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SUMMARY

Human urine accounts fapproximately 1% of domestic wastewater by voluyest
urine contributes a disproportionate mass load to wastegteater than 80% of N, 50%
of P, and 60% of pharmaceuticals. As suhkdestruction of pharmaceutical excreted in
urine can be an efficienapproach to minimize the environmental pollution of these
compounds in wastewater, surface wadad drinking waterHowever, research about the
removal of pharmaceuticals and their metabolites in urine has been scarce. Previously
proposed approachesitrer suffered from strong scavenging effects from urine
components or required further chemical treatment to degrade these pharmaceutical wastes,
generated from physical separation. Thus, more effective treatment should be introduced
to eliminate pharmacsicals and metabolites in urine.

This dissertation focuses on developke(Vl)-based advande oxidation
technology forthe destruction of pharmaceutisah sourceseparated human urine and
related conditions, with a particular aim to elat&l the involved reaction mechanisms.
First, the study was performed to investigate the degradation of selected pharmaceuticals
in synthetic hydrolyzed urine (pH 9.0) and in phosphate buffer (pH 9.0) spiked with urine
components. The comparison betweentlsgtic urine and phosphate buffer matrices
uncovered the specific impacts of inorganic and organic urine constitueRis(\oi)
oxidation.Second, further research was conducted to delineate the reaction kinetics and
mechanisms dfe(VI) oxidation of pharmceuticals in the presence of bicarbonate or
creatinine, both of which enhanceéw Fe(VI) oxidation efficiency. By evaluating

thereactive moieties and oxidation products of pharmaceuticals in such systems, the
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underlying oxidation mechanism involving tf@mation of highvalent iron intermediate
species (Fe(V)/Fe(lV)) and their contribution to the enhanced pharmaceutical degradation
was elucidated, and the usefulness of the Fedufiivated systems was demonstrated.
SeveralFe(Vl)-activated gstems were further investigated via dynakiietic
modeling to provide new fundamental insights of the kinetic behaviors of Fe(V)/Fe(lV)
duringFe(VI) oxidation process. First, kinetic modeling and density functibwesry
(DFT) calculationof Fe(VI) sdf-decay at alkaline conditions (pH 9 and 10) were
performed and the results indicated different reaction kinetics and mechanisms upon the
protonation ofe(VI). A new kinetic model containing Fe(VI) decay involving Fe(V) and
Fe(lV) at pH 9.0 was succesliff derived to predict Fe(VI) disappearance and
H.O, generation (a product) under varied conditions, which provided the basis for Fe(VI)
oxidation simulation at pH 9. Secoride Fe(VI}Fe(lll) reaction system was investigated
to evaluate the enhancemeffect offerric ion onFe(V1) selfdecay at pH 9.0. The Fe(VI)
Fe(lll) kinetic model was constructed to characterizeF@ll) acceleration of Fe(VI)
selfdecayinto Fe(lV)based on the Fe(VI) selfecay model at pH 9.0 developed
previously. Furthermar, Fe(VI}Fe(lll)-substrate model was constructed to evaluate the
enhanced effect of ferric ion on Fe(VI) oxidation on 18 pharmaceutida¢sstructure
activity relationship bet ween r"carderpratel nds 6
constantbetweerFe(lV) and substrategerived fromFe(VI)-Fe(lll)-Substrate was
assessed. Thirthe Fe(VIYABTS reaction system at pH 7.0 phosphate (10 mM) buffered
solution was systematically investigated to quantitatively probe iron intermediatesspeci
(Fe(V)/Fe(1V)) inFe(VI) oxidation. The proposdee(VI)-ABTS-substrate model was later

developed to successfully determine reactivity pf Fe(V) to different substrates.
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Overall, the research outcome of this dissertation filled several knowdgghgefor
applications ofe(VI) in pharmaceutical removal in human urine and related conditions,
which will be useful toward the management of contaminants of emerging concern. The
new knowledge will also help accelerate a broader application of ferxidation
technology in various contamination treatment and mitigation. Moreover, this research
exemplified probing Fe(V)/Fe(IV) kinetic behaviors duriag(VI) oxidation via the useful
tools of dynamic kinetic modeling. The new models developed in thdy stwld inspire
and facilitate future studies to better understand the fate of Fe(V)/Fe(IV) in other-Fe(VI)
activated systems and even uncover Fe(V)/Fe(IV) reactivity and selectivity to different

organic pollutants.
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CHAPTER 1. INTRODUCTION

1.1 Background

The U.S. population spent nearly $310 billion on medication in 2043arge
portion of the prescribed pharmaceuticals are excretelddanged or as metabolites in urine
and feces which follow municipal wastewater streams. Unless wastewater treatment plants
(WWTPs) are equipped with highly advanced treatment processes such as reverse osmosis
or advanced oxidation processes (AOPs), mbsirmaceuticals and metabolites are not
removed and eventually end up in the natural environment, threatening the aquatic
ecosystem because of their toxicity and potential to induce drug resi$tnoserous
studies have reportdtie detection of pharmaceuticals in drinking water, surface water,
groundwater and wastewater at@igto g™ levels®® The extensive occurrence of
pharmaceuticals in the aquatic environment and potable water demands more efficient
treatment of these micropollutants from the source. At the same time, there is a growing
need to inten$y the resource recovery potential of domestic wastewafer. instance,
intensifying nutrient recovery from wastewater is considered the first step in transforming
WWTPs into water resource recovery facilities of the fuiras such, nutrient (nitrogen
(N) and phosphorus (P))aevery from wastewater can create a renewable and local supply
of fertilizer that can contribute to more sustainable agricultural practices and food
security'®! while also decreasing the discharge of nutrients to the environment and the

consequent harmful impacts?

The onepercent.Human urine accounts for approximately 1% of domestic

wastewater by volume yet urine contributes a disproportionate mass load to



wastewate® greater than 80% of N, 50% of P, and 60% of pharmaceutical¥*® As

such, source separation and treatment of urine has been propaskstagtive innovation

to the status quo approach to wastewater managéme€nrt. Urine diversion is
accomplished using urindiverting flush toilets (e.g., W©ubbletten, BB Innovation &

Co AB; EcoFlush, Wostman) and waterless usrfalg., Steward, Kohler; WES Waterfree,
Sloan). The soureseparated urine is typically piped to a storage tank in the building and
stored for 36 months to allow for pathogen inactivatior® Urine diversion systems have

been successfully implemented in residential and workplace locations for extended periods
of time, e.g., apartmenis Sweden, Denmar&indSouth Africa(5i 9 yearsY® apartments

and office buildingin Switzerland1 year)?® and office buildingin Germany(3 years)®®
Although liquid urine can be applied directly as fertilizer locaH$, the pharmaceutical
micropollutants in urine may accumulate iretlsoil and plants antherefore exert
hazards>3® or contaminate the nutrients to be separated from @fikience, urine
diversion systems appear practical. However, engineering strategies that are efficient in
concentrating nutrients into useable fertilizer, powerful in pharmaceutical micropollutant
destruction, practical to implement, and acceletdo society are critically needed. Lack

of such knowledge is an urgent problem because it is preventing sustainable wastewater
managementa paradigm shift focused on resource recovery and holistic management of

contaminants of emerging concern.

Mitig ation of environmental pharmaceutical micropollutants at the urine source is
the focus of this proposed study. The effective destruction of pharmaceuticals icamine

minimize energyintensive treatment required at centralized wastewaatmentacilities



to remove these micropollutannd reducehe potentialof pharmaceuticals in posting

ecological harm inhereceiving waters andontaminationin drinking water sources.

1.1.1 Chemistry of Human Urine

Understanding the chemistry of human urinecéstral to developing effective
processes for pharmaceutical destruction in urine. Human urine contains urea ) (NH
ammonia (NH), inorganic anions (€] S, PQ*, CO:?), inorganic cations (NaK*,

c&*, Mg?"), endogenous metabolites (e.g., tireae, creatine, hippuric agidnd citrate),

and likely pharmaceuticals. The composition of human urine depends on whether the urea
is unhydrolyzed, which is the case for fresh urine, or hydrolyzed, which occurs in the
presence of ureasmntaining bactéa. The net reaction for urea hydrolysis is written as
follows: ¥ CO(NH)2 + 3HO Y  2"'M HCGQs' + OH', which increases the péf urine

and results in supersaturated conditions for precipitation of struvit& (MgHs* + PQy'3

+ 6HO Y  MgPRuH,O(s)) and hydroyxapatite (5C& + 3PQ'® + H.O VY
Cas(PQy)30H(s))3%4° Accordingly, based on a thorough literature review with emphasis
on urine diversion systenid**4 representative characteristics of unhydrolyzed (fresh)

and hydrolyzed urine are summarizedable 11.

Table 1.1 The composition of human urine; concentrations in mM, except pH, | (M),
COD (mg/L as Q).

Urine pH I UeaN NHs CI' SO POf& CO# Na* K* Ca* Mg?* COD
Fresh 517 0.15 530 33 150 10 16 9 120 45 3 3 8200
Hydrolyzed 9 0.5 18 320 100 8 10 280 96 41 09 0.2 4500

Notes: lonic strength (1); chemical oxygen demand (COD);, M@*, and CG are total species concentrations.



Data on endogenous metabolites are alregstusively for fresh urine and from the
medical literature. Recent work has confirmgf52 human urine metabolite species,
with creatinine, hippuric acid, citric acid, glycine, taurine, anclykteine being the most
prevalent and at # highest concentrationsi(5 mM)*>4” The decrease ishemical
oxygen demandQOD) measured in stored urine upon the transformation of fresh to
hydrolyzed urine suggests that endogenous metabolites are degraded to son®laxtent.
addition, medical literature on the preservation of human urine samples shows that
creatinine, hippuric acid, and citric acid were partially degraded by microbial activity,
whereas the concentration of glycine was increased due to maicrabtivity*’
Phamaceuticals are excreted in urgigherunchanged as the active ingredsamtaltered
as various metabolite8, 2% 4° which is discussed in the next section. Thus, urine
composition must be considered when ideiidy appropriate processes for

pharmaceutical destruction in urine.

1.1.2 Phamaceutical Active Ingredients and Metabolites in Urine

The global population is expected to spend in excess of $1.1 trillion on medicines
by 2017 A large portion of the consumed pharmaceuticals are excreted in unchanged form
(i.e., active ingredient) or as metabolites in urine and f€c&khough the excretion rate
can vary widely among individual pharmaceuticals, Liener al. estimated that
pharmaceuticals are excreted at 64(x27)% via urine and 35(x26)% via feces, and for
excretion in urine, about 42(+28)% of the pharmaceuticals are excreted as metibolites.
Dominant metabolic pathways include hydroxylation, carboxylation, and
glucuronidatiorf®5° all of which make pharmaceuticals more hydrophilic. Urine not only

contains a greater portion of the excreted pharmaceuticals but also adriggeertoxic



potential of pharmaceuticals to aquatic organisms. Based on moelmgques to predict
toxicity, it was determined that 67% of 42 pharmaceuticals exerted at least half of their
total toxicity in urine, and 24% exerted toxicity exclusively via uffh&nother compelling
reason for urine swae separation is that pharmaceuticals are preserit3abrélers of
magnitude higher concentrations in urine than in domestic wastéWztt&hus, removing
pharmaceuticals in sourseparated urine is expected to be an effective way to prevent
many of these micropollutants from entering the environment and thereby reduce toxicity

to aquatic organismand humans.

Both pharmaceuticals and their metabolites should be considered in urine
treatment. In fresh urine, the concentration ratio between pharmaceutical and its
metabolites varied wideR~>2 For example, 77.5% of trimethoprim was excreted in
unchanged form® whereas it was 9.5% for sulfamethoxazl€urrently, informatia is
scarce regarding the concentrations of pharmaceuticals versus metabolites in hydrolyzed
urine. However, considering that microbial and enzymatic activitie8VWTPs can
transform some pharmaceutical metabolites back to the parent compousuis)
transformation is likely to also occur in hydrolyzed urine. So far, only a few studies have
compared the photodegradation rates of some pharmaceuticals versus their metabolites
under sunlight or UV irradiatio?f:*° To date, very limited studies have investigated the
removal of pharmaceutical metabolitesdunlvanced oxidation technologiesdTs). Thus,
treatment of pharmaceutical metabolites is a major information gap thateeqew

research to address the gap.

1.1.3 Removal and Destruction of Pharmadeatsin Urine



To date, research regarding the removal of pharmaceuticals and their metabolites
in urine is still quite limited. Nanofiltration membran¥sstrongbase anion exchange
resins®’%2 electrodidysis, and struvite precipitatiéh® have been investigated. All of the
above methods, however, onphysically separate pharmaceuticals from urine and
generate pharmaceutical wastes that still need to be treated. Ozonation was investigated for
destruction of pharmaceuticals in urine; however, very high doses of ozone were needed
to achieve 50% reductioaf pharmaceutical concentrations, due to strong scavenging

effects of urine matrix on 0zoR%é.

Recent studies have investigated the applications of kkh hydroxyl radical
(-OH)-based AOP) and UV/peroxydisulfate (PDS) (sulfate rad&@i-")-based AOP) for
degrading pharmaceuticals and metabolites in synthetic fresh and hydrolyze®tirine.
These two AOPs were selected because both -OH and 86 known to react rapidly
with many pharmaceuticat§’4">%2 The studies examined several antibiotics (e.g.,
sulfamethoxazole (SMX)), trimethoprim (TMP3nd the major metabolite of SMX 4N
acetytsulfamethoxazole (acet8MX)). It was confirmed that all these compounds are
highly reactiveto -OHK = (6. 0OOM@)an63G L = (0. 7°MI 16. 1) 1
1§1).5557 However, the actual degradation of pharmaceuticals by the radicals in the fresh
urine matrix was significantly suppressed (nearly 90%) due to radical scavenging by citrate
and u e a. I n t he hydrolyzed uri ne matri x,
significantly affected by CIHCQs;/CQOs%, and NH in urine. Based on the experimental
data and kinetic modeling, it was found thattZld no apparent impact on U\4Bb, but
increased -OH concentration whikggnificantly consuming S®@" radicalsin UV/PDS.

Carbonate species reacted with -OH or-S generate carbonate radical (§) which



degraded SMX and TMPMI@kand3.45 210 %1),&utdotly |
hardly degrade aceBMX. Ammonia reacted with -OH or SOto generate reactive
nitrogen species (RNS) that could react appreciably only with SMX. Overall, UV/PDS
performs better than UVAD. in the hydrolyzed urine matrix in terms of process
efficiency® ®” No antimicrobial property was detected for the transformation products of
either SMX or TMP by both AOPs. However, higher (by428%6) acute toxicity products

were generated by UV/PDS.

As evidenced by the above studidgiman urine constituents such as sNH
carbonate, chloride, and various organic metabolites may exert significant scavenging
effects on radicals during AOPs, leading to lowered degradation and sometimes complete
inhibition of degradation of target pharneaticals. For UV/HO. and UV/PDS, they both
suffer a significant degree of scavenging effects when applied in the urine matrices. The
-OH radical is strongly susceptible to scavenging effects byaid HCQ/CQOs%, while
SQy-" radical is strongly influered by NH and C1.%> 7 The application of AOPs to
degrade pharmaceuticals can be conducted post nurgmatgery of urine that removes
N and P, thus eliminating the scavenging effect big.NHowever, removing HCECOz*
and Clwill require highly energyntensive processeand currently there are no economic
incentives for that. Therefordeveloping an AOT that is more resistant to the matrix
effects of urine for the degradationof pharmaceuticals is highly desirable Ferrate
(Fe(VI), Fe"'04%) is such a potential AOTbecause it reacts much more slowly with\NH
than -OH and S@ (rate constants of NfHwith -OH, SQ-~ and Fe(VI) are 9.0 x 10 1.4
x 10’ and 0.12 Ms?, respectively3>®° and Fe(VI) has very low reactivity to HCCOs*

and Ci.86

10



1.1.4 OxidationProcesdy Ferrate (Fe(VI))

Over the past decadeg V1) hasemerged as a novel oxidant to remove contaminants

and micropollutants from watéf104

While several studies have been carried out on
FegVI), most of the studies have focused on eualgathe performance of Pél) in

removing various contaminants, amelatively limited efforts have been devoted to
understanding theechanismsf Fe(VI) oxidation reactions that involve iron intermediate

species (i.e., Fe(V) and Fe(IMrigure 1.1) gererated via oneor two-electron transfer

pathways-0>106

Ferrates Reactions with X

\ / FeV +w<{03. +x(o; Fe" + X'(O)

X
1 e - transfer Jﬁ— Falt x Fel

2 e - transfer | . |

I X(0) N I X{(O)

(0}

%o,
]-"’Q;

Figure 1.1 Scheme for the oxidation of compound (X) by ferrate

As shown i Figure 1.1,8699.107109the oxidation of substrate (X) by (%) can occur
by several possible pathways. Steps include:¢ittansfer to form Féand a radical, with
FegV) reacting to formoxidized substrate (X(O)) arfee"; (i) 2-e transfer to form E(IV)
and a radical, with Fé oxidizing the substrate; (iiip-e transfer to yield FgV) and a
dimer, with Fe(IV) oxidizing the substrate; and (iv) oxygen atom transfer (OAT) to produce

Feg(lV) and an oxygen atom added to substrate (X(B3)V) and Fe(IV) can then yield



different final reduced species (g or Fe(lll) or both Fe(ll) and F€lll)) via 1-e and 2

e pathwaysOther possible reactions (not shown) include: (i) further reactiong®f)F
and F€IV) with oxidized species (oxidized substrate (X(O)) and oxygen atom addition to
substrate (X(0)); (ii) futier reactions oFgVI), Fe(V), and F¢lV) species with radicals
(e.g., F€VI) + X% - Fe(V) and X(0)); (iii) the reactivity of substrate with substrate
radical; (iv) sefdecomposition of radical arfeg(VI), Fe(V) and F¢lV) species (e.g., X
+20H - X(0) + H0,Fe'0> + 4HO0 Y F e Gk ) 30H; 2Fe" O + 3H0;
+2H,0- 2Fe(OH}+ 30, +40H ; 2FeV0s* + 7TH,O - 2Fe(OH} + 1/2G:+ 80OH); and

(v) reactions of iron species of different oxidation states with each other (€gl) Fe
Fe(ll) - Fe(V) + Fdlll); FEIV) + Fell) - 2F4lIl)). Somestudies have attmpeted to
obtaininsights onthe steps of theeactionmechanisms through theoreticalelations of
rate constants of the reaction of(¥9 with the e and 2e thermodynamic reduction
potentials$® 119 However the direct experimental evidence of the formation of either
Fe(IV)/FgV) andX® is missing. Applications of statef-the-art techniques such freeze
electron paramagnetic resonance (EP&)d millisecond time-scale stoppedflow
spectrocopywill enhance theelucidation of theoxidative chemistry of ferrates (féd),

Fe(V), and F€IV)) with subtrates

Most recenly, researchers have focused on the discovery of acti@d) systems
in which activators (e.g., ammonial! acid %13 sulfite/thiosulfate}**1¢ bicarbonatél’
Fe(I)/Fe(ll) 118 2 2 Azino-bis(3-ethylbenzothiazoling-sulfonic  acid (ABTS),'!°
Mn(11)*2° and carbon nanotub@) can enhance the degradation of substrates or even
facilitate the removal of substrates resistant to Fe(VI) oxidation. However, the previous

work heavily relied on qualitative analysis of possible reactive species fanysal



(radicalvs.Fe(V)/Fe(IV))via quencher experiments and/or EBpectroscopic techniques,

and only limited studi€¢$?'?® have attempted to quantitatively investigate the kinetic
behaviors of Fe(V)/Fe(IV) for their seffecays/s.oxidation of substrate$herefore, more
comprehesnive and robustréhmic knetic modellingarein needto serve as the Wecleto

probe the kinetic behaviors thfe intermidieate speci¢$e(V)/Fe(lV) and activatobased
radicald andresolve some inconsistencies in previous literature, which were soly based on

empricial generalization.

1.2 Research Objective

The overall objective of this study is to develop(M¢)-based AOT for the destruction of
pharmaceuticals in sourseparated human urirad related conditiongndto elucidate
the involved reaction mechanisms. The research objective will be achieved lipgting

following four specific aims to:

0) Investigate the degradation of selected pharmaceuticals and their metabolites in
synthetic hydrolyzed urine (pH 9.0) and in phosphate buffer (pH 9.0) spikedowith
without theurine component(s). The selegtpharmaceuticals will represent high usage
and a wide range of structural properties. The comparison between synthetic urine and
phosphate buffer matrices will provide an initial assessmeanbgjanic and organigrine
componentge.g.,NHs, HCOs and ceatinine)that exert significant influence on (&)

reactions

(i) Based on the results from Aims i, identify the reactive moieties and oxidation

products of pharmaceuticals with (W¢). The accomplishment of Aimsiii will give
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insights on the mechasm of the oxidation of pharmaceuticals by\Hg in buffered clean

water and in synthetic urine matrices.

(i) Determire the reaction kinetics of Fe(VI) salfecayat urine pHs (9410.0. We
propose to extend theénetic modeling of seHdecay of F&/I) in pH 7.0 solutionfrom the
literature and expand i urine pHs (9.400.0 in order toexam Fe(VI) decay kinetics at
alkaline conditio. We utilizecomputationathemistry based otensityfunctionaltheory
(DFT) to addresghe knowledge gap cfelfdecaymechaism ofdeprotonated Fe(Viat

alkaline condition.

(iv) Investigate the intermediate iron species in activ&e/1) systems to further
understand the kinetic behaviors of Fe(V)/Fe(lV) via dynamic kinetic modela{g!)F
enhanementeffect will be incorporated intthe Fe(VI) selfdecay model at pH.Qto form
the Fe(VI}Fe(lll) systemat pH 90, while ABTS-enhancement effect will be incorporated
into the Fe(V1) selfdecay model at pH.@ to form the Fe(VBHABTS system at pH 0.
The new kinetic models of thesgo activatedre(VI) systems can provideseful tools to
facilitate the understanding dhe behaviors offFe(V)/Fe(lV) speciesand uncover
Fe(V)/Fe(lV) reactivity and selectivity to different organic pollusabased on kinetic

simulation.

1.3 Organization of the Dissertation

This dissertation begins within an introductionuoine chemisty and current urine
treatment technologiess well as aconcise review othe applicationof Fe(VI) for
destructon of pollutants includinganewtrendof involving activateeFe(VI) systens over

thepast fewyears.
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In Chaptes 2 and 3,the effects of major inorganic and organic constituents in
hydrolyzed urine on Fe(VI) oxidation of selected mhaceuticals were emined
Specifically,in Chapter 2the effecs of chloride,bicarbonateandammoniumon Fe(VI)
oxidation of carbamazepine (CBZ), naproxen (NAP), trimethoprim (TMP) and
sulfonamide antibiotics (SAsin the synthetic hydrolyzed urineaneexaminedAs a new
finding from this work, theenhancement effeaf bicarbonate on Fe(VI) oxidation of
sulfonamide antibioticsvas investigatedn-depthto elucidatethe oxidation mechanism
involved inthe Fe(VI)-bicarbonate system. l@hapter 3the effecs of creatine, hippuric
acid, and creatinine on Fe(VI) oxidation of CBZ, NAP, TMP, and B&®examine¢dand
the enhancement effect of creatinine was discovered. &mesy kinetic modelthat can
succeshllly describe thegpharmaceuticatemovalin the Fe(VI}creatininesystemwas
developed for the first time to elucidate the contribution of Fe(IV) specteg ienhanced

reaction

In Chapter 4the decay of Fe(VIat alkdine condtion (i.e., pH =9.0 and 100) was
investigated by kinetic modeling and density functional theory (DFT) calculatioe. T
results revealedew sightson the kinetic behavioisf deprdonated Fe(VI)speciesas well
astheoxidationmechanisnof Fe(VI1) athigher pH conditions. Meanwhila,kinetic model
for Fe(VI) selfdecayreactionsinvolving Fe(V) and Fg(IV) specieswas successfully
constructed tgrediced Fe(VI) disappearancand H>.O> generation(a product)under
varied conditionsit pH 9.0 Results othis studyprovidedthebasis for further exploration

of theFe(VI)-Fe(lll) reactionsystem inChapter 5.

In Chapter 5the Fe(VI}Fe(lll) reaction system in which pharmaceutical degradation

was enhancecompared to that by Fe(VI) only was investigatelde Fe(VI) seltdecay
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kineticmodeldevelogdin Chapter 4vas expanded fahe Fe(VI)-Fe(lll) reaction system

to explainthe effect ofaddtional ferric saltsto enhance thpharmaceutical degradation

rates byFe(VI) oxidation.The developedre(VI)-Fe(lll) kinetic modelconfirmedtherole

of Fe(lll) in accelerating Fe(VI) setfecayowing to thereaction between Fe(Vind

Fe(lll) to generate Fe(IVintermediatespeciesFurthemore,the Fe(VI)-Fe(lll)-Substrate

kinetic model was develag for the enhanced pharmaceutical degradation, which could

be usedo determine the reactivity ofelV) to 18 different pharmaceuticalvith various

organic functioral groups. Based on the results, preliminary structureactivity
relationship between c¢ o mpteiu2fdrdedratenaoistarntsu | ar

with Fe(IV) was derived

In Chapter 6theFe(VI)-ABTS reaction systepanother activatefte(VI) systemwas
investigatedo learnthe mechanistiénsightof the Fe(V) and Fe(IV)species. Te reaction
kinetics of Fe(VI) oxidation oABTS at different ratios giABTS]d/[Fe(VI)]o(i.€., >1, =1,
and <1) in pH 7.@hosphat€10 mM) buffered solution was thoroughly investigatad
more comprehensive and robust kinetic model for the FABI)S system including
interactions between higdalent iron species (Fe(VI), Fe(V), and Fe(IVABTS, and
ABTS®* radical was proposed and validateBurthermore, the Fe(VMABTS-Substrate
model was developed to aessfully determinghe reactivity of Fe(V) to different

substrates

Lastly, Chapter 7 summarizes the main findings of the dasmm and offer

perspectives on future research directions.

1.4 Originality and Merit of the Research
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The findings of this dissertatiare original and provide a unique perspective in
the application oFe(VI) in urine treatmenas well asa mechanistidevel of investigation

of theactivatedFe(VI) systems.

Specifically, he research output of th@issertationsignificantly advanag the
fundamental science of ferrates chemistry in an environmentaheeringcontext. The
reaults of this project highly complemest other research efforts focusing on resource
recovery of urine (e.g., e.g., Swiss Federal Institute of Aquatic Science and Teclffology,
NSFKfunded RCNSEES: Coordinating Phosphorus Research to Create a Sustainable Food
Systemt?4 Water Environment Research Foundafidd® and NSF INFEWS centgf9),
and providd feasible and effective technology that allows combining resource recovery
and destruction of contaminants of emerging concern in a holistic manner. Mitigation of
pharmaceutical micropollutants in urine is still an urelgulored areaand knowledge is
limited. This project facilitate narrowing such a gap. The knowledge gainetdonlycan
help contaminant cleanup in urine, but akaseful across many fields involving various

waste streams.

Moreover, the findings of thidissertation exemplifiedrobing the high-valent iron
intermediate speciebehaviors during Fe(VI) oxidation procesg dynamic kinetic
modeling.For thefirst time, we havehoroughly explded two Fe(VI}activated system
(i.e., the Fe(VI)-Fe(lll) system and Fe(MIABTS system) basedn kinetic modelingo
generate resultha can bridge the knowledge gaphow to quantitativelydeterminethe
intermediate reactive species in such systemmsch were previouslpased on empirical
generalization. Tékinetic modelingtools presented in this dissertation can inspire future

studes and facilitate the understanding of Fe(V)/Fe(lV) behaviors in other Fe(VI)
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activated systems and even help uncover Fe(V)/Fe(lV) reactivity and selectivity to

different organic pollutants based the kinetic simulation.
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CHAPTER 2. PHARMACE UTICALS DEGRADATION BY FE(VI)
IN SYNTHETIC HYDROLYZED URINE : IMPACTS OF

INORGANIC CONSTITUENTS

2.1 Abstract

Destruction of pharmaceuticals excreted in urine can be an efficient approach to
minimize environmental pollution of these compounds. However, tymeally contains
very high concentrations of chloride, ammonium, and bicarbonate, which may hinder
treatment processes. This study evaluated the application of ferrate(\VQ4seFe(V1))
oxidation to degrade pharmaceuticals (carbamazepine (CBZ),oxsapr (NAP),
trimethoprim (TMP) and sulfonamide antibiotics (SAs)) in synthetic hydrolyzed human
urine and wuncovered new effects from wurin
slightly decreasethep har maceuti cal s6 r emov aitstrengiht e by
effect. 0.5 M ammonium in undiluted hydrolyzed urine posed a strong scavenging effect
on pharmaceutical removal. I nterestingly,
could enhance the phar maceut i c athesréactide gr ad :
ammonium complex form of Fe(V)/Fe(IV). For the first time, bicarbonate was found to
significantly promote the oxidation of anil¥mntaining SAs by Fe(VI) and alter the
reaction stoichiometry of Fe(VI) and SA from 4:1 to 3:Xdkpth invesgation indicated
that bicarbonate not only changed the Fe(VI):SA complexation ratio from 1:2 to 1:1, but
provided stabilizing effect for Fe(V) intermediate formeditu, enabling its degradation

of SAs. Overall, the relatively low scavenging but sekketthancement effeckom urine
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constituents render Fe(VI) a promising oxidant fioe removal of pharmaceuticals in

hydrolyzed urine.

2.2 Introduction

According to the National Ambulatory Medical Care Survey in 281the number
of pharmaceuticals prescribed or provided in the U.S. was about 3.2 billion. Adatiga p
of the pharmaceuticals are excreted unchanged or as metabolites in urine and feces, and
eventually are in sewage treated at wastewater treatment plants (WWTPs). Except for
highly advanced treatment processes such as reverse osmosis or advandesh oxida
processes (AOPs), most WWTPs cannot effectively remove the pharmaceutical
micropollutants in sewage, resulting in their release to the natural environment and posing
risks to the aquatic ecosystem owing to their toxicity and potential to induce drug
resistancé?® As human urine accounts for < 1% of municipal wastewater by volume but
contributes a may mass load of pharmaceuticitsi?**° degradhg pharmaceuticals in
urine would be an efficient way to reduce the harm of excreted pharmaceuticals to the

environment.

Urine can be separately collected by wilieerting flush toilets and waterless urinals
and piped to storage tank¥!%2 Fresh urine after excretion naturally transforms into
hydrolyzed urine within burs by bacterial processE$The hydrolyzed urine collected in
the urinediversion system can be a candidate foarptaceutical removal as well as
nutrient recovery. However, researchdiate on the removal of pharmaceuticals and their
metabolites from urine has been scarce. Nanofiltration membtas@gsngbase anion

exchange resirf§;®? electrodialysig?, and biochdr* have been investigated to physically
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separate pharmaceuticals from urine but generate pharmaceutical wastes that still require
treatment. Stdies have investigated ozonatifnUV/H.O, and UV/peroxydisulfate
(PDS)3%1% for the destruction of pharmaceuticals in urine. However, the strong
scavenging effects of the urine matrix, particularly from the high concentrations of
chloride, ammonium, and bicarbonate, significantly decrease the pharmaceutical removal
efficiency. Thus, deveping a new AOP that is more resistant to the urine matrix effects

for the degradation of pharmaceuticals is highly desirable.

Ferrat¢VIl) (Fe”'O4%, Fe(VI)) is considered an environmertagéndly oxidant to
destruct pharmaceuticals in the hydrolyzerine. Over the past decade, Fe(VI) has
emerged as a novel oxidant to remove contaminants and micropollutasitgling
pharmaceutical® 9100 102104 pa(y|) js likely less suscefitii e t o urine m
scavenging effects than other common AOPs. Unlike hydmadjtals {OH) and sulfate
radicals(SQ%"), Fe(VI) reacts much more slowly with Nidt pH 9.09.3 (rate constants
of NHz with Fe(VI), °OH, andSQ® are 1.2x 10%, 1.0 x 16 and 1.4 x 10 M@,
respectively$+8 137 and has negligible reactivity to HGOCO:> and C1.8° Furthermore,
the natural pH (9.0) ofhydrolyzed urine is optimal for Fe(VI) oxidation processes due to
excellent stability and easy handling of Fe(VI) at this alkaliné3° and thus no sample

pH adjustment is needed to promote Fe(VI) reaction.

Therefore, the objective of this study was to assess the effica®(df)ko degrade
pharmaceuticals in hydrolyzed urine matrix. Several pharmaceuticals (carbamazepine
(CBZ), naproxen (NAP), trimethoprim (TMP), and various sulfonamide antibiotics (SAs)
including sulfamethoxazole (SMX)) that are frequently detected iantigonment: > 14°

were selected as the representative contartsn&xperiments were conducted using
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synthetic hydrolyzed urine (SHY¥'42 with modifications or buffered solutions to
delineate the specific effects of chloride, ammoarad bicarbonate. As will be discussed
later, enhanced reaction rates of pharmaceutical degradation in simulated urine and buffer
solution matrices by Fe(VI) were observed by ammonia and bicarbonate. To the best of
our knowledge, the finding of the bicarlade enhancement effect during Fe(VI1) oxidation

is among the first. Additional experiments including stoichiometry determination between
Fe (VI ) -aimobis(Rethy@bénzothiazoling-sulfonate) (ABTS) were conducted to

obtain mechanistic insight on tkeaehanced effect of bicarbonate.

2.3 Materials and Methods

2.3.1 Chemicalsand Reagents

Carbamazepine (CBZ), naproxen (NAP), sulfamethoxazole (SMX), sulfamethizole
(SFZ2), sulfamethazine(SMZ), 3dmethylisoxazolg DMI), 3-amina5-methylisoxazole
(AMI), 4-aminoplenyl methyl sulfone (APMSR , -2zimnobis(3-ethylbenzothiazoling-
sulfonate) (ABTS), 1,10phenanthroline, aniline p-toluidineg N,N-dimethylaniline
(DMA), and trimethoprim (TMP) were purchased from Sigitdrich. Potassium
ferrate(VI) (KkFeQy) was synthesized iD r . S h a ramBeras A&MaJniversity
(TAMU) and shipped to Georgia Tech (GBIl the chemical standards were of 9%
greaterin purity and used directly without further purificatioReagengrade deionized
(DI) water (resistivig>1 8 mgAcm) was @nmopupe Milipocte (Billerioam a
MA) water purification systemThe stock solutios of individual pharmaceuticals were

preparedn phosphate buffer (10 mM) at pH 9.0at concentrations d0.0 niM (CBZ,

NAP), 2000 mM (TMP), 2500 nM (DMI, AMI, APMS, aniline), or 8000 nM (SMX,
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SMZ, SF2). The stock solutions were freshly prepapeidr to the experiments, stored at
5 C and used withirone week. The dructuresand chemical properties of the target

pharmaceuticalare shownn Table 2.1

Table 2.1 Chemical properties and structures of compounds investigateth this

chapter.
Formula Mol. Weight pKa Structure
Sulfamethoxazole PKar= 1.7 "N “\/
CiHuN:0:S  253.3 ~ L
(SMX) pKa = 5.89
\0
Trimethoprim pKag = 3.2 o s
CraH1aN4Os 290.3 (T
(TMP) pKae=7.1 o ©
; pKay =7 B
Carbacrgazzep'”e CaaHiN0 236.3 S
(CB2) pKa = 13.9 A
Naproxen o
C14aH1403 230.3 pKa = 4.2 OO
(NAP) < s
Sulfamethazine PKa1 = 2.3 \\s\/nYN\
CiHiNO:S 2783 Q vl
(SMz) pPKee=7.4
PKa = 2.1 A
Sulfamethizole (SFZ) CgHioN4O2S, 270.3 N, Kﬁ?/
pKa =53
3,5-dimethylisoazole Not o,
(OM) CsH/NO 97.1 Available \ 4
3-amino-5- Sy
methylisoxazole C4HeN2O 98.1 AvaNLiloathe \ 4
(AMI) e
4-aminophenyl Not HZN@:
\
methyl sulfone C/HoNO,S 171.2 Available !

(APMS)
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NH,
Aniline CeH7N 93.1 pKa = 4.63 O/

2,2'-azino-bis(3-
ethylbenzothiazoline fn
6-sulphonic acid) ~ CisHhisNaOsSs 5147 pKa=2.08 S~y

(ABTS)
o-toluidine CrHoN 1071 pKa=5.10 /@f
N,N-dimethylaniline _ I
(DMA) CeHN 121.1 pKa = 5.15 O

2.3.2 Reaction Matrices

SHU was preparedollowing the literaturerecipeé® as described iTable 2.2 SHU
contained 0.5 M total ammoni&lkds + NH4"), 0.25 M total carbonate (HGO+ CO:?),
0.1 M chloride, 7.40 mM creatinine, 1.28 mM creatine, 0.17 mM hippuric acid, as well as
Na', K*, SO2 and phosphateSHU pH was adjusted to 9.0 usingncentrated solutions
of NaOH and NakPQs. For comparison, SHWithout ammoniunwas also preparealy
removing NHOH addition and addingadditional 250 mM NaHCQ; to substitute
NH4HCGsin the recipeTo evaluate the effect of individual urine constitugptesphate
buffer (100 mM) solution at pH 9.0 (PB9)as spiked withspecific urine constituerat
various concentrations, and compared with the RBftrol matrix without urine
constituers. At pH 9.0, ammoniumNH4") and bicarbonateHCOs") arethe dominant
species in concentration. However, the subsequent discussiommmonium and
bicarbonate refeed to the totalammonia and total carbonate, respectively, without

excluding the minor species
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Table 2.2 The composition of synthetic hydrolyzed urine (SHU) (pH 9.0)

M.W. Concentration
(g/mol) (mM)
Creatinine 113.12 7.40
Creatine 131.13 1.38
Hippuric acid(HA) 179.17 0.17
NacCl 58.44 60.00
NaeSQy 142.04 15.00
KCI 74.55 40.00
NH4OH 35.04 250.00
NaHPOy 119.98 13.60
NH4HCOs 79.06 250.00
NaHCGQ 84.01 250.00

Note: To prepare NetFree SHUNaHCQ: was used to
substituteNH4HCOs, andNH4OH was not added.

2.3.3 Oxidation Experiments

PB9, modified PB9 o6HU solutions (50 mL) werefirst spikedwith the target
pharmaceuticg]10.0 mM). Then,2.97 mg of potassium ferrgkd) solid was weighed and
added immediately to the reaction solut{@achieving300.0 M) to initiate the oxidation
process. Sample aliquots were taken from the immacolution at predetermined time
intervals and quenched immediately by sodiurhidsulfate (2.5 mM}* The pH was
checked before and after the reaction by a pH meter and change was never larger than 0.2
pH unit. The degradation of pharmaceuticals was monitoretigly performancdiquid

chromatographyHPLC) - diode-array detection(DAD), and the transformation products
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of SMX by Fe(VI)wereanalyzedusingsolid phase extraction (SPE) followed by HRLC

high resolution mass spectromettyCEHRMS) analysis

2.3.4 Analyical Methods

An Agilent 1100 series HPLC system equipped with a UV diaday detector (DAD)
andaZorbaxSE18 column (2.1 mm I 150 mm, 5 &m)
parent compounds of pharmaceuticals. Detection wavelengths for SMX, SMZ, SFZ, DMI,
AMI, aniline, TMP, CBZ, NAP p-toluidine, DMA and APMS were set at 275, 285, 260,

210, 230, 236, 254, 285, 231, 235, 220and 205 nm, respectively. Gradient elution was used
with (i) 0.1% (v/v) formic acid and methanol for SMX, AMI, CBZ and NAP; and (ii) 0.1%
(v/v) formic acid and acetonitrile for TMP, DMI, anilingstoluidine, DMA, SFZ, SMZ,

and APMS.

The oxidized products (OPs) of SMX by Fe(VI) in the presence or absence of
bicarbonate were identified using solid phase extraction, followed by liquid
chromatographmhigh-resolution/accurate mass (HR/AM) spectrometry (SEEHRMS)
analysis. The reaction solutions withdrawn at certain degradation times were filtered by
0.45 um glassiber filters and then concentrated by a Visiprep SPE apparatus (Supleco,
USA) with Waers Oasis HLB cartridges (WAT106202, 6 cc/200 mg). Before extraction,
each HLB cartridge was sequentially conditioned with 5 mL methanol and 5 mL water.
Then, the cartridge was loaded with 100 mL sample, washed with 5 mL water, and vacuum
dried for 5 min.Finally, the extracted degradation products were obtained by eluting the
cartridge with 2 x 2 mL methanol. The degradation products were kept in sealed vials and

shipped with ice overnight to TAMU, where the samples were analyzed H4yRMS.
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The full-scan analysis of untargeted products was performed on a Q Exactive Plus
OrbiTrap mass detector (Thermo Scientific, Waltham, MA) coupled to a binary pump
HPLC (Ultimate 3000, Thermo Scientific) in a positive ion mode using an electrospray ion
(ESI) source. Forata acquisition, the sheath, aux and sweep gasses were set at 50, 10 and
1, respectively. The spray voltage was set to 4 kV, and4basSRF was set to 50. The

aux gas heater and capillary temperatures were maintained at 375 afq &spectively.

Full MS spectra were obtained at 70,000 resolutinfz200) with a scan range of/z50-

750. FUlMS ¥ ddMS2 scans were obtained at 35,000 resolution (MS1) and 17,500

resolution (MS2with a 1.5m/zisolation window and a stepped NCE (20, 40, and 60).

Samples were maintained at 4 °C before injection. The injection volume was 10 pL.
Chromatographic separation was achieved on a Hypersil G®I@s selectivity LC
column (50 mm I 2.1 mm, particle size 3 e€n
The mobile phse was water (0.3% formic acid) (A) and methanol (B). The gradient
method used was® min (10% B to 80% B),-3 min (90% B to 20% B),-26 min (90%

B), 2627 min (10% B), and 235 min (10% B). The flow rate was 0.2 mL/min. Sample
acquisition was perfornteby Xcalibur (Thermo Scientific). The higlesolution MS data

were processed using Compound Discoverer 2.1 software (Thermo Scientific) and online

molecular structure libraries (i.ex/zcloud and ChemSpider).

The roomtemperature electron paramagnetesanance (EPR) experiments were
performed at room temperature using a Bruker ELEX3Y&500 spectrometer
(Rheinstetten, Germany) at theldénd frequency of 9.4 GHz. The reaction solutions were
preadded with DMPO (100.0 mM), and then transferred to 2 ni*R Eube for the

carbonate radical measureme¥{tsThe related operating parameters were selected: center
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field, 3340.0 G; sweep width, 160.0 G; sweep time, 30 s; attenuation, 25.0 dB; scan times,

10.

The stoppedlow spectrophotometer (Applied Photophysics-83XMV, Surrey, UK)
coupled with photodiode array (PDA) detector was usé tw capture the Fe(V) spectra
and the total reaction time was selected in the range of 0.1 s to 1000 s. -Medp¥&ctral
measurements were performedtbareaction solutionscontsinng 3 00. 0 e M Fe ("

10.0 €M SMX at pH 9.0 (10.0 mM phosphate b

2.3.5 The Reaction Stoiabmetry of Fe(VI) and SMX (or ABTS)

2.3.5.1 Reaction between Fe(VI) and SMX.

The reaction stoichiometric molar ratio of SMX dre{V1) in the presence of 0.25 M
bicarbonate was determined by mixing different amounts of stock solutions of SMX and
Fe(VI) into the 0.25 M bicarbonate solution that was maintained at pH 9.0 using phosphate
buffer (PB). The stock solutions of SMX and F&(Were both prepared in XomM PB
at pH 9.0 in the presence of 0.25 M bicarbonate. The concentration of SMX was fixed at
100.0 mM, while Fe(VI) concentration varied from 10do 60Q0 mM. It is important to
point out that Fe(VI) could also react witltérbonate and phosphate buffer in water; thus,
Fe(VI) and buffered solution with 0.25 M bicarbonate were also mixed together to monitor
the self-decay of Fe(VI). The amount of Fe(VI) reacted with SMX only can be obtained
accordingly by subtracting treeF-decay of Fe(VI). Fe(VI) concentration was determined

at 508 wnblanbh)=RA 03010 cm' M) with UV-visible spectrophotometry.

2.3.5.2 Reaction between Fe(VI) and ABTS.
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The reaction stoichiometric molar ratio of ABTS and Fe(VI) was studied.trii®
phosphate buffer, or in 1@ mM, 1000 mM, and 2500 mM bicarbonate solution,
respectively. All solutions were at pH 9.0. Experiments were conducted by adding a
constant amount (@ mL) of ABTS stock solution into varied concentrations of Fe(VI)
solutions (250 mL). The Fe(VI) solutions were prepared in the above different types of
buffer solutions (with phosphate or bicarbonate) .8t25.0 uM of Fe(VI). The ABTS
stock solution was at an excess concentration of 2.5 mM prepared in DI water with NaOH
to make sure the initial pH maintained a®9Formation of ABTS *was monitored at 415
nm ( U¢ MRB5AMB) = 3.4x 10* cm! M) with UV-visible spectrophotometry. The
consumption of ABTS was deter mixilédnimMt 340
L0 ( ABT380nm) =5.4 10° cmit M%) after the reactiorand then the concentrations
were calculated according to the methods proposed in a previousStudgo-
Phenanthroline was used to confirm the final oxidation state of iron after Fe(VI) oxidation

of SMX, andthe method followed a previsistudy!4®
2.3.6 Complexation of Fe(VI) and SAs

The complexdéion between Fe(VI) and SAswvas studied using UWisible
spectrophotometry Differert SAs atconcentrations 26-800.0 mM were added into .8
mL PB9 and modified PB9 solutions wigither0.05 or 0.25M bicarbonate, respectively.
Two mL of 50Q0 nM freshly-prepared~e(V1) stock solution (in L0 mM PB9) was added
to initiate the complexation. Within 15 s, sample aliquot was taled transferred into a

guartz cell and analyzed by a bNs spectrphotaneter(Agilent 8453) at 190 to 1200 nm
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The Fe(VI) and SA complexation was detected by the differenthe UV absorbance
of the Fe(VI}SA complex in comparison to the UV absorbance of the free Fe(VI) plus

that of free SA at 398m, as shown by the eg.1below:

@( absor b &HER)AbSTA WYY - AbsSA o) (2.1)

The complexation reaction may be expressed in two ways as below:

Fe(V) + SA = Fe(VHSA K11 = [Fe(VI)-SAJ/([Fe(VD][SA]) (2.2)

Fe(Vl) +2SA= SAFe(VI-SA  Kiz2=[SA-Fe(VI-SAJ/([Fe(VD][SA])  (23)

where Fe(VI]) and SA aradividually the concentrations of uncomplexed Fe(VI) and SA,

andKi.1andKi2are the 1:J1and 1:2 complexation constants, respectively.

To determine the complexation constéqit t he @( absor bance) wa
complexometric titration with affixed total Fe(VI) concentration but varying SA
concentratioa The results were applied to the BsrHildebrand equation to obtain the
valueKi1'*’by plotting 1/ [ SA] thevascwk: *4by pottiago sor b a

1/[SAPversus 1/ o (absorbance) a@ccording to th

1 1 1

YA S0 Fe GRokDSA] YO Fe oVI ) ] (2.4
t___tr
ATV Fe (KAFS ATV Fe (oV1 ) ] (2:5)
where YU= (Fe(VI)+SA) - (SA) - (Fe(VI)) (2.6)
®( Absorbance) was the difference i n the U\

comparison to the UV absorbance of the uncomplexed Fe(VItiphiisf uncomplexed
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SA;Fe(VMlywas the total Fe(OPe(vy+teA-Ea(M)y-HSA) on:; ar
(the molar absorptivity of Fe(VI)+SA complex minus the absorptivities of uncomplexed

Fe(Vl) and uncomplexed SA By pl otting 1/ [ SA] ver sus
complexation constari1:1 could be calculatedrom dividing the intercept by the slope.

By ploting 1/[SAFver sus 1/ ( Absor bance)Kizcoudde c o mpl
calculatedrom dividing the intercept by the slope. Complexometric titration experiments

were conducted at a fixed Fe(MJ000e M) wi t h v ailQ0DnMN)aspysiang ( O

[SA] & [SA]o, because [Fe(VI)+SA] << [SA]).

Theabsobancewas measuredithin 15 s immediately after Fe(VI) and S¥as mixed
togetherfor complexationPreliminarystudyof SMX loss within 15 svasconducted to
exclude the possible interference of SA degradation produat®nitoring the absorbance
increase at 390 nnkromFigure 2.1, less than 2% SMX lossas observednder varying
[SMX]:[Fe(VI)] ratios within 15 sThis suggested that the degrtoia of SA with 15s
was negligible. In contrastrede Fe(VI) concentration, detected at 508 nm, decreased
significantlyas the initial SMX concentratiomas increasedndicatingthat Fe(VI) -SMX
complex started t@ccumulateto some degresincethe selfdecay of Fe(VI) is very

minimum atpH 9.0 within 15s (t2 = 4.83hr).24°
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Figure 2.1 Free Fe(Vl) & SMX loss under different [SMX]:[Fe(VI)]
ratios within 15 s. [SMX] = 250 - 6000 mM, [Fe(VI)] = 100.0 MM, [PB] =
10.0mM (pH 9.0).
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2.4 Results and Discussion

2.4.1 Impactsof Urine Constituent®n Pharmaceutical Degradation by Fe(VI)

Theremoval(based on loss of parent compounafsfour pharmaceuticais SHU using a

low dose of Fe(VI) (30@ nM or 0.06 g(kFeQ)@ ™) rangedfrom 20% to 35%within 1

min (Figure 2.2) due to strong scavenging effedtom some of the urine constituents.
Ammoniumwas found to be majorscavenger due to iesxceedinty high concentration

in urine (Nr= 0.5 M)in spite ofa low rate constant with Fe(V{k = 0.119 M'@7).8° The
scavenging effect of ammoniuwas confirmedoy separate experiments, in which 3D0
nmM Fe(VI) was rapidly consumed by 0.5 M ammonium in PB9, leading to negligible
removal of pharmaceutical§.o overcome this inhibitory effectFe(VI) dosagewas

increasedo 9000 mM and 86% removal of SMX in SHU waachievedKigure 2.2).

100%

0300 uM
m 450 uM
B 600 uM
80% F | 750 uM
900 uM

60% |

(G-Q)/C

a40% |

20% ’Jr‘ |+‘
0%

CBZ NAP T™P SMX

Figure 2.2 Effect of Fe(VI) dosage on the removal of pharmaceuticals
synthetic hydrolyzed urine (SHU). Initially, [pharmaceutical] = 100 niv,
[Fe(VD)] = 300.0-900.0 mM, pH = 9.0, T = 250 C, reaction time < 1 min, anc
n=2
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When the Fe(VI) oxidationwas conductedn comparable, but N#free SHU,
significant degradation gfharmaceuticalsccurred, and the associateseudels-order
rate constantfkobsin mint) were obtainedHigure 2.3). Specificallyfor CBZ, NAP, and
TMP, thescavenging effect of thidHs-free urine matrix was obvioughe oxdation rate
constants ofpharmaceuticaldy Fe(VI) were approximatelyhalf of those in the PB9
matrix. Surprisingly the degradation rate &VX by Fe(VI) in the NHs-free SHU was
only slightly lower than that in the PBfatrix, indicatingthe possible structurspecific
enhancement effects from urine componelntghe following discussiorkops (in min?)
was used to compare the impacts of inorganic urine constituents véewehe present

or absent in the reactions.

ine without Ammonium

In(CIC,)
In(CIC,)

Time (min)

Time (min)

Figure 2.3 Effect of urine matrix (without ammonium) on Fe(VI) oxidation of
pharmaceuticals (A); The kinetics of Fe(VI) oxidation of pharmaceuticals in PB9 (I
and in hydrolyzed urine without ammonium (C). Initially, [Pharmaceutical] = 10.0
uM, [Fe(V1)] = 300.0 uM, pH =9.0, T =250 C,n =2 for CBZ, NAP and TMP,n = 3
for SMX.
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2.4.1.1 Effect ofChloride

Compared to PB9, chloride (0.1 Nt) PB9 slightly inhibited the oxidation rate of
pharmaceuticaldy Fe(VI) (Figure 2.3), compared tdhe strongscavenging effect of
chloride on SQ%-based AOP$*51% Previous studies reported thatthe dissociation
constant®f Fe(VI) (HsFeQy') as K1 = 1.6, K2 = 3.5, and 3 = 7.3. The value ofls for
the moneprotonated Fe(VIspecies, HFe®, decreas# with increasingionic strength

accordingio the eq2.7:*%°

8 8

A 18T X— TTIOh T® p fOr 2.7)

wherel = ionic strength and F absolute temperature.

Additionally, HFeQ™ wasthemajor reactive spectin theoxidationof SMX by Fe(VI)at
pH 6.939.50°1 A lower K3 value would lead tadecreasetraction of HFe@ at pH 90
and thus slower reactioBy dividing the kons by thecorrespondingraction ofthe HFeQy
species, thebtainedempirical rate constasitf.e. kond U ( Hiff) showed less than 10%
of differencewith or withoutClI" for all four pharmaceuticals (s@able 2.3). These results
suggested that the miliehhibitory effectof chloride was presumably due tilne ionic

strengththat influenced the acid dissociation constants of Fe(VI)

2.4.1.2 Effect of Ammonium

Compared to PB9, ammonium (0.01 M) in PB9 resulted-20 Times of increase ikybs
for the oxidation of four pharmaceuticals by Fe(\Aijgure 2.3 and 2.4. Moreover, when

ammoniumwas addedt different concentrations«{0.05 M), the obtainedempiricalrate
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constans (kood U ( HifF ac@rding to different ionic strengttinder different ammonium
concentrationsncreased linearly with ammonium concentration for the oxidation of SMX

by Fe(VI) Figure 2.4). The relationship ifrigure 2.4B is the impact oAmmonium after

correcting the ionic strength effect, indicatadyuy linearenhancd effect of ammonium

on the oxidation of SMX by Fe(VI). Aimilar phenomenon was recently found in the
oxidation of flumequine by Fe(Vip the presence 00.5-10.0 mM ammoniumt! In that

study, the authors proposed that ammonium conjugated with Fe(V)/Fe(IV) intermediates

to form more reactive ammonium complexes of Fe(V)/Fe(lV), which could enhance the
oxidation rate of flumequine by-B2 times.High-valent iron complegs containing

nitrogen ligands tend to have high reactivity with substr&fes® Note that the negative

impact of ammonium on several advanced oxidation processes (AOPSs) is well known and

has been seen in the treatment of urine using dZod¥®/H20,, and UV/PDS!3>136

|l ndeed, a very high concentration of ammon
urine (SHtUUpdsecaam strong scavenging effect
unli ke other AOPs, the enhagn8@®d Odmadseq VI §:
obsemhed ammonium concentration2w#Ms (equeal
[ Fe(VI)]:[ammpRigmi ¢ O2 A4 ©6, sepalatedroei ne
when col | edNtovd xf rt auirlithhaeli asnddi | ut etd. t Dh o, met
concentration of asrerpoanri autme di nu rrienael isso uw ecrey
ammonium concentration (0.5 M) used i n the
simul ates the human urine wi tyhdorual yazneyd du rliur
Ssubjectedtteabmaert predes s ey N wWt.agi.reewtiogv eprr

to the treat ment for pharmaceutical s, t he
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mu ¢ h

IThusy the enhandeeffect of ammonium on the oxidation of pharmaceuticals

by Fe(VI1) can prevail in such real urine matrix with a lower level of ammonium.

Y

[ [Irse
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[ ~B9 + Ammoniu m

BZ NAP ™P
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n ©
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Figure 2.4(A) Effect of inorganic ions on Fe(VI) oxidation of pharmaceuticals
Initially, [pharmaceutical] = 10.0 M, [Fe(VI)] = 300.0mM, [CI] = 0.1 M, [HCO3] =
0.25 M, [ammonium]=0.01 M 6 = 3 for HCO3 group and n = 2 for the rest groups)
Effect of ammonium on Fe(VI) oxidation of SMX in phosphate buffer (B) and ir
synthetic hydrolyzed urine (C) f1 = 2). Initially, [SMX] = 10.0 nM, [Fe(VI1)] = 300.0
mM, [ammonium] = 0-0.05M. All reactions were at pH 9.0 and 2 C.

Table 2.3 Comparison of the observed R? = 0.9871 0.996) and empirical rate
constants with/without chloride ion.

[CI71=0.0M [CI1=0.1M Difference
(%) in
Observed  Empirical Rate Observed Empirical empirical
Rate Constant Rate Rate Constant rate
Constant  keda(HFeOy), | Constantkes konda(HFeOQy),  Constants
Kobs, (Min™) (min-Y) (min) (min-Y) Wlth/vc\éllt_hout
SMX 0.114+0.024 6.910+1.454 0.074+0.008  7.982+0.885 7.2
TMP 0.052+0.008 3.141+0.479 0.035£0.003  3.759%0.321 8.2
NAP 0.124+0.007 7.482%0.400 0.084+0.009 9.048+0.975 9.0
CBZ 0.058+0.011 3.515+0.676 0.040+0.003 4.244+0.326 9.4
Note:

When [Cl] =0 M, pKas = 7.227Y a(HFeQ) = 0.0165 at pH 9.0
When [Cl] = 0.1 M, Kas = 6.971Y a(HFeQ;) = 0.0092 at pH 9.0
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The difference (%) refers to the relatstandard deviation between the two mean values of
empirical rate constants from without and with the presence of chloride, respectively.

2.4.1.3 Effect of Bicarbonate

Compared to PB9, bicarbonate (0.25iMPB9 had little effect othe Fe(VI) oxidation
of CBZ,NAP, and TMP, but significantly increased the degradation rate of SMX by Fe(VI)
(Figure 2.4A). Thisenhancd effect is asignificantcontrasto the strongcavenging effect
of bicarbonateon °0OH-based AOP$*'% and has nobeen reportedn the literature.
Further experimentaere conductedith different concentrations of bicarbonaaad the
empiricalrate constast(kondU ( H R)ew@re obtainedAs shown irFigure 2.5A, a strong
linear correlation between trempiricalrate constantkond U ( HifF @& OMX oxidation
by Fe(VI) and bicarbonate concentratiwas observedndicatinga trdy enhanced effect
of bicarbamae without the ionic strength influenc&he bicarbonate enhancement effect
was observed not onfipr SMX but also inthe oxidation ofother SAs (sulfamethazine
(SM2) and sulfamethizole (SFZ)by Fe(VI). As Figure 2.5B shows the empiricalrate
constang of Fe(VI) oxidation of 31X andSMZ increasedby 2.5-4.1 foldsin the presence
of 0.25 M bicarbonateompared to those without bicarbonate, whereas a similar magnitude
of rate enhancement for the Fe(VI) oxidation SFZ required a higher barbonate

concentration of 1.0 M
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Figure 2.5 (A) Effect of bicarbonate concentration on Fe(VI) oxidation of SMX;n =3
(B) Effect of bicarbonate on Fe(VI) oxidation of different SAs. Initially, [SA] = 100
mM, [Fe(VI)] = 300.0 MM, [HCO3]=0-1.0 M, pH =9.0, T =25 C, n = 2 for SMZ
and SFZ, andn = 3 for SMX. R?=0.989i 0.995 for the rate constants.
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Figure 2.6 Effect of ammonium on degradation of SMX in 10.0 mM phospha
bufferlnitially, [SMX] = 10 .0 niM, [Fe(VI)] = 300.0 M, [ammonium]= 0 - 0.5 M, pH
=90, T=250 C,andn= 2 Not e: @ ammo nthewsumoof NHs+ Nd4&
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2.4.2 Elucidating the Bicarbonate Enhancement Effect

Thenew discoveryhat bicarbonate can enhance the Fe(VI) oxidation of SAs compared
to that in the absence of bicarbonate suggests that bicarbonate may induce a new reaction
mechanismwhich requires further investigation. Previous work by Chen and Hoffman
found that sulfe-containing compounds can react rapidly with ££Q™* which may
explain the bicarbonate enhancement effect on the Fe(VI) oxidation of SAs. However,
electron paramagnetic resonafE®R) study was conducted using DMPO (S| Text S2),
andthe results excluded the generation o&E@M the Fe(VI)+bicarbonate stgsn (Figure
2.7).Therefore, the mechanism of bicarbonate enhancement effect required elucidation.
this study, SMXwas chosens themainmodelcompoundo further probe the bicarbonate

enhancement effect
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Figure 2.7 EPR spectra of the reaction solutions by Fe(VI) treatments with ¢
without bicarbonate. Note: No obvious EPR signals were observe
(Experimental conditions: [Fe(Vl)Jo= 300 . 0 ¢] M250.0mMCOMP OJo
=100.0 mM, pH =9.00 + 0.05).

2.4.2.1 Reaction Stoichiometry

Experiments showed thahe oxidation of SMX by Fe(VI)in the presence of
bicarbonate exhibited differenéactionstoichiometrycompared to that in the absence of
bicarbonateA previous studi?® reportecthatthe oxidation of SMX by Fe(VI) followed a
stoichiometry of 4:Xor [Fe(VI1):[SMX], whichled to the evolution of one mole of oxygen

per mole of SMX accompanying reductiof Fe(VI) to Fe(lll) (eq.2.8). However, a
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reactionstoichometryof 3:1for [Fe(VI)]:[SMX] was observeth thepresence 00.25 M
bicarbonatgFigure 2.8A), and Fe(ll)was identifiedas the likely end product of Fe(VI)
reduction based on Fe(dphenanthroline complex observed at 510 Rigyre 2.8B). This

reactionis shownin eqg 2.9.
TOQ O YO ®@ 1 0OQ00Q) Ni € Q6o i (2.8)
c’'O™0 YO ® 6 Qodi 0 §OAXD NI ¢ Q6 Goi (2.9

On the basis that the reaction stoichiometagchangedn the presence of bicarbonate,
it strongly suggest that the presence of bicarbonate a#dcthe electron transfer
processes of Fe(VI), likely involving different Fe intermediates and leading to different
end produc of Fe(VIl) (i.e., Fe(lll)vs Fe(ll), respectively).Additionally, the lower
reaction stoichiometry in the presence of bicarbonate is a favorable filehioguse it
indicatesa lower Fe(VI) demand and higher reaction efficiemcydegrading the same

amount of SMX

120 0.35
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Figure 2.8 (A) Plot of consumption of SMX in reaction with Fe(V1) in the presence of
0.25 M bicarbonate at pH 9.0. (B) Absorbancéime curve of Fe(VI) oxidation of SMX

in the presence of 0.25 M bicarbonate and 4.0 mM 1,i4thenanthroline at pH 9.0;
initially, Fe(VIlI) = 210.0 €M and [ SMX]
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2.4.2.2 Reactive Moiety of SMX

To determine the initial attack of Fe(VI) on SMd¢actions of substructure compounds
(3-amino5-methylisoxazole (AMI)3,5-dimethylisoxazoléDMI), 4-aminophenyl methyl
sulfone (APMS)and aniline) with Fe(VIwere examinedh the presencandabsence of
bicarbonateat pH 9.0.As Figure 2.9shows, whetbicarbonate was abse@tMI and DMI
were much less reactive to Fe(Vikps= 6.2 x 10° and4.7 x10? mint) thanAPMS and
aniline Kobs=9.9 x 1 and 4.0 x 10min') , whi ch suggested SMX6
(rather than the isoxazole ring moigtyith higher susceptibility tde attacledby Fe(VI).
When comparing the Fe(VI) onls Fe(VI)+bicarbonate systemthe smaller empirical
rate constantsvere observedh AMI and DMI, whereadarger empirical rate constants
were observedin aniline and APMS (containing aniline moiety) in the presence of
bicabonate. This result furthendicated that theraline moiety of SMX is mostikely
involved in the oxidation by Fe(VI) wh the presence sicarbonate. It also confiredthat
the anilinemoietyis the crucial siteo that the similabicarbonatenhanceranteffectwas
observedin Fe(VI) oxidation ofother SAs.In other words, bicarbonate enhancing the
oxidation reaction of Fe(VI) cabe expectedor other compounds that carry the aniline

moiety.
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Figure 2.9 Degradation of AMI (A), DMI (B), APMS (C) and aniline (D) by Fe(VI)
with and without bicarbonate. Initially, [Substrate] = 10.0 niM, [Fe(VI)] = 300.0 iV,
[HCO3]1=0.25M,pH=9.0,T=2% C,andn = 2.

2.4.2.3 Oxidation Roducs (OPsYf SMX in Fe(VI) only and Fe(V)+Bicarbonate

systems

The OPs of SMX in Fe(VI) only and Fe(W)icarbonate systems at pH 9.0 were
analyzed by LEHRMS. Structural assignments of each @&re performedby product ion
scans based on its MS/MS spectrum and the proposed fragments. A total of seven OPs of
SMX were identifiedand named as G#3, OR123, OR267, OR269, OR283, OR285

and OPR299 according to molecular weighMS/MS spectra and possible structures of

41



fragmenis of SMX and its OPs and the evolution of their peak aaeaspresenteth
Figures 2.11-2.12 Even though OR®8, OR123and OP2 8 56 s MS/ MS spectr a
available, the produdisevolution profiles in Figures 2.11 and 2.12 indicated high
abundance ofhiesethreeproducts during the reaction and their distribution growth over
reaction time. The molecular compositions of thesevdd#s suggestday good mass error

(< 3 ppm) between the experimental and theoretidahvalues, showin Table 2.4. For

the ragment analysis, SMX withra/zvalue of 254.05936 and retention time of 4.510 min
has four major product ions e/z156.01144, 99.05586, 108.04486, and 92.05013, which
are proposed to correspond to the cleavageMb®nd with the generation of two faer
fragments, loss of SO (48 Da fram'z156.01144), and subsequent loss of O (16 Da from
m/z108.04486), respectilye(Figure 2.13). As a representative product, @B9 with a
protonated species \a/z270.05740 andhromatographic retention time at 4.397 min was
proposed to be hydroxylatioof aniline group in SMX moleculeThis structure was
tentatively confirmed by four major produonsatm/z172.00618, 99.05589, 124.03966,

and 108.04493. These MS/MS fragmenise formedvia similar patterns with SMX.

The proposed degradation pathways of SMX in Fe(VI) only and FeifMBrbonate
systemsare shownin Scheme 1Both systems sharednslar pathwaysl and Il In
pathwayl, cleavage of the-8 bondgenerated OR8 (AMI), which was also observed in
other SMX oxidation systems using chlorii&pzone,andpermanganat®’ In pathway
[, the initial atiack on the aniline group of SMX produced hydroxylamine product (OP
269) via a single electreimansfer mechanisit® Later, this resulting hydroxylamine group
will further collapse to nitroso group (€¥87), which carbe further oxidizednto nitro

group (OP283).Afterward OR-283 carbe hydrolyzedn the benzene ring part with ©P
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299 generatedill of which are consistent with the previous stdeThe similar products
found in Fe(VI) only system an#&e(VI)-bicarbonate systemvere also confirmedn
acid®™ and sulfité®-activated Fe(VI) systems, suggesting these generated iron
intermediates (Fe(V) or Fe(IV)) could not change the OP spéxitalter the oxidation

rate due to superior oxidation ability of Fet®)®°or Fe(IVv)16!

However, OP123 (nitrobenzene) was found to be a new product th bpstems
indicating Fe( VI ) é&sbond duridg ithe seacttorm Pathway 4l lonlyt h e
observed in Fe(VI)+ibarbonate system suggedtbicarbonatecomplexed Fe(VI) can
initiate the ringopeningreaction in the isoxazole moiety in My attackng the C=C
double bond via hydroxylation, whietas also observad the oxidation of flumequine by

ammoniacomplexed higkvalent iron species (Fe(V) or Fe(IVW)
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Figure 2.10 Proposed reaction pathways of Fe(VI) oxidation of SMX in the
absence/presence of bicarbonate. Initially, [SMX] = 10 mM, [Fe(VI)] = 300.0 mV,
[HCO3s]=00r0.25M, pH =9.0, and T= 250 C.

Table 2.4 Accurate mass measurement of SMX and its oxidation products (OPSs) in
Fe(VI) only and in Fe(V)+HCOg3 systems, respectively

Fe(V)
Comp Formula Experimen  Calculated Error Proposed Fe(VI) +
ound (M+H) * tal m/z m/z (ppm) Structure only HCOs
o
HN\/O
SMX CioH11N3OsS  254.05936 254.05994 -2.28 X a a
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Figure 2.11 Peak area of SMX products by Fe(VI) in 20 mM PB solution at pH 9.0.
Peak area of each productwas divided by area of the initial parent compounc
(SMX).
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Figure 2.12 Peak area of SMX products by Fe(VI) in 0.29M bicarbonate solution at

pH 9.0. Peak area of each producivas dividedby area ofthe initial parent compounc
(SMX).
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Figure 2.13 The LC/MS/MS spectra of SMX (a) and its OPs (b, OR99; ¢, OR283;
d, OP-269; e, OR267) with their proposed fragmentation structures.
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2.4.2.4 Fe(V]) Oxidation of ABTS in the Presence of Bicarbonate

Colorless ABTS carbe oxidizedvia the oneelectron transfer mechanism to yield
ABTS®*, a stable radical with intense green color. Therefore, ABT ®éas widely used
for quantification of differentypes of oxidants, suchs percarboxylicacid®? bromine,
chloring®®, and Fe(VI}** owing to its rapid reaction and simple spectrophotometric
measurement with high sensitivity. In the reaction between Fe(VI) and ABTS, a
stoichiometry of 1:1 betweeFe(VI) loss and ABTS generationwas determinedand
Fe(V) was proposeds themajor iron intermediate specié$> 164 The produced Fe(V)
undergoes subsequent sedfcay inphosphatebuffer solution since the stoichiometry
between Fe(VDand ABTS consumption was also found to be %3 !%* indicating
phosphateceomplexed Fe(V) favors its reaction towardsCH(selfdecay) instead of

ABTS.122

Herein, ABTS was chosen as a model compound to investigate the bicarbonate effect
on Fe(VI) oxidation, especially when Fe(V) was involved. Four different buffer solutions
(phosphate (10 mM) or bicarbonate (10, 10Q0, or 2500 mM)) were used tanderstand
how Fe(V) generateid situfrom Fe(VI) oxidation of ABTS might behave differently with
different buffer ions. In 10 mM phosphate buffer, the stoichiometry between Fe(VI),
ABTS and ABTS* was1:1.06:0.99Figure 2.15, which agreed well withhie expected
1:1:1122 84 |nterestingly, the reaction stoichiometry between Fe(VI), ABTS and ABTS
was found to be 1:1.28.29 {.e. close to 1:1.3:1.3) in 10 mM bicarbonate solution
(Figure 2.14A). This discrepancy with 1:1:1 suggested that bicarbec@tgplexed Fe(V)
could react with ABTS and generate aguimolaramount of ABTS* in contrast to the

rapid selfdecay of phosphateomplexed Fe(V). When the bicarbonate concentratias
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increasedo 1000 mM (Figure 2.14B), the stoichiometc ratio between Fe(VI) and ABTS
wasstill larger tharll. However, ABTS* generation was comparatively lower than ABTS
consumption, especially at higher Fe(VI) concentrations, and this phenomenon became
even more pronounced when bicarbonate concentratemincreasedto 2500 mM

(Figure 2.14C). The above results suggested that bicarberaigplexed Fe(V) continued

to shift its reactivity from HO to ABTS or (and) ABTS, which subsequentlgeneratd

atransparent ABT®roduct(ABT Soxidized).
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Figure 214 Reacti on stoichiometries bet wt
different bicarbonate solutions. Initially, [ABTS]0 = 1000 nM, [Fe(VI)]0= 0-20.0
mM, pH = 9.0, T= 250 C, n = 2 and buffer condition: (A) 100 mM; (B) 100.0 mM;
(C) 2500 mM bicarbonate buffer.
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Figure 2.15Reaction stoichiometries between Fe(VI), ABTS and ABTSin 10.0

mM phosphate buffer at pH 9.0.Initially, [ABTS] o = 1000 M, [Fe(VI)]o= 0 -
20.0 M.

2.4.2.5 Complexation of Fe(VI) and SAs

Fe(VIl) complexation with amines and hydroxylamines was investigated by
Hornsteint®®whichfirst identified the intermediary Fe(\mido complexquickly formed
during Fe(VI) oxidation of anilinesing UV-vis spectrphotanetry. Later, Zimmermarta
examined the efficiency of Fe(VI) oxidatioha range of organic micropollutants and their
model compounds. They discovered that SMX antinrenshowed a much stronger pH
dependence witloxidation rate constantk] increasingby more than four orders of

magnitudevhen pHwas decreaseidom 110 to 5.0, whichcould not be explained by the
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speciation variation of SMX and aniline according to thgia values. Instead, they
proposeda Fe(VI)-NH2-R intermediate complex quickly fored before actual oxidation
occurred, and new aciothse equiliba were assigned to these complexes wighv pKa
valuesin order to explain their new speciation behavidharmaet all®® tried to use
Mossbauespectroscopyo directly detect the intermediate complexation between Fe(VI)
and SMX or aniline. However, the Mossbasgectroscopyof frozen sample irmixed
reaction solution in 10 sannot differentiate the complexed/uncomplexed forms of Fe(VI)
if there is no valence state changs.a result, there was no direct evidencthisf complex

formation.

the complexation of Fe(VI) and SAwas observed at 390 nm using WWis
spectrophotomey. The complexationconstang (K) were calculated usinthe Benesi
Hildebrandequation €q.2.10-2.11) based on the measured differences sodiance (A)
and molar absorptivity (€).24"148 Detailed complexation titration studg describedn SI

Text $A.

1 _ 1 1
ﬁ_m Fe (KI)SIATYT Fe (oVI ) ] (2.19

where YR R&M) 3! R33! R&M) (2.19)

The complexation of Fe(VI) and SAgasobservedn Figure 2.16 In the absence of
bicarbonate ie complexation ratio for Fe(M§Awas 1:2 for all thre8As, since the linear
relationshipwas only obtaineth the form ofeq (4). Thecomplexatiorconstang Ki.owere
determined to be 7.¥ 10° M2 for SMX-Fe(VI)-SMX, 3.1x 10’ M2 for SMZ-Fe(VI)-

SMZ, and1.41x 10° M2 for SFZFe(VI)-SFZ(Table 2.5).
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Complexation ofFe(VI) and SAs behave differently in thepresenceof bicarbonate
(Figure 2.17). The compleation ratio of Fe(VI})SA changed from 1:2 to 1:1 when
bicarbonate concentratiamasincreased from 0 M to 0.05 M for SMX and SMZ, and to
0.25 Mfor SFZ.The complexatiorconstars K11 were determined usirep (5). As Table
2.5 shows Fe(VI)}-SFZ complex displayed the small&st; value(26 M1), in comparison
to the other two complexes (1887 for Fe(VI)-SMX and 275M for Fe(VI)-SMZ),
indicating the weakest complexation between Fe(VI) and 8FZhe presence of
bicarbonate. fis result wasalso consistent with the fact that bicarbonate enhancement
effect was shown athigher bicarboate concentration for SFZ comparedheother two

SAs (Figure 2.5B).
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Figure 2.16 UV-vis spectra of SMX(A), SMZ (B) and SFZ (C) complexation with

Fe(VI) within 15 s, [SA] = 0- 600.0 mM, [Fe(VI)] = 100.0 mM, [PB] = 10.0 mM (pH

9.0). Inset: Linear relationship by plotting 1/[SAFver sus 1/ p( Absor banc
summary of Ki:2and absorptivities of different SAFe(VI)-SA complexes.
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Figure 2.17 UV-vis spectra of SMX(A), SMZ (B) and SFZ (C) complexation under
different bicarbonate concentrations with Fe(VI) within 15 s, [SA] = 0- 4400 mV,
[Fe(VD)] = 100.0 mM, [PB] = 10.0 mM (pH 9.0). Inset: Linear relationship by plotting
1/[SAl]ver sus 1/ p( Ab 3he rsimanarg & K31 an( Bbsorptivities of
different Fe(VI)-SA complexes.
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Table 2.5 Complexation constantK, molar absorptivity e and complexation ratio
between Fe(VI) and SAs in the absence and presence of bicarbonate at pH 9.0

Fe(VIlI) Compl exat
Fe(Vvl) Comple i n the presefce
US AF e (-V o
2y sS4 Bicarbonate Kui,  URe(v)-SA) at 390
1102 1. - M M-t 1@mt
Ml@ rr11 (M) nm, M~@m
SMX 7. %10 977 0.05 166 1722
SMZ 3. 10 387 0.05 275 1257
SFZ 1. &10° 528 0.25 26 552

20.05 M total bicarbonate for SMX and SMZ; 0.25 M total bicarbonate for SFZ.

2.4.3 Proposed Mechanism for the Bicarbonate Enhancement Effect

On the basis ofll the resultsobtained it is hypothesizedhat bicarbonate likely
competes with SA for one coordinative site of Fe(VI), thereby reducing the number of SA
molecules complexed to Fe(VI) from 2 taloreover bicarbonatecomplexed~e(VI) will
undergo onelectron transfer to produce bicarboreteplexed Fe(V) and anilino
radical®® upon oxidation of SAs. A few studies have demonstrated ligand species will
affect highvalent iron species (Fe(V) or F¥)) reactivity to the substraté’”'°1t is also
worthwhile b notethat permanganate (Mn(VIl)), a similar hypervalent transitigatal
oxidant to Fe(VI), showed enhanced reactivity to triclé§samd phenolic compount$
in the presence of selected ligaitel.g. phosphate, EDTA and humic a}jdecause these
highly active aqueous manganese intermesl{atg.Mn(l11)) formedin situupon Mn(VII)

reductior) were stahlized by complexation with the ligandsvia lowered Mn(l11)/Mn(l1)
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redox potentialOtherwise, thesecdve manganese intermediatgould disproportionate
spontaneously in the absence of ligandserefore, it is very likely that bicarbonate can

also stabilize thentermediatd-e(V) species produced from Fe(VI) via complexation and
reducing redox potential and prolong Fe ( V) 6 s l'i feti me, t her et
spontaneous setfecomposition of Fe(V) and facilitating oxidation raté SAs.
Significantly, experimental studiesabe shown higher stability of Fe(I\éarbonate

complex than that of Fe(IW)yrophosphate compléx>'’* Furthermore, the hypothesis

proposed hereinan alsdbe supportedby the previous discussion of ABTS oxidation by
bicarbonatecomplexed Fe(V) andxtremelyhigh selfdecay rate constant of Fe(¥gund

in phosphate/borate buffered systeires {.5x 10’ M1 s!).17

Addi tional e X p er i-wadne and N,Rdimethylarelide (DMA}Y h |
were conducted to investigate the alingpecific enhanecement effect from bicarbaeonte
complexed Fe(V). IrFigure 2.18 similar but even stronger enhancement effect was
ob s e r v e-bluidine in thg presence of bicarbonate while there was no obvious
enhancement effect for DMA. This can be explained by bicarbawstglexed Fe(V)
oxidation selectivity towards aromatic primary amine. Because the aromatic primary amine
grouwp, if activated by the electron donating group at the-pasition, will likely become
even more reactive towards bicarboredeplexed Fe(V). On the other hand, if the
aromatic primary amine was subsituted with two methyls, it lost its reactivity(®) &ee
to the steric hinder effect. This statement can be supported by the fact that bicarbonate
enhancement effect was only observed in SAs (containing aniline) among a few of
pharmaceticals chosen in this study. It was also reported that Fe(V) raagiwith

amino acids (e.g., glycine, alae and aspartic) wereib orders of magnitude higher than
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wi t-hy dir oxy aci ds an-€H:groug which coafiomediFe(V)visiat h
selective oxidant towards amhuseecific structureConsidering the bicarbonate stating

effect on Fe(V), bicarbonateomplexed Fe(V) is more likely to oxidize more reactive

amine specieb aromatic primary amines.
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Figure 2.18 Degradation of p-toluidine (A) and DMA (B) by Fe(VI) with and without
bicarbonate. Initially, [Substrate] = 10.0 niM, [Fe(VI)] = 300.0 mM, [HCO 3] =0.25 M,
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Figure 2.19 Stoppedflow UV-Vis spectra of Fe(VIl) and SMX in the presenc
of 0.25 M bicarbonate.[Fe(VI)] = 300.0 uM, [SMX] = 10.0 uM, pH=19.0 (20.(
mM phosphate buffer), reaction time=0.1 s (A), 100.0 s (B), and 1000.0 s (¢
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Stoppedflow UV-Vis spectrometry was used to capture theibzan Fe(V) spectra in
the bicarbonate buffered system. According-tgure 2.19 Fe(V) characteristigpeak at
380 nnf3was not observed within 0.1 s. It is because bicarbonate ion will not increase the
stability of Fe(V) to the dead time of the stopgkxved instrument (i.e., 10 msfven
though there is no direct evidencelntarbonate stabilization effect on iron/mangse
intermediate species owing to their very short lifetime, a few studies found similar
phenomenon in bicarbonake(11)!'517® and bicarbonat®n(11) %18 complex systems
where bicarbonate ligand lowered the Fe(lll)/Fe(ll) redox potential from\0(vg. NHE)
to 0.085V (vs. NHE) and the Mn(lIl)/Mn(ll) redox potential from 1.19 (vs. NHE) to
0.63V (vs. NHE). Moreover, similabicarbonate enhancement effeets observeduring
Mn(VII) oxidation of bisphenol A% Additionally, potential generation of other iron
intermediate specie®.g, Fe(lV)) during the reactiothat mayalso contribute to the
degradation of SMX cannot be cplately ruled out at this tim&@herefore, more research

is needed to delineateghoke of Fe(IV) inFeg(VI)+bicarbonate system.
2.5 Environmental Significance

The extensive occurrence of pharmaceuticalth@aquatic environment and potable
watersuppliesdemands more efficient treatment of these micropollutants frorarthe
source.Unlike the strong scavenging effectsabfloride, ammonium and bicarbonate
SHU on%0OH and SQ:%-based AOB (e.g., indirect photolysis of TMP by UV48, and
UV/PDS was decmiesed by ~ 4 times in SHU without organic metabolites compared to that
in PB9)*>1%6 and ozonatioff from previous studiesFe(VI) application in degrading
pharmaceuticals in SHU showed promising results by displaying imiiBitory effect

from chloride, and enhancement effect from ammoniwheq[Fe(VI)]:[ammoniun ratio
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is higher tharl:167) and bicarbonat®loreover, this study is among the firstitientify

and analyze thenhancd effect of bicarbonate on Fe(VI) oxidation of sulfonamides. EPR
study excluded the generation of £0n Fe(VI)+bicarbonateystem. The stoichiometry
study between Fe(VI), ABTS and ABTSrevealed distinctively different reactiids
between bicarbonateomplexed Fe(V) and phosphatemplexed Fe(V). This new
finding, not only casts doubts on the ABTS spectrophotometric method for Fe(VI)
determination in bicarbonate buffesolutions, but also shed light on active iron
intermediatespecies (Fe(V)) using kacbonate to achieve unexpected enhanced oxidation
rate. Overall, e effective destruction of pharmaceuticals in udbdhe source using
Fe(VI) could be an attractive option toinimize energyintensive treatment required at
centralized wastewater fatiés to remove thesuicropollutantsand reduce their potential
ecological harm in environmental \aters and drinking water.However, to
comprehensively understand the performance of Fe(VI) oxidation of pharmaceuticals in
hydrolyzed human urine, moresearch is needed to investigate other urine constituents to
fill the gap between the synthetic urine and real urine, and to validate the removal efficacy

of Fe(VI) in real urine samples.
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CHAPTER 3. PHARMACE UTICALS DEGRADATION BY FE(VI)
IN SYNTHETIC HYDROLYZED URINE: IMPACTS OF

ORGANIC CONSTITUENTS

3.1 Abstract

Treatment of human urinés an emergingapproachto minimize environmental
pharmaceuticalcontamination This study investigate the application offerrai(VI)
(Fe"'04%, Fe(VI)) oxidation to degrade pharmaceutical®.( carbamazepine (CBZ),
naproxen (NAP), sulfamethoxazole (SMXand trimethoprim (TMP)) in synthetic
hydrolyzed human urinewith the emphasisn the effects of urine endogenous organic
metaolites Creatine and hippuric acid shed limited scavenging effect<reatinine
(CRE) wasfirst discovered tasignificantly enhance the oxidation rates of CBZ, TMP,
SMX, and other amineontaining compoundby Fe(VI). Fe(IV)was proposed as the
major intermedate reactiveiron species inthe Fe(VI)+CREsystem based orthe DFT
calculation and experimental measurementd kinetic model involving Fe(IV)
contributionin the decay of the pharmaceuticals was developed for the fimst t
successfullydescribe thg@harmaceuticalemovalin the Fe(VI)4CRE system.Moreover,
the model was used pyedict the rate constara$the Fe(IV)-CRE complex reacting with
differert compounds, which ranged fro®.8+0.4 to (6.9:0.4 x 10%) M1A™. Overall,this
study further demonstrated the promise of Fe(VI) oxidation to degrade pharmaceuticals in
hydrolyzed urine owing tthe enhancd effectsfrom urineconstituents. This study also
advanced the mechanistic and kinetic understanding of enhaxidation involving high

valent ironintermediatespecies.

64



3.2 Introduction

Among all the wastewater streams that are directed into wastewater treatment
plants, human urine has been regarded as a minuscule yet critical compenahbnly
0.6% by volumeébut contributing to more than 64% of pharmaceuticals, 80% of nitrogen,
and 50% of phosphorus on a mass b&8i¥?183 Thus, the treatment of sourseparated
urine has emerged as a disruptive innovation to the status quo approach to wastewater
management because it can be efficient in recovering nutrients into usable fertilizers and

destructing pharmaceutical micropo#uts.

To date, research regarding the removal of pharmaceuticals and their metabolites in urine
is still limited. Nanofiltration membrané$, strongbase anion exchange resi§?
electrodialysis® struvite precipitatiof® % and biochad?* have been investigated
previously. All of the above methods, however, only ph¥lsiceparate pharmaceuticals

from urine and generate pharmaceutical wastes that still need to be treated. Oz&hation,
UV/H20,, and UV/peroxydisulfate (PDS}%¢ were investigated for destruction of
pharmaceuticals in urine; however, the efficiency of these treatment processes was
significantly decreased by the strong scavenging effects of the urine constituents,
particularly from the high concentrations of ammonium, bicarborzaté chloride. In
contrast, our recent study unveiled the use of fefkade(Fe''04%, Fe(VI)) for oxidizing
pharmaceuticals in hydrolyzed urine, and observed that inorganic constituents (e.g.,
ammonium and bicarbonate) could enhance the degradation of pharmaceuticals by
Fe(VI).1Y" However, the potential effects of common organic metabolites in urine on the
Fe(VI) oxidation of pharmaceuticals still remained unknown and required additional
investigation. In general, the occurrence of organic metabolites in human urine has not
been t&en into account in the synthetic urine recipes employed in many previous studies,
and, as a result, the influence of common organic metabolites on the oxidative removal of

pharmaceuticals in urine has been neglected or poorly understood.
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Data on endogengumetabolites in human urine are mostly from the medical literature and
are almost exclusively for fresh urine. More than 2651 human urine metabolites have been
identified *® with creatining CRE), creatine, hippuric acid, citric acid, gipe, taurine, and
L-cysteine being the most prevalent and at the highest concentratidasniM) 47 A
decrease in chemical oxygen demand (COD) was reported in stored urine upon the
transformation of fresh urine to hydrolyzed urine, suggesting that endogenous metabolites
were degraded to some extent during aging of dfiEeen soCRE, creatine, and hippuric

acid (structures iTable 3.1) were still among the most concentrated organic metabolites
founded in hydrolyzedrine4: 18 Therefore, these three compounds were selected in this

study to represent the common endogenous metabolitesén ur

CREis a cyclic amino acid with a fivresembered ring, a guanidine group and a peptide
bond (Table 3.1). Creatine, on the other hand, a linear amino atable 3.1), has been
found in muscle and brain tissues, which facilitates the recycling of sidertaphosphate
(ATP) to supply the energy to human bod@REwas formed from conversion of creatine
and phosphocreatine in muscles. Then, it would be diffused through tissues into blood
serum and removed by kidney through glomerular filtration into urine at a steady rate of
around 2% of totaCRE per day'®” While serumCRE level is often used as an indicator

of renal function with its normal range at-4G0 puM!%8 the urineCRE is typically
measured during standard urine drug test to indicate diluted urine and potentially
adulterated specimed® due to its relatively stable chemistry and ubiquitous
concentrabns. The urindCRElevel can vary based on gender, and a greater muscle mass
usually correlates to a higher concentration of CRE found in urine. The typical
concentration of urin€REwas at 1.v19.5 mM (mean value of 6.4 mM) and 223.5

mM (mean value 8.5 mM) for women and men, respectivélywhich supported the
genderdependent urin€RE concentration cubffs in urine analysis. In this study, the

concentration of 7.4 mM was chosen @REin the synthetic hydrolyzed urine considering
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its resistance to microbial degradation and other reported clinical ret¢brdf¥.
Interestingly, creatine concentration was observed to increase after urine hydrolysis, and a

value of 1.28 mM was chosen to represent its level in hydrolyzed'dtHeé.

Hippuric acid, the glycine conjugate of benzoic adidi]e 3.1), is a common biomarker

for high-dose exposure to certain toxic aromatic compounds suctuane!® as well as

a measure of renal clearance to indicate dissi@es including diabetes, impaired renal
function, gastrointestinal disease, EfcHowever, elevated levels of hippuric acid can be
also associated with dietary consumption of phenolic compounds such'¥drts, and

wine 1*3 These pknols can be converted to benzoic acids and then to hippuric acid via the
reactions with glycine before excreting into urine. The typical hippuric acid concentrations
in mends fr esh 1307 mME* Basedrog aralind ®2% deégraladion of
hippuric acid in hydrolyzed urine after four weeks of stord§é®® a value of 0.17 mM

was selected in this study to represent its concentration.

While many studies have investigated removal of contaminants from water by Ee(VI),
96100 103104 oy limited efforts were dedicated to understanding the mechanisms of Fe(VI)
oxidation reactions involvingigh-valentiron intermediate specigse., Fe(V)/Fe(IV). In

recent years, there has been increasing attention on the eshalecef Fe(V)/Fe(IV)

during Fe(VI) oxidation in the presence of inorganic activateugh asammoniat
acid'#13 sulfite/thiosulfatel'#*16 bicarbonaté!” Fe(Il)/Fe(Il),}*® and Mn(l)).1%°
However, previous resedramainly relied on qualitative analysis of possible reactive
species generated (radioa. Fe(V)/Fe(IV)), and the kinetic behaviors (sdicayvs.
oxidation of substrates) of Fe(IV)/Fe(V) in the oxidation process remained unclear. As will
be shown laterurine CREcan act as an i ahigh-valenaitom r 0t

intermediate species.
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Therefore, the objective of this paper was to assess the efficacy of Fe(VI) to remove
pharmaceuticals in synthetic hydrolyzed urine matrix with naturally existing iorgan
metabolites and to fully elucidate the kinetic behaviors of-@knt iron intermediate
species i(e., Fe(IV)/Fe(V)) during Fe(VI) oxidation in the presence GRE Four
pharmaceuticals.g., carbamazepine (CBZ), naproxen (NAP), trimethoprim (TMRY a
sulfamethoxazole (SMX)) that are frequently detected in the enviroAméft were
selected as the representative contaminants. Experiments were conducted using synthetic
hydrolyzed urine (SHU*42 with modifications or buffered solutions to delineate the
specific effects ofCRE, creatine, and hippuric acid. To the best of our knowledge, the
finding of the organic activator CRE T in the Fe(VI) oxidatio is among the first.
Additionally, this paper fully examined the role of Fe(Isf)eciesin the Fe(VI)CRE
system by new kinetic model simulation and predicted the rate constants between Fe(IV)

speciesand several substrates.

3.3 Materials and Methods

3.3.1 Chemicat and Reagets

Carbamazepine (CBZ), naproxen (NAP), sulfamethoxazole (SMX),- 3,5
dimethylisoxazole  (DMI), 3damino5-methylisoxazole (AMI), 24liamine5-
methylpyrimidine (DAMP), 3,4, 8rimethoxytoluene (TMT), methyl phenyl sulfoxide
(PMSO), aniline, methyphenyl sulfone (PMSg), para-chlorobenzoic acid pCBA),
creatinine (CRE), creatine, hippuric acid, and trimethoprim (TMP) were purchased from
SigmaAldrich (St. Louis, MO, USA). Potassium ferrate(VI)f€Qy) was synthesized by
awet chemical methdd®**®**wi t h hi gh purity (98%) in Dr.
A&M University (TAMU) and shipped to Georgia Tech (GT). All chemicals were of 97%

or greater in purity and used directlythout further purification. Reagegtrade deionized
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(DI') water (resistivity > 18 mqAcm) was
MA) water purification system. The stock solutions of individual pharmaceuticals were
prepared in phosphate buffef0(0 mM) at pH 9.0 at concentrations of 5@ (CBZ,
NAP), 200.0mM (TMP andpCBA), 250.0nM (DMI, AMI, DAMP, TMT, aniline, PMSO,

and PMSQ), or 800.0mM (SMX). The stock solutions were freshly prepared prior to the

experiments, stored at &, and used ithin one week.

Table 3.1 Chemical properties and structures of compounds investigated in this
chapter.

Mol.

Formula Weight pKa Structure
[e)
pKaj_ =48 NH
Creatinine (CRE) C4H/N3:O 1131  pKa=9.2 )\NH
N
|
pKay = 3.8 i |
Creatine C4H9oN3O; 131.1 pKa=12.7 Ho)K/“ NHz
Hippuric Acid CoHoNO3 179.2 pKa=3.59
pKar= 1.7
Sulfamethoxazole C;gH;1N;OsS  253.3
(SMX) pKa = 5.89
. . pKa = 3.2
Trimethoprim C14H15N4Os3 200.3
(TMP) pKa = 7.1
i pKay =7
Carbamazepine CoHuN,O 236.3
(CB2) pKa = 13.9
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Naproxen C14H1405 230.3 pKa=4.2 o
o0
% °

3.5 Not S
dlmet(rlljyl\l/llslfazole CsH/NO 97.1 Available \_/
2,4-diamino-5- _
methylpyrimidine CsHsN4 1241 P& _ >15
(DAMP) pKa, = 7.54

trimethoxytoluene C10H1405 182.2

A
NYN
™o
345 \o .
\ﬂ

(TMT) Available
Il
Methyl phenyl Not S
sulfoxide (PMS0) ~ ©H8OS 1402 L ailable ©/
para- i
chlorobenzoic acid  C7HsCIO; 156.6 pKa=3.98 /@*
(PCBA) o
O,
N\~
methyl phenyl Not 8
sulfone (PMSQ) OGS 1562 abiiable ©/ S
. (0]
3-amino-5- Not Ny
methylisoxazole ~ CHeN:O 981, o \_/
(AMD) vailable

NH,
Aniline CeH7/N 93.1 pKa = 4.63 ©/

3.3.2 Reaction Matrices

SHUwas preparedimilarly to the previous studi¥é 135 andthe composition is listed
in Table 3.2. Briefly, SHU contained 0.5 M total ammoniHz + NH4"), 0.25 M total
carbonate (HC® + CQs%), 0.1 M chloride, 7.40 mMCRE, 1.28 mM creatine, 0.17 mM

hippuric acid, as well as NaK*, SO and phosphateSolutionpH was adjusted to 9.0
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using oncentrated solutions of NaOH and N&@y. To evaluate the effect of individual
urine constituentgphosphate buffer (10 mM) solution at pH 9.0 (PB9yas spiked with
specific urine constituerdt vafous concentrations, and compared with the E88rol

matrix without urine constituest

Table 3.2 The chemical composition of synthetic hydrolyzed urine (SHU) (pH 9.0).

M.W. Concentration
(g/mol) (mM)
Creatinine 113.12 7.40
Creatine 131.13 1.38
Hippuric acid 179.17 0.17
NacCl 58.44 60.00
NaeSQy 142.04 15.00
KCI 74.55 40.00
NH4OH 35.04 250.00
NaHPQy 119.98 13.60
NHsHCO3 79.06 250.00
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3.3.3 Oxidation Experiments

The procedures of Fe(VI) oxidation of different pharmaceuticals at different reaction
matrices followed those described in oecentstudy?!’ Briefly, PB9andmodified PB9
(50.0 mL) were first spikedwvith the targepharmaceutica10.0 nM). Then,2.97 mg of
potassium ferraf®l) solid was weighed and added immediately to the reaction solution
(achieving300.0 M) to initiate the oxidation process. Sample aliquots were taken from
the reaction solution at predetermined time interaatiquenched immediaty by sodium
thiosulfate (2.5 mM§2 SolutionpH was checked before and after the reaction by a pH
meter (Accumet Research AR 20) and change was never larger than 0.2 pH unit.
Degradation ofsubstrates and generation wofethyl phenyl sulfone RMSQ) were
monitored byhigh performancdiquid chromatography HPLC)-diode array detection
(DAD), and the transformation produaté SMX by Fe(VI) were analyzedusing solid-
phase extraction (SPE) followed by HPbigh resolution mass spectromettC’HRMS)

analysis

3.3.4 Analytical Methods

An Agilent 1100 series HPLC system equipped with a UV diode array detector (DAD)
and aZorbax SBCig column (2.1 mm x 150 mng ¢ myvasused to monitor the loss of
parent compounds of pharmaceuticals. Detection wavelengthSMet, DMI, AMI,
aniline, TMP, CBZ, NAP, PMSO, CRE, TMT, DAMBPCBA, andPMSQ were setat
275, 210, 230, 236, 254, 285, 231, 230, 234, 210, 210, 234, and 23@spectively.

Gradient elutiorwas usedwvith (i) 0.1% (v/v) formic acid and methanol for SMAMI,
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CBZ, NAP, DAMP and TMT; (ii) 0.1% (v/v) formic acid and acetonitrile for TMP, DMI,

aniline, PMSCandPMSQ; and (iii) 10 mM oxalic acid and acetonitrile fo€BA.

The oxidized products (OPs) of SMX by Fe(VI) in the presence or absence of CRE
were idetified using solid phase extraction (SPE), followed by liquid chromatography
high-resolution/accurate mass (HR/AM) spectrometry (RPEHRMS) analysis. The
reaction solutions withdrawn at certain degradation times (0, 3.0, 6.0, 10.0, and 15.0 min)
were filteredby 0.45 um glass$iber filters and then concentrated by a Visiprep SPE
apparatus (Supleco, USA) with Waters Oasis HLB cartridges (WAT1062@2200 mg).
Before extraction, each HLB cartridgeas sequentially conditionegith 5 mL methanol
and 5 mLwater. Then, the cartridge was loaded with 100 mL sample, washed with 5 mL
water, and vacuum dried for 5 min. Finally, the extracted degradation products were
obtained by eluting the cartridge with 2 x 2 mL methanol. The degradation products were
kept in ®aled vials and shipped with ice overnight to TAMU, whikiee samples were
analyzed by LEHRMS. The fulkscan analysis of untargeted prodwets performedn a
Q Exactive Plus OrbiTrap mass detector (Thermo Scientific, Waltham, MA) coupled to a
binary punp HPLC (Ultimate 3000, Thermo Scientific) in a positive ion mode using an
electrospray ion (ESI) source. For data acquisition, the sheath, aux and sweep gasses were
set at 50, 10 and 1, respectivelfe spray voltage was set to 4 kandthe Slens RFRwvas
setto 50. The aux gas heater and capillary temperatuees maintainect 375 C and
350 C, respectively. Full MS spectreere obtainedt 70,000 resolutiom{/z200) with a

scan range of/z50-750. Full MSf ddMS2 scansvere obtainedat 35,000 resotion

(MS1) and 17,500 resolution (MS2) with a hzisolation window and a stepped NCE

(20, 40, and 60). Samplegere maintaineat 4 °C before injection. The injection volume
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was 10 pL. Chromatographic separation was achieved on a Hypersil GOIMDs

selectivity LC column (50 mm x 2.1 mm, particle skZe m) a't 25 AC wusing
gradient method. The mobile phase was water (0.3% formic acid) (A) and methanol (B).

The gradient methd used was-@ min (10% B to 80% B),-3 min (90% B to 20% B),-3

26 min (90% B), 2&7 min (10% B), and 235 min (10% B). The flow rate was 0.2

mL/min. Sample acquisitiowas performedy Xcalibur (Thermo Scientific). Thieigh
resolutionMS data were pressed using Compound Discoverer 2.1 software (Thermo

Scientific) and online molecular structure libraries (n&zcloud and ChemSpider).

The lowtemperature electron paramagnetic resonancesRR) analysis was carried
out at 75 K on a Bruker ELEXS¥B E500 spectrometer (Rheinstetten, Germany). The
possible formation of organic radicals was determined using POBN (10.0 g/L) as the spin
trap reagent. All spectra were recorded after freezing the aqueous samples with liquid
nitrogen. The operating parametevere set as: -¥and frequency, 9.4 GHz, center field,

3350.0 G; sweep width, 900.0 G; sweep time, 30 s; attenuation, 25.0 dB; scan times, 10.

3.3.5 Density Functional Theory (DFT) Calculation

All DFT calculations were conducted by Gaussian 09W software gzaunc.) with
the unrestricted M06 DFT functional aneB&1++G** basis set. The solvent effect was
considered using the PCM model with water. The molecular structures of the reactants
(HFe"'04 and CRE) and the products (Hf®?> and CRE radical via orelectron transfer
mechanism; HR¥O0s and hydroxylated CRE via twelectron transfer mechanism) were

optimized and confirmed by no imaginary frequency. The change of Gibbs free energy
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( &G, kJ/ mol) between the reactthenspoptanaityd pr o

of both oneelectron transfer and twelectron transfer reactions.

3.3.6 Goodnes®f-Fit of the Kinetic Model

The goodnessf-fit between simulated and experimental values was quantified by

calculating the Thei I8 whichis expresset asfofows; oe f f i ¢

Y00 : 3.1)

where yrepresents the simulated data points apdepresents the measured data points.

A value of the TIC lower than 02822 indicates a good agreement between the

model prediction and the measured data.
3.4 Results and Discussion
3.4.1 Impactsof OrganicMetabolites on Pharmaceutical Degradation by Fe(VI)

Experiments usindg®B9 spiked withCRE, creatine or hippuric acithdividually were
conducted to evaluate their effects on the Fe(VI) oxidation of pharmaceuticals. As shown
by the pseuddirst-order rateconstants Keps in s*, R? > 0.985)in Figure 3.1A, CRE
significantly enhanced the degradation of pharmaceuticals by Fe(VI), especially for the
cases of CBZ, TMPand SMX, whereas creatiraad hippuric acid had minimal impacts

onthe removal efficiencyf the four pharmaceuticals by Fe(VI)

To better understand the enhathe#fectof CREon the oxidatiorof pharmaceuticals

by Fe(VIl), SMX was chosen as the model compound to test the impa@GRd&
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concentration on its removal efficiency by Fe(Mihe kossincreased linearly as tHeRE
concentration was increased from 0 to 4680 (Figures 3.1B and 3.3) and it reached the
plateau with a slight decrease after the increas&Ri& concentration above 4000 and up
to 9000mM. This mild inhibitory effect waskely due to the scavenging effect by a high
dosageof CRE, considering that the rate constant between Fe(VI)GRHE is relatively
low at (3.8 + 0.1) x 18 M1&*at pH 90 (Figure 3.2) (correspondindkons = 2.326.403
10% st at 4-15 mM of CRE). The relatively low chemical reactivity @RE was also

confirmed in a previous stud§* in which CREin human urine could not be oxidized by

permanganate (10M) at pH 50.

6.0

T

T T T T T v T v v
[ ]rBS B
45 B PB9 + Creatinine - (A) * ( )
[l PE9 + Creatine
= P89 + Hippuric acid 45l !"i\ J
~ 3.0 ~ | T~
Y w
o 7 30F -
= ™
= = %
_‘é x | ."
15 i’
151 E
0 0 0.0 | L 1 L 1 L 1 " 1 "
’ CBZ NAP TMP SMX 0.0 2.0 4.0 6.0 8.0 10.0

Creatinine (mM)

Figure 3.1(A) Effect of organic metabolites on Fe(VI) oxidation of pharmaceutical
Initially, [pharmaceutical] = 10.0 pM, [Fe(VI)] = 300.0 pM, [CRE] = 7.4 mM,
[creatine] = 1.28 mM, hippuric acid] = 0.17 mM, andn = 2. (B) Effect of CRE on
Fe(VI) oxidation of SMX. Initially, [SMX] = 10.0 pM, [Fe(VI)] = 300. 0 uM, [CRE] =
0-9.0 mM. All reactionswere at pH 9.0 using 10 mM phosphate buffer and 25.0 C.
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Figure 3.2(A) Relative logarithmic concentration of Fe(VI) as a function of reactio
time during Fe(VI) oxidation of CRE at pH 9.0 (10.0 mM phosphate buffer). (E
Linear plot of the pseudcfirst -order rate constant for the decrease of Fe(VIys.the
initial CRE concentration. Initially, [CRE] = 3.0715.0 mM, [Fe(VI)] = 300.0niV,
pH = 9.0 (10.0 mM phosphate buffer), 25.0C, n = 2, reaction time = 30 min an
R?=0.9750.997.

3.4.2 Elucidating the EnhanckEffectof CRE

3.4.2.1 Reactive Moiety

To determine théikely initial attack position(spn the pharmaceuticalsy Fe(VI) in
the presence oIfCRE, the substructure compounds of TMPRe. 2,4-diaminc5-
methylpyrimidine (DAMP) and 3,4;&imethoxytoluene (TMT)and SMX (i.e.,3-aminc
5-methylisoxazole (AMI), 3,5limethylisoxazole (DMI), and anilingere investigatetbr
their reactions with Fe(Vin the presence and absenc€&Eat pH 90. For the subunits

of TMP, degradation of TMT by Fe(VNas nedigible (Figure 3.4), which was also
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confirmed by a previous stud{ Even in the presence G&RE (0- 500.0 uM), there was
nonoticeabledegradatiorof TMT observed in the Fe(\MCRESsystem. On the other hand,
DAMP, the subunit containindpeamine group in TMP, showealeenhancd effect from
CREas seen ifrigure 3.3, wherekopsincreased 3.1 times whé&RE concentration was
increased from O to 4000 puM. For the subunits of SMegrddation of DMI by Fe(VI)
was inhibited by the presence@RE,wherekopsdecreased from 4.6x£0t0 2.9x107 min

! whenCRE concentration increased from 0 to 4000 (igure 3.4B), while AMI, with

its amine group substituting the methyl group in DMI, showed a stposgive linear
relationship betweerkons and CRE concentration(Figure 3.3). This aminestructure
specific effect fromCRE could be further confirmed by Fe(VI) oxidat of aniline, a
sulunit of SMX, in the presence &RE AsFigure 3.4Cshows, théonsof degradatiorof
aniline by Fe(VI) increased@.7 times wherCRE concentration was increased from 0O to

500 pM.
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Figure 3.3 Effect of CRE on Fe(VI) oxidation of pharmaceuticals and thei
substructure compounds.Initially, [target compound] = 10.0 nM, [Fe(VI)] =

300.0 mM, [CRE] = 0- 4.0 mM, pH = 9.0(10.0 mM phosphate buffer) 250 C, n
=2, andR?=0.982 0.999.
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Figure 3.4 Fe(VI) oxidation of (A) TMT, (B) DMI, and (C) aniline in the presence
of different initial concentrations of CRE. Initially, [test compound] = 10.0 uM
[Fe(VI)] = 300.0 uM, pH = 9.0 (10.0 mM phosphate buffer), 25.0C, n = 2
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3.4.2.2 Role of Radical Species

Seweral studieg®®?% have found that imidazole andRE, when complexed with
specific metal ionge.g., C4" and Fé"), can display peroxidase activity to activateO,
and generate hydroxyl radig@OH). It is also interesting taotethat Fe(lll) and HO; are
considered two major productenerated from the salfiecay ofFe(VI), as well as the
reactionof Fe(V1) with organic substrate8’ Therefore, it is reasonable to hypothesize that
CRE, when complexed with Fe(lll) produced from Fe(VI) reductimay show catalytic
activity to promote the generation of highly reactR@H from HO,, which canalsobe
produced fromFe(VI) reduction Para-chlorobenzoic acidpCBA) was chosen as the
quencher foPOH for its inert reactivity tchigh-valent iron species (Fe(V1)/Fe(¥f and
Fe(1V)?%9) and high reactivity t§OH with a seconarder rate constant of 5xAM2A™ at
pH 82%°As Figure 3.7 shows the degradation trends of SMX were similathe presence
or absencef pCBA. Therefore, the results ruled out the possible generatit@téin the

Fe(VI)+CREsystem.

3.4.2.3 Role of Iron Intermediate Species

High-valent iron species (e.g., Fe(I%f:22 Fe(V) 23 and Fe(VI$% were reported to
be reactive with sulfoxide ( e.g., dimethyl sulfoxide (DMSQO) and methyl phenyl sulfoxide
(PMSQ)), generating corresponding sulfones ( e.g., dimethyl sulfone (DNB@®methyl
phenyl sulfone (PMSg)) via anoxygen atom transfer (OATtepunderboth acidic and
alkaline conditions. This reaction pathway differs dramatically from the raloassd

oxidation pathway, which normally turns DMSO or PMSO into tHf&H-induced
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products (e.g., CE¥SQ:H?1Y. Thus, PMSO was used as the probe compound to investigate

the involvement of higivalent ironintermediatespecies.

As Figure 3.7B shows, PMSQwas completely oxidized to PMS®@y Fe(VI) in the
presence of .0 mM CRE which further eliminated the possibility of radical
involvement in the Fe(VI)+CRE system and agreed with the above results based on radical
guencher i(e., pCBA) experiments. Inhe presence o€ERE, PMSO degradation and
PMSQ generation were accelerated with increased concensatibiCRE especially
within the first 15 min, which further verified that Fe(Ndndbr Fe(V) were likely
responsible for the enhartteates observed ithe Fe(VI)+CRE system based on the
superior oxidation capability of Fe(¥f/Fe(IV)?*® to Fe(VI). However, the conversion
percentagef PMSO suffered at the higher dosaeCRE (4.0 mM vs.0.5 mM) from 15
min to 55 min, which was most likely due to outperformance of the reaction between

Fe(V)/Fe(lV) andheoxidized products ofCRE

It has beemeported that the oxidation of substrate (X) by Fe(VI) can occur by several
possible pathway¥ % 10710 Steps include buarenot limited to: (i) e transfer to form
Fe(V) and a radical, with K¥) reacting to fornoxidized substraté€X(O)) andFe(lll); (ii)

OAT procesgo produce Fe(IVand an oxygen atom added to substrate (X (@)) Fe(V)
and Fe(lV) can then vyield different final reduced spedies, Fe(ll) or Fe(lll) or both
Fe(ll) and Fe(lll)) via 1€ and 2€ pathways throgh selfdecomposition or/and further
oxidation of substrate (Xjomestudies have offeradsights on the mechanismsS$ieps
i and ii, in which thel-e transfer reductast(R.)) or 2-e transfer reductast(R)) were
determinedthrough theoreticdl correlatng the reactionrate constants of Fe(VWyith

substrates tthe e or 2-e thermodynamic reduction potentidfs!
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To further confirm the role d€REin the FeVI)+CRE system a&(1)or R(), the low
temperature electron paramagnetic resonaricE-EPR) measurement witiN-(4-
pyridylmethylenejtert-butylamineN , Miéxide (POBN) as the spin trap reagent was
conducted to probe the formation ®RE radical as well aSOH?!¢ in the system. This
approack’®has been applied in the Fe(VI)+aniline system, in which the anilino radical was
observed during Fe(VI) oxidation of anilinend thus Fe(V) was speculated as the major
reactive iron intermediate species followed by the mechanism of Step i. However,
according tdrigure 3.5, no obvious signal was detected, indicatingtit was less likely
that Fe(V) andCRE radical were involved in the Fe(VI)+CRE system. This result also
further confirmed the absence @H, which agreed well with the quencher experiment
usingpCBA (Figure 3.7A). On the other hand, the DFT calculasamere performed to
examine the favorable step of the reaction between Fe(VICREtdo further confirm he
role of CREasR)or R2). Based on the optimized geometries of all species involved (e.g.,
Fe(VI), Fe(V), Fe(IV) CREradical, andCRE-O adduct), the changes of Gibbs free energy
(G°ca)) and activation energfaiG ca) were calculated for R1 and R2, respectively. As
Figure 3.6 shows, R1 had a negative Gibbs free energy vai38da = -6.37 kJ/mol) with
a lower activation energfqc ca= 3.18 kJ/mol)as compared to R2¢g(G0%a = 196.71
kJ/mol andqiG ca= 8.66 kJ/mol) This indicaiedthe spontaneity of twelectron transfer
reaction and involvement of Fe(lV) as the major reactive oxidant followed in the
mechanism of Step ii. This result also agreed with the prediction that -aontening

reductants are usually oy previous literaturé®?
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Figure 3.5 LT -EPR spectra of the reaction solutions by Fe(VI) treatment with CRE.
Note: No obvious EPR signals were observed. (Experimental conditions: [Fe(MI}
1.0 mM, [CRE] = 50.0 mM, [POBN}p=10.0 g/L, pH =900 £ 0.0510.0 mM phosphate
buffer)).
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Figure 3.7(A) Effect of pCBA on Fe(VI) oxidation of SMX in the presence or absenc
of CRE. Initially, [SMX] = 10.0 mM, [Fe(VI)] = 500.0 mM, [CRE] = 7.4 mM, [pCBA]
= 1000 mM. pH = 9.0 (10.0 mM phosphate buffer),25 C, and n = 2. (B) PMSO
oxidation and PMSQ; production in the Fe(VI)+CRE system. Initially, [PMSO] = 150
mM, [Fe(VI)] = 300.0 mM, [CRE] = 01 4.0 mM, pH = 9.0 (10.0 mM phosphate buffer)
25°C,andn = 2.
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3.4.2.4 Oxidized Productk (OPsYf SMX by Fe(VI) only and Fe(V1)+CREystems

The OPs of SMX in the Fe(VI) only and Fe(VI)+CRE systems at pH 9.0 were analyzed
by LC-HRMS. Structural assignments of each OP were performed by product ion scans
based on its MS/MS spectrum and the proposed fragmienitdal of five OPs of SMX
were identified and named as ©B, OR267, OR269, OR283, and OR299 according to
molecular weight. MS/MS spectra and possible structures of fragments of SMX and its
OPs are presented Figure 3.8 The molecular compositioms these OPs were suggested
by good mass error (< 3 ppm) between the experimental and thearéigalues, shown
in Table 3.3 For the fragment analysis, SMX witlrezvalue of 254.05911 and a retention
time of 4.579 min has four major product ions#r156.01125, 99.05574, 108.04473, and
92.05001, which are proposed to correspond to the cleavageNob@&d with the
generation of two former fragments, loss of SO (48 Da frofm 156.01125), and
subsequent loss of O (16 Da fram'z 108.04473), respesttly (Figure 3.8A). As a
representative product, @9 with a protonated species @z 270.05402 and a
chromatographic retention time at 4.495 min was proposed to be formed via hydroxylation
of aniline group in SMX molecule. This structure was tentatively confirmed by four major
product ions atm/z 172.00616, 99.05574, 124.03943, and 108/@4 These MS/MS

fragments were formed via similar patterns with SMX.

The proposed degradation pathways of SMX in the Fe(VI) only and Fe(VI)+CRE
systems are shown iRigure 3.9 Both systems shared similar reaction pathways (i.e.,
Pathways | and Il). In Rlaway I, cleavage of the-8 bond generated G88 (AMI), which
was also observed in other SMX oxidation systems using chitfinezone, and

permanganat®’ In Pathway Il, the initial attack on the aniline group of SMX produced
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hydroxylamine product (OR69) via a sigle electrortransfer mechanisi?® Later, this
resulting hydroxylamine group will further collapse to nitroso group-26P), which can

be further oxidized intaitro group (OP283). Afterward, OF283 can be hydrolyzed in the
benzene ring part with generation of -@#9, all of which are consistent with the previous
study?>*>The similar products found in the Fe(VI) only system and the Fe(V1)+CRE system
were also confirmed in acfd? sulfite'®® and bicarbonaté’-activated Fe(VI) systems,
suggesting these generated iron intermediates (i.e., Fe(V) or Fe(IV)) could not change the
OP species but alter the oxidation rate due torsupexidation ability of Fe(\A% 150 or

Fe(IV).161

Therewereno apparentlifferencesn products distributioffior the degradation of SMX
by the Fe(VI)only and Fe(VI)+CRE systems based on the identifiable products in this
study. Cleavage of the-8l bond, oxidation of the aniline group, and hydroxylation of the
benzene ring of SMX were found to be the main transformation pathways, wéieh

consistent with previous stig ! 1>°

The similar products found in the Fe(\aply andFe(VI)+CRE systens were also
observed in ammoniwd!! acid-,**® bicarbonate''’ and sulfité>-activated Fe(VI)
systems indicating that these generatedr complexed iron intermediate species

(Fe(V)/Fe(1V)) can significantly altehe oxidation rate but not product distribution.
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Figure 3.8 The LC/MS/MS spectra of SMX (A) and its OPs (B, OF267; C, OR269;
D, OP-283; E, OR299) with their proposed fragmentation structures.
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3.4.3 Reactiondnvolvedin PharmaceuticaDegradationin Fe(VIl)+ CRESystem

As discussed above, Fe(lV)dsnsideredisthe majormreactive speciesontributing to
the enhanced removal rate of pharmaceuticals in the presercREfSeven major
reactions (Egsl-5 in Table 3.4) are proposed for pharmaceutical degradation in the
Fe(VI)+CRE systemEquation 1 represents the generation of Fe(lV) from the reaction of
Fe(VI1) and Ry CRE Equation 2 shows the complexation between Fe(IV)GRHE a very
good bioligandThis speculatioms consistent with the fact th&RE behaves as a strong
stabilizing ligand for various metal ions (e,gCu(ll),2%® Ni(Il) ,2*" Ag(1),2*" zn(Il),2*®
Pt(11),2*® and Fe(llIf*). Recently, Fe(lll) has also been used in a-apmymatic
electrochemical technique for uri@REsensing due to the Fe(HGRE complex verifid
with UV analysis’*®Moreover, the noieme type of Fe(IMp x 0 i nt er med-i at es
C3 halogenase na tourine dioxygenase) have been wvdeltumented in biological
system&°222and one of the neheme ligands complexed with the iron center is histidine,
which shares the same imidazolaisture with CRE. These two pieces of evidence made
the complexationof Fe(IV) andCRE quite plausible even though direct measurement of
the Fe(IV}YCRE complex could not be achieved by using a stofijpedsystem withUV -
vis spectrophotometryFHigure 3.10.The difficulty to detect Fe(IVICRE complex might
be due to: 1) The unstable nature of highly reactive Fe(lV) species in the aqueous system,
and 2) Much slower generation rate constaftFe(lV) at 3.8x10° M'&* in the
Fe(VI)+CRE system compared toepious studies that successfully captured Fe(lV)
carbonate and Fe(IM)yrophosphate complexes using a pulse radiolysis technique to
generate Fe(lV) hydroxide from Fe(lll) at the rate constaBt®f10 M1&1.173174|n this

study, CRE is proposed as both a reactanaaratganic ligand in the Fe(VI)+CRE system,
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which can be supported by the fact that less than 5% of CRE was consumed in the course
of the reaction as a reactahkiqure 3.13, while >95% of CRE remained was expected to
function as organic ligands to stibe Fe(IV). Equations 3@8c represent the fates of
generated Fe(IVCRE, continuing reacting wit€RE (Eq. 3a), OPsof CREP1 (Eq 3b)

or the pharmaceutical (E@®c). Meanwhile, the Fe(IVCRE complex could undergo
bimolecular decay (Ed}) according to a previous study on the pyrophosptateplexed

and carbonateomplexed form of Fe(IV3’*174 Equation 5 represents the Fe(VI) reaction

with the pharmaceutical, whele was dewved based on dividing thkwws by Fe(VI)
concentration (300 nM) under pseuddirst-order reaction condition in the absence of

CREshown inFigure 3.3,

Table 3.3 Accurate mass measurement of SMX and its OPs by Fe(VI) only and
Fe(V)+CRE systems.

Formula Experimental Calculated Error Proposed Fe(VI  Fe(Vl)
Comp. m/z m/z (ppm) Structure Jonly + CRE
(M+H)*
/o 3
N\ / CH
HN\/O
SMX  CioH11N30sS 254.05911 254.05994 -2.28 oész/ a a
NH,
NONCHy B
OP-98 C4HsN20 99.05580 99.05584 0.81 \ a a

92



OP-
267

OP-
269

OP-
283

OP-
299

C10HoN304S

C10H11N304S

C10H9N3O0sS

C10H9N306S

268.03821

270.05402

284.03345

300.02823

268.03920

270.05485

284.03412

300.02903

-1.87

-0.70

-0.88

-1.97

NHOH
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Table 3.4 Proposed reactiors in the Fe(VI)+CRE system CRE = creatinine; P = product; PhA = pharmaceutical).

Reactions

Comments katpH9 References

[1]HFe O, + CRE- HFe O,+P,
[2] HFe O, + CRE- HFe O -CRE
3 3

[3a] HF&'O;-CRE+CRE- Fe (OH)(aq) + P
[3b] HFeOs-CRE+ R - Fe (OH)(aq) + R

[3c] HFEO5-CRE+ PhA- Fe' (OH)(aq) + P

[4] 2 HFeVO;-CRE+ 4H + 4HO- 2Fe' (OH)(H,0), + H.0,

[5] HFe"O, + PhA- Fe' (OH)(aq) + P

See Figure 3.2 k, = 0.038M A" This study

Based on sensitivity

analysis and organic 2 o -ln-l
ferrous/ferric complex 2a

formation constants

Wu Gstsidy?? and
Rosed & ¢

Insignificant at lower
concentration of
creatinine (64.0 mM)

K., Not available

Insignificant at lower

concentration of Ky, Not available

creatinine (84.0 mM)

Estimated from kinetic ,

model - This study

Unknow but available for k,=1.312 105 M'l,zgl

Fe(IV)-pyrophosphate for Fe(IV)-carbonate Me | t sudyd’s
- 174

and Fe(IV)carbonate or 1.0x 106 M lAlfor

complex only Fe(IV)-pyrophosphate

Varieddepending the

structures of This study

1--1
pharmaceuticals k.=2.96.8M A

Note: Reaction 2 does not indicate a 1:1 complexation between Fe(IV) and CRE but a generalizatiodigantketaimpéx
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Table 3.5 Parameters and rate constants between target compousdnd Fe(IV)-CRE in the Fe(VI)+CRE system derived from
kinetic simulation of the datashownin Figure 3.3 .

Target Slope m Fe(IV)-CRE b Egtfv?,;znncﬁ Measured Predicted
Compound  (m's™) R URtg'éa;'/OS (min") an((i/k)obs K, M sh Ky, M s
0
TMP 1.00 0.982 0.877 1.1x10% 1 6.4+0.2 694.2+42.1
SMX 0.93 0.976 0.819 1.1x101 0.1 56+05 336.6 £ 22.6
DAMP 0.58 0.993 0.512 0.67x101 0.1 3.8 £0.02 114.1+£5.0
CBZ 0.43 0.999 0.380 0.63x101 0.5 3.4+0.1 65.0+£29
AMI 0.20 0.999 0.175 0.54x101 0.0 3.0+£0.1 9.3+04
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Figure 3.10 Stoppedflow UV-Vis spectra of Fe(VI) and CRE.[Fe(VI)] = 300.0 uM,
[CRE] =4.0 mM, pH = 9.0 (10.0 mM phosphate buffer), reaction time = 0.01 s (A), 0.1
s (B), 1.0 s (C), 10.0 s (D), and.0 s (E).
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3.4.4 Kinetic Investigation of Fe(IVCRE Generation and Utilization Model

Consideringthe experimental conditions used in this study, Reactions 3a and 3b are
likely negligible in the initial stage of the reactijamhere the concentrations GRE and
its OP P, are lower than 400&M. Therefore, a simplified Fe(IMLRE generation and
utilization model (similar to the MGU model used in a previous gtddyoupled vith the
losses of Fe(VI) and pharmaceutical, is proposed includinglEgs 3c, 4, and 5 imable
3.4. In this model, Fe(lV), generated via a telectron transfer reaction between Fe(VI)
andCREwith a rate constark, is proposed to complex witbRE at the rate constant of
ko. It was reported that the rate constant of complex formation ranged from 50816%7.5
M-1&1 for organics and ferrous (Fe(ll)) and ranged from 2.2%00.6x1G M1&* for
organics and ferric (Fe(llI%**?2* Sensitivity analysis was conducted bgrying thek:
value Figure 3.11). The degradation of pharmaceuticals (e.g., TMP and AMI) was
independent of the magnitudelefranging from10? to 10 M1&?; thus k. was estimated
to be 310> MIAL, The Fe(IV}CRE formedin-situ would react with the pharmaceutical
with a rate constaritsc. The wutilization rate parameter
between the amount of Fe(MORE utilized for oxidation of pharmaceutical and the total
Fe(IV)-CRE generated from Reaction 2ilts evi dent that 1/ U shou
since some of the formed Fe(PMORE complex can undergo selécomposition at an
unknown rate. ThereforeEgs. 3.2, 3.3 3.4, and 3.5 were included in the simplified

Fe(VI)+CRE system with the introduction df/ U .

HFe"'Os+ CRE- HFEVOs + P (3.2

HFeVOs+ CRE- HFEY0s-CRE (i.e. Fe(IV)}CRE) (3.3
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HFYOs-CRE+ PhA- Fé'(OH)s(aq) + R (3.9
HFe"'Os + PhA- Fé'"(OH)s(aq) + R (3.5
where PhA = pharmaceutical and P = product.

Consideringk: is at least four orders of magnitude higher tkgrall the produced
Fe(IV) was expeetd to form Fe(IVACRE immediately in the presence of an excess amount
of CRE. Thereby, the overall Fe(AMQRE accumulation rate can be expressed as follows:

QOQ0W O6'YO i e s o e
o Q0’06 YO | Qg0® "0006k 8 YO ot

At the steady state,——— 1T Hence,
- Q006 'YO ’%&6"@ "O00w 6 YO (37)

Thedegadation of pharmaceutical can be expressed as follows:

—— Q0 000w YD Q&) 0Q T 0B (38)

Combining Eg.7 and 8,

0 68YO QOO & #2% (3.9)

and® Q OQv"0 "Q of pharmaceuticatlegradation in the

whered

absence o£RE
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Basedon the experimental condition that= 3.8x10° M*&* and [Fe(VI)[/[PhA

at the initial stage remaining approximately constant at 30, it can be inferred that

As Figure 3.3shows, a linear relationship betwe@RE concentration ankbpswas
observed for all five compounds. According to the slopand intercepb, the Fe(IV}
CRE wutilization rate 1/ U can faHHes sustmatec ul at
degradation should be due to the increasing amoure(bf) -CRE available to reaaevith
the substrate. This was ,whetedMRarespoodeditotheg t o
enhancd effect of CRE more sensitively with the highest utilization rate of 88%, while
AMI responded to this effect more stagnantly with the lowest utilizatiatB%. This
simple model can be also validated by less than 1% of difference between the measured
"Q and calculatedh. Although this simplified model contains several assumptions and
may be further refined, the model does allow for the deterromaif Fe(lV)}CRE
involvement with different substrates basedloh Which indicates its reaction selectivity

towardselectronrich moieties such as amhe@ntaining compounds.

By adopting the simplified Fe(VI)+CRE system, a kinetic model waslop&d and
applied to the degradation of compounds at different CRE concentrations visgeasds
nonlinear regression with constant error model using Simbidlegsion5.7 in MATLAB
2018 {The Math Works, Inc.) to derivésc values Figure 3.12 and Table 3.5). The
calculated TIC based oRigure 3.14 and Table 3.6 confirmed the good fit of model
simulations with the measured compound degradation data, with the TIC values ranging

from 0.01 to 0.09andthe s i mu | kst vaelaes rénged at 53.391.6 MA! and
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successfully predicted the removal rates of five compounds within the first 15 min, which

validated the proposed kinetic model involving the Fe(@RE speciesMoreover, the

derived rate constaks. rangng from(9.3+0.4 to (6.9:0.4 x 10%) M1A&* agreed well with

other Fe(IV) oxidation studies that reported the range at1@0M1&1226227 |t js

necessary to mention that the complexed Fe(lV) is expected to display lower reactivity

compared to tiwomplexed Fe(lV) since most of ligands will lower their metal p&id

redox

potential by stabilizing it with a longer life tint&? 17178 180228 This may explain why the

derived rate constants between Fe{CRE and substratesmderalkaline condition in this

study lied near the lower end of the experimental values between Fe(lV) and substrates

underacidic conditions.

1.0

0.8

o
o
T

[TMPY/[TMP],
)
'S

0.2

0.0

Time (min)

12

[AMIJTAMI],

1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time (min)

Figure 3.11 Effect of k2 value on the kinetic modeling of pharmaceutical
degradation. Experimental conditions: [PhA] = 10.0 uM, [Fe(VI)] = 300.0 pv
[CRE] = 4.0 mM, and pH = 9.0 (10.0 mM phosphate buffer). Note: The lin
representingkz= 1% and 1¢® M-'s! were overlapped
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Figure 3.12 Measured and predicted degradationof substrates by theFe(VI)+CRE

system Symbols: measured data; Lines: model calculation. Error bars represent 0j4i4

standard deviation of data. Initially, [substrate] = 10.0 mM, [Fe(VI)] = 300.0 MM, s e d o r
[CRE] = 0- 4.0 mM, pH = 9.0(10.0 mM phosphate buffer) 250 C, andn =2,
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Number
of data T™MP SMX DAMP CBz AMI
points

Experimental
Conditions

[CREL= 0 ¢ 1416  0.04(16) 0.01(14) 0.03(16) 0.03(16) 0.02(16)
[CREPp=300.00r 1416  0.04(16) 0.01(14) 0.03(16) 0.02(16) 0.02(16)

500.0 ¢
[CRE]‘;:N:ILOOO'O 1416  0.05(16) 0.02(14) 0.05(16) 0.03(16) 0.02(16)
[CRE]‘:MZOOO'O 1416  0.03(16) 0.06(14) 0.04(16) 0.03(16) 0.03(16)
[CRE];:I\;‘OOO'O 1416  0.07(16) 0.07(14) 0.04(16) 0.04(16) 0.06(16)

Al 7080 _ 0.09(80) 0.05(70) 0.07(80) 0.06(80) 0.04(30)

-

0.95

[CREJ[CRE],
o o
(-] [7<]
(3] o
T T

—m—0.1mM
—A—03mM
080 —®—10mM

0‘75 1 M 1 1 1 1 1 M 1
0 3 6 9 12

Time (min)

Figure 3.13. Degradation of CRE in Fe(VI)+CRE system. Experimental condition:
[SMX] = 10.0 pM, [Fe(VI)] = 300.0 uM, [CRE] = 0.21.0 mM, and pH = 9.0 (10.
mM phosphate buffer).
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3.5 Environmental Significance

The extensive occurrence of pharmaceuticals in the aquatic environment and potable water
demands more efficient treatment of these micropollutants from the urine source. Fe(VI)
application to chemically remove such micropollutants in hydrolyzed urine starid out
because of its resistance ttoe scavenging effect®f urine matrix and advantageous
enhancement effects from several major urine constituents such as bicatbonate,
ammoniat'* 1 andCRE This paper, for the first time, reports the enhancement of Fe(VI)
oxidation byCRE and quantitatively explains the enhancement effect by the generation of
high-valent iron intermediate species (i.e., FeZIRE) using a generatieamdutilization

kinetic model. Based on this kinetic model, the rate constants between substrates and
Fe(VI)-CRE can be successfully derived. This approach can be conceptually useful to
probe the kinetic behaviors of iron intermediate species in the Fefillictant agent
system This model may be further used to evaluate the reactivity of Fe(lV) towards more
micropollutants with distinctive function groups, and serve as the bridge foramstit
investigation and optimization dapplicationof Fe(VI) oxidation. In addition, future
research should evaluate the effects of other urine constituents (e.g., other organics or
partially degraded organic matter) on the Fe(VI) oxidation reactigmization of Fe(VI)
oxidation of pharmaceuticals in real urine, as well as how the pharmaceutical degradation

can be best combined with other treatment (i.e., nutrients recovery) of urine holistically
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CHAPTER 4. KINETIC INVESTIGATION OF FE(VI)

OXIDATION MECHANISMS : FE(VI) DECAY SYSTEM

4.1 Abstract

The kinetics and mechanisms of s#dfcay of ferrat@/l) (Fe”'Os*, Fe(VI)) over the
entire pH range from acidic to basic pH range need to be understood to assess the ability
of Fe(VI) to oxidize pollutants at dgfent pHs. Mechanism of salecay of Fe(VI) has
been extensively examined under acidic to neutral pH conditions. However, Fe(VI) self
decay at alkaline pHe(g, pH 9.0 or higher) is poorly understood. This study performed
kinetic and modeling studies thfe Fe(VI) decay at p&.0and 100. Our research revealed
that the decay of Fe(VI) followed firstrder kinetics (i.e., unimolecular decay) at pH 9.0
and 10.0and the ordechanged to 3f2rder at pH7.0 due to the different species of Fe(VI)
(FeQ? versus HFe®@). Results of unimolecular decay mechanism through water attack
(WA) were supported by density functional theory (DFT) calculations, which indicated
unfavorable dimerization of Fe®through oxecoupling (OC) under alkaline conditians
The WA on the monomeric Fe$d was proposed due to its lower activation barrier
compared to OC. Kinetic simulation of Fe(VI) decay involving Fe(V) and Fe(lV)
successfully predicted Fe(VI) disappearance astobigeneration (a productindervaried
conditions. The deay of FeG* was different from the secoratder kinetics of protonated
Fe(VI) species (bFeQiand HFe@). Our results will aid in comprehending oxidation

power of Fe(VI) in degrading pollutants under alkaline conditions.
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4.2 Introduction

Over the pastiecade, ferraf®1) (Fe''0.%, Fe(VI)), apowerfuloxidizing agent with a
standard potential of 2\2in acid solution and 0.V at alkaline conditioR?®, has emerged
asa noveloxidant toremove contaminanfsom water!6 143230231 The oxidation attity
to remove pollutants is generally determined by the competing rate constants of the reaction

between Fe(VI) with pollutants (XEQ. 4.0 and simultaneous satlfiecay of Fe(VI) Eq.

4.20r4.3:
Fe(VI) + X Y Products (4.2
Fe(VI) + O Y u@tsy od 4.2
Fe(VI) + Fe(VI) Y Products 4.3

It is imperative to know whether the selécay is firstorder Eq. 4.9, seconebrder
(Eq. 4.3, or both to assess the ability of Fe(VI) to oxidize pollutdftsFor example, if
Fe(VI) seltdecay is firstorder, the hallife of Reaction R2 would be ingendent of
Fe(VI) concentration. Comparatively, the hifié of Reaction R3 would be inversely
related to Fe(VI) concentration. The rates of the reactions of Fe(VI) with pollutants (i.e.,
Reaction Rl)are highly pHdependent in the acidic to basic pH ranghe oxidative
removal of pollutants by Fe(VI) over the entire pH range may be understood by knowing
the pH dependence of the sdfcay of Fe(VI). Many studies have been conducted in acidic
to neutral pH on the decay of Fe(VI) in water, but similarnmi@tion in basic medium is

scarce. Information on the s&lécay of Fe(VIlunderbasic pH has become important in



our researchin which we have sought to remove pharmaceuticals from the alkaline

systems (e.qg., hydrolyzed human urine sampigs

Fe(VI) is unstable in aqueous solution under acidic condiidf8* and could react
with H20 to produe Fe(lll), O; **¢ and HO, 1*° asthefinal productsThe mechanism for
Fe(VI) selfdecomposition at very acidic conditioad., pH 10-3.0) hasbeen proposed
recently?®®, It includesthe formation of aliferratgVl) and subsequent intramolecular exo
coupling whichresulsin theproduction of @ anddiferryl(1V) specieson the basis ahe
study of®0 isotope effect®n kineticsand computatioal methodbased orthe density
functioral theory (DFT). Thismechanism hakeen extendetb nearneutral pH (pH 10-

8.3) withaminor modificationthatwaschanged from direct Q formation to HOz stripping

as the intermediate step to fouiferryl(VI), according tathe experimental evidence of

H.O. generation*>. Recently, Chen and emorkers?®” also confirmed the secormtder

reaction of Fe(VI) decay at pH® based on the linear relationship between the initial
Fe(VI) decay rate and [Fe(Vf)JHoweverthe mechanism dfe(VI) seltdecay at alkaline
conditiors (e.g., pH 9.0 or 100) has beerpoorly understoodven thoughthe optimal

working pH for Fe(VI)may beat9.0af t er compr omi si ng -de@ay we e n

rate and oxidizing capability?&1%°,

Herein, the reaction kinetics of Fe(VI) selécay at alkaline conditier{particularly
pH 9.0) were carefully gamined experimetnally, artie mechanism was proposed and
validated by DFT calculation®\ kinetic model including Fe(VI) and intermediate iron
species i(e., F&V) and F¢lV)) was developed to predict Fe(VI) decay angOf
generationat pH 9.0to quantitatively assess the involvement of the intermediate iron

species.
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4.3 Materials and Methods
4.3.1 Chemical and Reagents

The horseradish peroxidase (HRP) and -22ho-bis(3-ethylbenzthiazolin-
sulfonic acid) (ABTS) were purchased frddgmaAldrich. Solid potassiunierrate(VI1)
(K2FeQy) was synthesized using a wet chemical method and has a purity of more than 98%.
All chemical standards were of at least 97% in purity. Reagent grade deionized (DI) water
(resi st i wm)twgas obtding froma Nanopure Millipore (Billerica, MA) water
purification system. Stock solutions of Fe(VI) (2 mM) were freshly prepared by
dissolving solid samples in IDmM phosphate buffefPB) at different pH 7.5, 9.0, and

10.0.
4.3.2 Selfdecomposition Kinetics

Freshlyprepared Fe(VI) stock solution and PB solution were mixed according to the
required initial concentratiaof Fe(VI) (1000-700.0 mM) in 50 mL volume in amber
borosilicate bottles with constant magnetic stirring at room temperatureCj2% was
found that a higher initial concentration of Fe(VI) (e.g., 1@®®) could lead to increase
of solution pH from 9.05 to 9.95 after 2 h reaction, which could affect the Fe(\) self
decay rate significantly. Thus, the initial Fe(VI) concentrations werserhto be within
100.0-700.0 nM in the investigation of Fe(VI) setlecay kinetics for the duration of 216
min. Samples aliquots were taken at predetermined time intervals (&in) from the
batch reactor, and immediately (wittb s) analyzed at 510 nmawelength using &V-

viss pect r op heau saome 850 KA at pH 7.5  araw, s10bh= 1150



M-1&m?! at pH 9 and 18%¢2%%): SolutionpH was checked before and after the reaction by
a pH meter (Accumet Research AR 20) and change was never larger than 0.3 pél,unit (i.
within 9.0-9.3) during reaction, owing to the relatively low initial Fe(VI) concentrations

employed.

Four fitting models for Fe(VI) decay were used in this study, which are given below

(Egs. 4.44.9):

15-order kinetics (unimolecular decay):

QOB Qoan 0
— (4.
‘OFOQL'0  'OFOQ0 QO (4.

2"9order kinetics (bimolecular decay):

QOO . .. (4.
" = QOGhO
¢Qo
p p -
oo omo ¢ (4.
3/2-order kinetics:
QOO .
SR E womo (4.
oQo
3 v, —_ ”n, €, e, O-'T N
"0 0 o0 - Qo
< ( 4.

where t is time of the decay of Fe(VI), & the rate constant of the decay of Fe(VI).
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The fourth fitting model (Es} 4.10- 4.11) is a mixed ¥ and 29 order kinetics which

was introduced to simulate the Fe(V1) decay at pH 29531 by previous studig&® 238

e QOW™0 Q 00 (4.10

— - —  ARdes — (4.19)

where t is time of the decay of Fe(VI), akds the rate constant of thé-brder decay of

Fe(VI) while k: is the rate constant of th&%rder decay of Fe(VI).
4.3.3 Measurement of the Initial Decay Rate

In order to determine the order sél-decay reaction, a series of measurements of the
initial rate () of the reaction with different initial Fe(VI) concentrations (18200Q0
nM) were made to obtain the reaction ord®@r(Eq.4.12. Considering the decay rate of
Fe(VI) at alkaline coditions is relatively slow, the timeog) that it took from initiating
the reaction to observing 0.005 absorbance
the initial decay ratewas cal cul at ed by dsiThen dogyhveas o[ Fe (°
plotted against log[Fe(VI)] based the initial rate method, and the slope of this linear
regression line was the reaction order (as shoviagid.13.

) (4.
b Q0O

i 1i@el i'gao (4.

4.3.4 Detection of HO. Generation

In order to validate the kinetic model proposed in this stud@.ldoncentration was

monitored by the HRRABTS method similar to that described previouShy
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4.3.5 Densty Functional Theory (DFT) Calculation

4.3.5.1 Model species

Di-protonated species {He(Q;), monoprotonated species (HREO and non
protonated species (Fe) were the three major species considered for the DFT
calculations. All these speciesre reported to be in triplet state according to the magnetic

susceptibility measuremert® and previous DFT calculatioR$:242

4.3.5.2 DFT calculations

All the calculations were performed using Gaussian 09 prodtarfihe unrestricted
formalism of B3LYP, which has shown good performance in the calculations of transition
metal mediated reactions, was used for the el calculation. Due to the involvement
of iron atom, different basis sets were used for higher accuracy. LanL2DZ basis set was
used for the Fe atom and th&861++G** basis set was used theother atoms. Sinche
experiments of Fe(VI) oxidation reactions were usually carried out in aqueasss, fina
dielectric effect of water solvent was incorporated using an integral equation formalism
polarized continuum model (IEFPCM model). First, geometry optimization for energy
minima was performedand the subsequent vibrational frequency analyses eegred
out using the samebasis seto getthe thermodynamic corrections and related energy

values.

Multiple transition states for@ bond formation with ferrate(VI) were identified using
the same parameters stated above. Transition states (only omeaimdigequency) were

then corroborated by analyzing the energy minima (zero imaginary frequency) of the
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reactant and product states using an intrinsic reaction coordinate (IRC) calculation. The

Mulliken spin density was then derived from these structamesisedfor later analysis.

In this study, the bond dissociation energy (BDE) fo«Jfel) bond was calculated for
elucidating thepossibility of dimerization of deprotonated Fe(VI). BDE has been widely
used to measure the strength of a specific chemical bond, and it was defined as the standard
enthalpy change when the bond is cleaved by homolysis at 2&8fkom Eq. 4.14 as:

A-B- A+B

DH(A-B) * DH,, H D {AQ) Ht HB.g) H, »(BB,g) (4.19

4.3.6 Kinetic Simulation

The kinetic model simulations were conducted using Simbiology Version 5.7 in

MATLAB 2018 (The Math Works, Inc.).

The goodnessf-fit between simulated and experimental values was quantified by

calculating the Thei |I'9shichis exgressetl asfofowss oef f i ¢

"Y'O0

(4.

where yrepresents the simulated data points apdgpresents the measured data points.

A value of the TIC lower than 0.8%2% indicates a good agreement between the model

andthemeasured data.
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4.4 Results and Discussion

4.4.1 Seltdecaykinetics of Fe(VI) under alkaline conditions

According to the speciation of Fe(M°, deprotonated Fe(VI) (Fad) is themajor
species (98%) at pH@®(HFeQr 2 H* + FeQ?, pKaz= 7.23%9). The selidecay of Fe(VI)
was studied at pH.Q with the initial concentratios(i.e., [Fe(VI]o) rangng from 107 to
4 3 4 FRighre 4.1). Most previous research proposelaorderreactionwith respect to
Fe(VI) for its decay® * 235 However, the Fe(VI) decay data fitted better with tffe 1
order kinetics with moreonsistent rate constants and higRévalues compared to the
2"%order kinetics (Se@able 4.1). The mixed 1 and 29 order kinetics were also utilized
to simulate the Fe(VI) decay data but could not obtain meaningful rate con3iainles (
4.2), indicating that the assumption (i.e., R&Q@an initiate ¥ and 2%order decays in

parallel) could not be applied in this case.
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Figure 4.1 Self-decay of Fe(VI) at pH 90 by fitting with 1 s-order kinetics (A) and

2"d-order kinetics (B).
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Figure 4.2 Self-decay of Fe(VI) at pH 7.5 byfitting with 1 s-order kinetics (A) and

2nd-order kinetics (B).
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Figure 4.3 Relationship between the initial Fe(VI) decay rate and initial Fe(VI
concentration at pH 7.5 (A); Plot of seHdecay of Fe(VI) at pH 7.5 by fitting with
3/2-order kinetics (B).

Next, the method of initial rate was used to determine the arpef theseltdecay of
Fe(VI) . InFigure 4.4A, the linear relationship was observed only between the initial rate
and [Fe(VI)] at pH 9D, which was consistent with the rate law Kinitial[FEQ:?] (Kinitial =
4.8x10° st at pH9.0). AsFigure 4.4A insetshows no linearity was seen between the
initial rate and [Fe(VIY, further suggesting that the rate was fosder with respect to
[Fe(VD)]. The same phenomenon was also observed at gHRiQure 4.4B). The above
evidence strongly suggestttht Fe(VI) decomposition under alkaline conditspH 9.0
and 100), where Fe@ dominates, followed th#*-order kinetics rather than th&rder
decay kinetics proposed in other previous stutfté®. Therefore, it is plausible that the
protonation of Fe(VI) could alter the decay reaction qrder, the deprotonated form
follows 15-orderreaction (unimolecular decgy@ndthe protonated form follows'2order

reaction (bimolecular decay).
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