (equation 4). Thkulation proceeds iteratively until

the concentration in the upper lay€x)is the actual inlet concentratioGs.

The calculation of the dispersion coefficient useaquation (4) and the modifications
made to Taylor’s equation will be addressed in discussion. All calculations were

performed using an iterative program developed ATMAB ©.
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C.5. Results and Discussion

The two-layer model, as described above, can be, uisgrinciple, to predict the non-

homogeneous flow behaviour of slurries. Given tbenario of a stable stationary bed
without a moving bed above it, according to the eloequations, one of the most
important factors that control the actual upperetagolids concentration is the balance
between patrticle turbulent dispersion and settlixigthis point, it is considered that the
particles have a specified particle size distritmutthat can be discretized into narrow
ranges, each characterized by its own dispersanitysettling velocity. The calculation of

settling velocity is one of the most important nfmditions proposed here. It includes
effects of the solids concentration, turbulencenstty and particle shape, which affect
the estimation of the drag coefficient for the mdes. Setting velocities were calculated

considering narrow portions of the PSD separassypllows,

w, = | X5-Ddyg (C-21)
3CDi

whereCp; is the drag coefficient for particle size ranged|culated using the particle
Reynolds number based @n;, and s®/0. In order to account for the PSD, values of
drag coefficient were obtained using the modifientnf of the Clift et al. (1978)
correlation provided by Tran-Corgg al. (2004), which takes into consideration the shape
of the particles. In addition, to account for tudmce effects in the drag coefficient
calculations, the correlation proposed by Bructtal. (1998) is used, which considers

the Kolmogorov scale of dissipative eddies.
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Once the drag coefficients are known and values,pivere calculated for each fraction
of the PSD, we calculated a particle hinderedisgtttelocity into the cluster for each of
the fractions using the equation developed by Cl{#8§7). Finally, the effective settling
velocity of the particles to be used in the intéigra of equation (4) is calculated as

follows,

Z( iChi) (C'22)

Calculations have shown that this approach givesetding velocity lower than that

obtained using a simple average patrticle size.

The turbulent dispersivity in the original DorondaBarnea model is calculated from the

original Taylor’s equation (Taylor 1954),
g=aDu (C-23)

wherea=0.026. However, this approach does not appropyidée into account particle
characteristics (density, size, shape, PSD), whedome more relevant in this work due
to the relatively large particle size and densitgame of the simulants. Analysis of our
data suggested that the coefficient in Taylor'satipum is related to particles properties,
and that there is a stronger dependence of theedisgly on fluid velocity for our

slurries.
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It is important to recall that Taylor’s correlati@pplies to solutes in turbulent flow and
not to settling particles. Our results indicatet thgbulent transport of particles is slower
than transport of molecular species, which could lm®nsequence of increase of energy

dissipation in smaller eddies (of size comparabléné solid particles).

Figure C-3 shows the dependence of the dispersiefficent calculated by fitting our
model to experimental data with hydraulic diamedad shear velocityuf). Different
correlations were obtained depending on partiabp@rties, so using preliminary data for
Newtonian fluids, and based on these results, we pastulated that the coefficiera™
depends on Reynolds number and the Archimedes nuailie particles through an

empirical correlation given by

a=KArRe" (C-24)

wheren andm were found to be 0.411 and 0.75, respectilely,a constant andr is the
Archimedes number of the particles present in tineys defined by

d’(s-1)p,’
ar= 9% (57 DA (C-25)

Hy,
We extended the correlation to include both Newaonand non-Newtonian simulant
data. The results are shown in Figure C-4. Notettienew correlation is applicable to

all simulants. It is important to point out thatrfpeles with very different densities and
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PSDs but with similar Archimedes numbers possesfiasi values ofa, which supports

the mathematical form of the proposed correlation.
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Figure C-3. Particle dispersivity as fitted to experimentatad The slopes of these curves
represent the differemtvalues that depend on Ar.
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Figure C-4. Particle dispersivity correlation.
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Turbulent dispersivities have been found to beetated in previous works (albeit in
different applications) witlAr andRe For instance, Wen and Yu (1966) and Reganathan
et al. (2004) used such a correlation to represent sdigjsersion coefficients in liquid-

solid fluidized beds.

The two-layer model was used to predict the presswop over the 5.71 m of straight
horizontal pipe for different simulants using theogosed correlation for particle
dispersivity. Figure C-5 shows pressured drop upeHicial velocity for the low-density
Newtonian simulants (LL, LH), including the predats of the modified two-layer

model.
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Figure C-5. Pressure drop as a function of superficial veyofat the low density/small particle
size Newtonian simulants. Solid lines represenntbeel.
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The results in Figure C-5 follow the typical trendlserved in flow of concentrated
slurries: at high fluid velocities, when the solgl fully suspended, the pressure drop
decreases monotonically with a reduction in velockdditional decreases in fluid
velocity lead to the formation of a stationary (eoving) layer in the bottom of the pipe,
whose growth as the velocity is reduced causesiedse in suspension flow area and a
consequent increase in the pressure drop. At \esyfluid superficial velocities, the

pressure drop continues to rise as the bed thiskneseases uniformly.

The minimum observed in the pressure drop curvelglyithe critical deposition velocity
of the suspension. All the experimental data armmlyin this work present a stable
stationary layer at low fluid velocities except thiH stimulant, which exhibited a
transition from moving bed to stationary bed ahhiglocities. Figure C-5 shows that, for
low particle densities, the modified model proposeste predicts the pressure drops
satisfactorily in the whole velocity range evaluhat&or both simulants, the modified
model predicts accurately the critical velocity fded lines). The minimum in the
predicted curves is close to the point at whichrtiwelel predicts that the stationary bed

disappears with any additional increment in fluedocity.

Figure C-6 shows results for the non-Newtonian &mis with intermediate particle
density and size (MM). The fluid with the higheel stress (MM2) exhibits a higher
pressure drop at low fluid velocities. Although rheés an important difference in the

rheological properties of these two fluids, thdicail velocities are quite similar. In this
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case, the flow is always turbulent, and the modeteoagain gives an accurate

representation of the experimental data.

Figure C-7 shows the thickness of the stationad/lager height predicted by the model
as a function of superficial velocity. For practiparposes, it can be considered that the
bed disappears when its height approaches theclpadiameter, which usually happens
at velocities in the range 0.3-1.5 m/s. However, tfee very dense/large particle size
slurry (HH), the experimental observations andBERT images suggest that the stagnant

bottom layer only disappears at the maximum vejacsed.

1.0———t

0 9'_ z. > (Casson yield stress) . )

) v ) v )
MM2 MM1

o * -;
= 0.7F Alumina 50um 4
0.4
0.9
0.4
0.3

kPa/m

Pressure Dro

Figure C-6. Pressure as a function of superficial velocityrfedium density/medium particle
size fluids. Solid lines represent the model.
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Figure C-7. Stationary bed height predicted by the model fametion of superficial velocity for
studied simulants. ERT images for HH qualitativieljow the trends predicted by the model.

For HH, the model also predicts a high critical ooy compared with all other
simulants. There is a solids layer in the bottonihef pipe even at velocities above the
critical velocity, which is due to a transition iveten a stationary layer and a moving
layer at high fluid velocities. However, this mogifayer is so small that it exists only in
a narrow range of velocity preceding the total pjszarance of the bed at high velocities.
Figure C-7 also shows the tomography images (ERfained for the HH simulant for
different superficial fluid velocities. These imagprovide a way to study the evolution
of the bed layer at the bottom of the pipe. Thegesashow a presence of a stationary bed
over practically all the range of fluid velocityuslied. For all the other fluids, the
disappearance of the bed layer predicted by theetmodtches the experimental results

and the ERT images (results not shown).
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C.6. Conclusions

The two-layer model of Doron and Barnea has beediffed to study slurries made up

by Newtonian and non-Newtonian fluids composedesfsa particles with broad particle

size distributions and irregular shapes. To incltite non-Newtonian properties of the
simulants and their effects on the flow, the twgelamodel has been coupled with the
Wilson-Thomas turbulence equation for Casson fluidlse model predicts accurately
pressure drops, critical deposition velocities #relthickness of the stationary bed when

it is present.

The changes introduced in the model include a neweg} to calculate the effective
settling velocity of the whole PSD, taking into augot the effect of turbulence and
irregular shape of particles in the drag coeffitiealculation. A new correlation for the
solids dispersion coefficient was developed to mnprmodel predictions. The dispersion
coefficient depends on the particle Archimedes BRegnolds numbers. Pressure drops,
critical deposition velocities, and thickness oé thed layers have been successfully
predicted for all the slurries, demonstrating tlmteptial applicability of this model to
simulate the hydrodynamics of complex slurries bt U.S. Department of Energy’s

Hanford site.
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C.9. Nomenclature

LH

LH1

LH2

HL

HH

MM1

MM2

coefficient in the modified
Taylor equation

surface area (fn

Archimedes number

particle circularity

solid volume concentration (vol
%)

drag Coefficient

slurry input volume
concentration (vol %)

pipe diameter (m)
surface-equivalent sphere to
nominal diameter ratio
particle diameter (m)
pressure gradient (Pa/m)
Electrical Resistance
Tomography

friction coefficient

dry friction force - moving bed
(N)

acceleration of gravity (mfs
low density/small particle
size/Newtonian slurry

low density/large particle
size/Newtonian slurry

low density/large particle
size/non-Newtonian, low yield
stress slurry

low density/large particle
size/non-Newtonian, high yield
stress slurry

high density/small particle
size/Newtonian slurry

high density/large particle
size/Newtonian slurry
adjustable parameters in the
modified Taylor equation
medium density/medium
particle size/non-Newtonian,
low yield stress slurry
medium density/medium
particle size/non-Newtonian,
high yield stress slurry

and

PSD
Re

Yo
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Acronyms

pressure (Pa)

particle size distribution
Reynolds number

ratio of density of the particle
and carrier fluid

perimeter of layer or interface
(m)

superficial fluid velocity (m/s)
mean velocity for an equivalent
Newtonian fluid (m/s)

shear velocity (m/s)

terminal settling velocity of
particles (m/s)

bed height (m)

Greek symbols

a,p

PHODVIEFT <™

~

Tw

Subscripts
b

h

[

S

constants for friction
coefficient calculation
solids dispersivity (ifis)
internal friction angle

Shear rate (§

Casson fluid viscosity (Pa s)
dry friction coefficient
density of layers (kg/f
particle density (kg/f)

angle associated with bed
height

shear stress of layers or
interface (Pa)

Casson yield stress (Pa)
wall shear stress (Pa)

ratio of Casson yield stress to
wall shear stress

bed layer

upper (moving) layer
interface between layers
mixture or slurry



