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ABSTRACT: Treatment of human urine is an emerging approach to minimize
environmental pharmaceutical contamination. This study investigated the
application of ferrate(VI) (Fe"'0,>”, Fe(VI)) oxidation to degrade pharmaceut-
icals (i.e., carbamazepine (CBZ), naproxen (NAP), sulfamethoxazole (SMX), and
trimethoprim (TMP)) in synthetic hydrolyzed human urine, with the emphasis on
the effects of urine endogenous organic metabolites. Creatine and hippuric acid
showed limited to moderate scavenging effects. Creatinine (CRE) was first
discovered to significantly enhance the oxidation rates of CBZ, TMP, SMX, and
other amine-containing compounds by Fe(VI). Fe(IV) was proposed as the major
intermediate reactive iron species in the Fe(VI)—CRE system, based on the DFT
calculation and experimental measurements. A kinetic model involving Fe(IV)
contribution in the decay of the pharmaceuticals was developed for the first time to
successfully describe the pharmaceutical removal in the Fe(VI)—CRE—micro-
pollutant system. Moreover, the model was used to predict the rate constants of
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Fe(IV) reacting with different compounds, which ranged from (2.2 + 0.1) X 10* to (8.3 + 0.6) X 10* M™" s™". Overall, this study
further demonstrated the promise of Fe(VI) oxidation to degrade pharmaceuticals in hydrolyzed urine owing to the enhanced effects
from urine constituents. This study also advanced the mechanistic and kinetic understanding of enhanced oxidation involving high-

valent iron intermediate species.
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B INTRODUCTION

Among all the wastewater streams that are directed into
wastewater treatment plants, human urine has been regarded as
a minuscule yet critical component, that is, at only 0.6% by
volume but contributing to more than 64% of pharmaceuticals,
80% of nitrogen, and 50% of phosphorus on a mass basis."”
Thus, the treatment of source-separated 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 micro-
pollutants.

To date, research regarding the removal of pharmaceuticals
and their metabolites in urine is still limited. Nanofiltration
membranes,’ strong-base anion exchange resins,® electro-
dialysis,® struvite precipitation,® and biochar’ have been
investigated previously. All of the above methods, however,
only physically separate pharmaceuticals from urine and
generate pharmaceutical wastes that still need to be treated.
Ozonation,” UV/H,0,, and UV/pexroxydisulfate (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, bicarbonate, and chloride. In contrast, our recent
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study unveiled the use of ferrate(VI) (Fe"'0,>~, Fe(VI1)) 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)."” However, the potential effects of common organic
metabolites in urine on the Fe(VI) oxidation of pharmaceut-
icals still remained unknown and required additional
investigation. In general, the occurrence of organic metabolites
in human urine has not been taken 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.

Data on endogenous metabolites 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 creatinine (CRE), creatine, hippuric acid,
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Figure 1. (A) Effect of organic metabolites on Fe(VI) oxidation of pharmaceuticals. Initially, [micropollutant] = 10.0 uM, [Fe(VI)] = 300.0 uM,
[CRE] = 7.4 mM, [creatine] = 1.28 mM, [hippuric acid] = 0.17 mM. (B) Effect of CRE on Fe(VI) oxidation of pharmaceuticals. Initially,
[micropollutant] = 10.0 uM, [Fe(VI)] = 300.0 uM, [CRE] = 0—9.0 mM. (C) Effect of CRE on Fe(VI) oxidation of pharmaceuticals and their
substructure compounds. Initially, [micropollutant] = 10.0 M, [Fe(VI)] = 300.0 uM, [CRE] = 0—4.0 mM, and R? = 0.982—0.999. All reactions

were at pH 9.0 (10.0 mM phosphate buffer), 25.0 °C, and n = 2.

citric acid, glycine, taurine, and L-cysteine being the most
prevalent and at the highest concentrations (1—15 mM).""
CRE is typically measured during standard urine drug testing
due to its relatively stable chemistry and ubiquitous
concentrations. 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
urine.'”” Even so, CRE, creatine, and hippuric acid were stil
among the most concentrated organic metabolites found in
hydrolyzed urine.">'* Therefore, these three compounds were
selected in this study to represent the common endogenous
metabolites in urine.

As shown in Supporting Information (SI) Table S1, CRE is
a cyclic amino acid with a five-membered ring, a guanidine
group and a peptide bond, creatine is a linear amino acid, and
hippuric acid is the glycine conjugate of benzoic acid. The
sources, distribution and typical concentration ranges of CRE,
creatine and hippuric acid in human urine are detailed in SI
Text S1. Taking into account the typical concentration ranges
of these organic metabolites in fresh human urine and the
potential degradation that could occur during the trans-
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formation of fresh urine to hydrolyzed urine, the concen-
trations of 7.4 mM CRE, 1.28 mM creatine, and 0.17 mM
hippuric acid were considered representative for hydrolyzed
urine in this study.

While many studies have investigated removal of contam-
inants from water by Fe(VI),">'® only limited efforts were
dedicated to understanding the mechanisms of Fe(VI)
oxidation reactions involving high-valent iron intermediate
species, that is, Fe(V)/Fe(IV). In recent years, there has been
increasing attention on the enhanced role of Fe(V)/Fe(IV)
during Fe(VI) oxidation in the presence of inorganic activators
such as ammonia,'” acid,'® sulfite/thiosulfate,'® bicarbonate,"’
Fe(II)/Fe(II1),” and Mn(II).”' However, previous research
mainly relied on qualitative analysis of possible reactive species
generated (radical vs Fe(V)/Fe(IV)), and the kinetic behaviors
(self-decay vs oxidation of micropollutants) of Fe(V)/Fe(IV)
in the oxidation process remained unclear. As will be shown
later, urine CRE can act as an “activator” to generate high-
valent iron intermediate species.

Therefore, the objective of this work was to assess the
efficacy of Fe(VI) to degrade pharmaceuticals in synthetic
hydrolyzed urine matrix with naturally existing organic
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metabolites and to fully elucidate the kinetic behaviors of high-
valent iron intermediate species (i.e., Fe(V)/Fe(IV)) during
Fe(VI) oxidation in the presence of CRE. Four pharmaceut-
icals (i.e., carbamazepine (CBZ), naproxen (NAP), trimetho-
prim (TMP), and sulfamethoxazole (SMX)) that are
frequently detected in the environment™”® were selected as
the representative micropollutants. Experiments were con-
ducted using synthetic hydrolyzed urine (SHU)'*** with
modifications or buffered solutions to delineate the specific
effects of CRE, creatine, and hippuric acid. To the best of our
knowledge, the finding of the organic activator—CRE—in the
Fe(VI) oxidation is among the first. Additionally, this paper
fully examined the role of Fe(IV) species in the Fe(VI)—
CRE—micropollutant system by new kinetic model simulation
and predicted the rate constants between Fe(IV) species and
several micropollutants.

B MATERIALS AND METHODS

Chemicals. Sources of chemicals and reagents are provided
in the SI Text S2. Structures and chemical properties of the
target pharmaceuticals are shown in SI Table S1.

Reaction Matrices. SHU was prepared similarly to the
previous studies'”*® and the composition is listed in SI Table
S2. Briefly, SHU contained 0.50 M total ammonia (NH; +
NH,*), 025 M total carbonate (HCO;™ + CO,*"), 0.10 M
chloride, 7.40 mM CRE, 1.28 mM creatine, 0.17 mM hippuric
acid, as well as Na*, K*, SO,*~ and phosphate. Solution pH was
adjusted to 9.0 using the concentrated solutions of NaOH and
NaH,PO,. To evaluate the effect of individual urine
constituents, phosphate buffer (10.0 mM) solution at pH 9.0
(PB9) was spiked with specific urine constituent at various
concentrations and compared with the PB9 control matrix
without urine constituents. The phosphate buffer concen-
tration was comparable to that in SHU and commonly used in
ferrate research.

Oxidation Experiments and Analysis. The procedures
of Fe(VI) oxidation of different pharmaceuticals at different
reaction matrices followed those described in our recent
study.'” Briefly, PB9 and modified PB9 (50.0 mL) were first
spiked with the target pharmaceutical (10.0 #uM). Then, 2.97
mg of potassium ferrate(VI) was weighed and added
immediately to the reaction solution (achieving 300.0 M)
to initiate the oxidation process. Sample aliquots were taken
from the reaction solution at predetermined time intervals and
quenched immediately by sodium thiosulfate (2.5 mM).*
Solution pH 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 of micropollutants and
generation of methyl phenyl sulfone (PMSO,) were monitored
by high performance liquid chromatography (HPLC)-diode
array detection (DAD), and the transformation products of
SMX by Fe(VI) were analyzed using solid-phase extraction
(SPE) followed by HPLC-high resolution mass spectrometry
(LC-HRMS) analysis. Detailed analytical methods are
described in SI Text S3.

Computations and Kinetic Modeling. The density
functional theory (DFT) calculations for reaction energies
are described in SI Text S4. The kinetic modeling was
conducted via the least-squares nonlinear regression with
constant error model by using SimBiology version 5.7 in
MATLAB 2018 (The Math Works, Inc.). The goodness-of-fit
between simulated and experimental values was quantified by
calculating the Theil’s inequality coefficient (TIC),*® the
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normalized root-mean-square error (NRMSE), and the model
efficiency (ME).”

B RESULTS AND DISCUSSION

Impacts of Organic Metabolites on Pharmaceutical
Degradation by Fe(VI). Experiments using PB9 spiked with
CRE, creatine or hippuric acid individually were conducted to
evaluate their effects on the Fe(VI) oxidation of pharmaceut-
icals. As shown by the pseudo-first-order rate constants (kg in
s, R > 0.985) in Figure 1A, CRE significantly enhanced the
degradation of pharmaceuticals by Fe(VI), especially for the
cases of CBZ, TMP, and SMX, whereas creatine and hippuric
acid had limited to moderate impacts on the removal efficiency
of the four pharmaceuticals by Fe(VI).

To better understand the enhanced effect of CRE on the
oxidation of pharmaceuticals by Fe(VI), the impact of CRE
concentration on the removal of pharmaceuticals by Fe(VI)
was investigated for CBZ, TMP, and SMX. The k, increased
linearly as the CRE concentration was increased from 0 to 4.0
mM (Figure 1B) but then decreased when the CRE
concentration was above 4.0 mM and up to 9.0 mM for all
three pharmaceuticals. The decrease of enhanced degradation
rates of pharmaceuticals observed at above 4.0 mM of CRE
could be due to additional reactions created under a high
dosage of CRE that affected intermediate iron species (see
more discussion later).

Elucidating the Enhanced Effect of CRE. Reactive
Moiety. To determine the likely initial attack position(s) on
the pharmaceuticals by Fe(VI) in the presence of CRE, the
substructure compounds of TMP (i.e., 2,4-diamino-S-methyl-
pyrimidine (DAMP) and 3,4,5-trimethoxytoluene (TMT))
and SMX (i.e, 3-amino-5-methylisoxazole (AMI), 3,S-
dimethylisoxazole (DMI), and aniline) were investigated for
their reactions with Fe(VI) in the presence and absence of
CRE at pH 9.0. For the subunits of TMP, degradation of TMT
by Fe(VI) was negligible (SI Figure S1A), which was also
confirmed by a previous study.”® Even in the presence of CRE
(0—0.5 mM), there was no noticeable degradation of TMT
observed in the Fe(VI)—CRE system. On the other hand,
DAMP, the subunit containing the amine group in TMP,
showed the enhanced effect from CRE as seen in Figure 1C,
where kp, increased 3.1 times when CRE concentration was
increased from 0 to 4.0 mM. For the subunits of SMX,
degradation of DMI by Fe(VI) was inhibited by the presence
of CRE, where k,; decreased from 4.6 X 107> to 2.9 X 107>
min~" when CRE concentration was increased from 0 to 4.0
mM (SI Figure S1B), while AMI, with its amine group
substituting the methyl group in DMI, showed a strong
positive linear relationship between k., and CRE concen-
tration (Figure 1C). This amine-structure-specific effect from
CRE could be further confirmed by Fe(VI) oxidation of
aniline, a subunit of SMX, in the presence of CRE. As SI Figure
S1C shows, the kg, of degradation of aniline by Fe(VI)
increased 3.7 times when CRE concentration was increased
from 0 to 0.5 mM.

Role of Radical Species. Several studies’’™** have found
that imidazole and CRE, when complexed with specific metal
ions (e.g, Cu®" and Fe®"), can display peroxidase activity to
activate H,0, and generate hydroxyl radical (OH). It is also
interesting to note that Fe(III) and H,O, are considered two
major products generated from the self-decay of Fe(VI), as
well as the reaction of Fe(VI) with organic substrates.”
Therefore, it is reasonable to hypothesize that CRE, when
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complexed with Fe(III) produced from Fe(VI) reduction, may
show catalytic activity to promote the generation of highly
reactive ‘'OH from H,O,, which can also be produced from
Fe(VI) reduction. Para-chlorobenzoic acid (pCBA) was
chosen as the quencher for ‘'OH for its inert reactivity to
high-valent iron species (Fe(VI)/Fe(V)** and Fe(IV)*) and
high reactivity to ‘OH with a second-order rate constant of 5 X
10° M~! s7 at pH 8.%° As Figure 2A shows, the degradation
trends of SMX were similar in the presence or absence of
pPCBA. Therefore, the results ruled out the possible generation
of ‘OH in the Fe(VI)—CRE system.
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Figure 2. (A) Effect of pCBA on Fe(VI) oxidation of SMX in the
presence or absence of CRE. Initially, [SMX] = 10.0 uM, [Fe(VI)] =
500.0 uM, [CRE] = 7.4 mM, [pCBA] = 100.0 uM. (B) PMSO
oxidation and PMSO, production in the Fe(VI)—CRE system.
Initially, [PMSO] = 15.0 M, [Fe(VI)] = 300.0 M, [CRE] = 0—4.0
mM. All reactions were at pH 9.0 (10.0 mM phosphate buffer), 25 °C,
and n = 2.

Role of Iron Intermediate Species. High-valent iron species
(e.g, Fe(1V),>”~* Fe(V),*" and Fe(VI)*") were reported to be
reactive with sulfoxide (e.g, dimethyl sulfoxide (DMSO) and
methyl phenyl sulfoxide (PMSO)), generating corresponding
sulfones (e.g., dimethyl sulfone (DMSO,) and methyl phenyl
sulfone (PMSO,)) via an oxygen atom transfer (OAT) step
under both acidic and alkaline conditions. This reaction
pathway differs dramatically from the radical-based oxidation
pathway, which normally turns DMSO or PMSO into their
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‘OH-induced products (e.g., CH;SO,H).** Thus, PMSO was
used as the probe compound to investigate the involvement of
high-valent iron intermediate species.

As Figure 2B shows, PMSO was completely oxidized to
PMSO, by Fe(VI) in the presence of 0—4.0 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 quencher (i.e., pCBA) experiments. In the presence
of CRE, PMSO degradation, and PMSO, generation were
accelerated with an increased concentration of CRE, especially
within the first 15 min, which further verified that Fe(V) and/
or Fe(IV) were likely responsible for the enhanced rates
observed in the Fe(VI)—CRE system based on the superior
oxidation capability of Fe(V)** /Fe(IV)*’ to Fe(VI). However,
the conversion percentage of PMSO suffered at the higher
dosage of CRE (4.0 mM vs 0.5 mM) from 15 to 55 min, which
was most likely due to outperformance of the reaction between
Fe(V)/Fe(IV) and the oxidized products (OPs) of CRE.

It has been reported that the oxidation of a substrate (X) by
Fe(VI) can occur by several possible pathways.*"* Steps
include but are not limited to (i) 1-e” transfer to form Fe(V)
and a radical, with Fe (V) reacting to form oxidized substrate
(X(0)) and Fe(III); (ii) OAT process to produce Fe(IV) and
an oxygen atom added to substrate (X(O)); (iii) Fe(V) and
Fe(IV) can then yield different final reduced species (i.e.
Fe(III) or Fe(I) or both Fe(III) and Fe(I1)) via 1-e~ and 2-e~
pathways through self-decomposition and/or further oxidation
of substrate (X). Some studies have offered insights on the
mechanisms of Steps i and ii, in which the 1-e” transfer
reductants (R(;)) or 2-e” transfer reductants (R,) were
determined through theoretically correlating the reaction rate
constants of Fe(VI) with substrates to the 1l-e~ or 2-e”
thermodynamic reduction potentials.**~**

To further confirm the role of CRE in the Fe(VI)—CRE
system as R(;) or Rp;), we conducted the low-temperature
electron paramagnetic resonance (LT-EPR) measurement with
N-(4-pyridylmethylene)-tert-butylamine-N,N’-dioxide
(POBN) as the spin trap reagent to probe the formation of
CRE radical as well as ‘OH in the system.”” This approach has
been applied in the Fe(VI)-aniline system, in which the anilino
radical was observed during Fe(VI) oxidation of aniline and
thus, Fe(V) was speculated as the major reactive iron
intermediate species followed by the mechanism of Step i.*’
However, according to SI Figure S2, no obvious signal was
detected, indicating that it was less likely that Fe(V) and CRE
radical were involved in the Fe(VI)—CRE system. This result
also further confirmed the absence of ‘OH, which agreed well
with the quencher experiment using pCBA (Figure 2A). On
the other hand, the DFT calculations were performed to
examine the favorable step of the reaction between Fe(VI) and
CRE to further confirm the role of CRE as R(;) or R(;). Based
on the optimized geometries of all species involved (e.g,
Fe(VI), Fe(V), Fe(IV), CRE radical, and CRE-O adduct), the
changes of Gibbs free energy (AG°c,) and activation energy
(AG¥¢,) were calculated for reactions R1 (1-e~ transfer) and
R2 (2-e” transfer), respectively. As SI Figure S3 shows, R2 had
a negative Gibbs free energy value (AG’c, = —6.37 kJ/mol)
with a lower activation energy (AG¥c, = 3.18 kJ/mol) as
compared to R1 (AG’c, = 196.71 kJ/mol and AG*, = 8.66
kJ/mol). This indicated the spontaneity of two-electron
transfer reaction and involvement of Fe(IV) as the major
reactive oxidant followed in the mechanism of Step ii. This
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Table 1. Major Reactions in the Fe(VI)—CRE—Micropollutant System at pH 9.0

reactions
(1)
Fe''0,”” + H,0, — Fe"'0,>” + 0, + H,0

©)

Fe,VO4*™ + 4H,0 + 4H* - 2Fe"'(OH),(H,0) + H,0,

Fe''0,”” + H,0 — FVO,*” + H,0,
2)
Fe"V0,>” + FeV0,>™ — Fe,V O *"
(4)
()

Fe™0,*” + Fe''(OH),(aq) + 3H,0 — 2Fe"'(OH),(aq) + 20H™

FeYO,*” + H,0, + 2H" - Fe'(OH),(aq) + O, + H,0
(6)
FeVIO42_ + Fe''(OH),(aq) + H,0 — HFeVO42_ + Fem(OH)3(aq) (7)
(8)

(9a)

HFe'0,>” + HFe'O,”” + 4H,0 + 4H" — 2F¢"(OH),(H,0) + 2H,0,

(10)

Fe''(OH),(aq) + H,0, + 20H™ - FeV0,>™ + 3H,0

HFe'0,>” + 2H" + 4H,0 — Fe"'(OH),(H,0), + H,0,

HFe'0,>” + H,0, + H,0 — Fe"™(OH),(aq) + O, + 20H"
(11)
(12a)

2Fe"'0,”” + CRE — 2Fe"0,>” + B,
Fe"'0,>” + TMP — Fe""(OH), + P,
Fe"'0,’” + SMX — Fe"(OH); + B, (12b)
Fe''0,”” + DAMP — Fe'(OH);, + B (12c)
Fe''0,”” + CBZ — F"(OH), + B (12d)
Fe"'0,”” + AMI - Fe"(OH);, + B, (12e¢)
FeVO,>” + TMP — Fe"'(OH), + B,  (13a)
Fe™V0,>” + SMX — Fe"(OH), + B,  (13b)
Fe'O,>” + DAMP — Fe™(OH); + P,  (13c)
Fe'O,>” + CBZ —» Fe"(OH); + P,  (13d)

FeVO,”” + AMI - Fe™(OH); + P,  (13e)

(9b)

k at pH 9.0 reference
48 X 1075 57! 55
~0M st 56
~ 10" M~ 57! 61
102 57 61
3.0 x 103 M1 7! 61,68
~10° M 57! 61
~10° M7 57! 69,70
~10° M7t 71
505" 72
1.5 x 100 M ! s7! 73
40 x 10° M~ 57! 56

104.5 M~%s7! derived in the Fe(VI)—CRE system
(27 + 04) M~ 5! estimated in the Fe(VI)—CRE—micropollutant
system
(0.84 + 024) M~ 5! estimated in the Fe(VI)—CRE—micropollutant
system
(13 £ 03) M~ 5! estimated in the Fe(VI)—CRE—micropollutant
system
(13 + 03) M~ 5! estimated in the Fe(VI)—CRE—micropollutant
system
(13 +01) M ! estimated in the Fe(VI)—CRE—micropollutant
system
(8.3 £ 0.6) X 10* M™"  estimated in the Fe(VI)—CRE—micropollutant
st system
(7.9 £ 04) X 10* M™"  estimated in the Fe(VI)—CRE—micropollutant
st system
(4.5 £ 0.3) X 10* M™"  estimated in the Fe(VI)—CRE—micropollutant
st system
(3.5 £ 0.3) X 10* M™"  estimated in the Fe(VI)—CRE—micropollutant
st system
(22 £0.1) X 10* M™"  estimated in the Fe(VI)—CRE—micropollutant
s system

“FelVO,>" is the proposed chemical formula of Fe(IV) and Reactions 3—6 and 8 from the previous studies are modified in this study. “The
contribution of HFeO,~ was not shown for simplicity as it only accounted for less than 2% of the concentration of Fe(VI) at pH 9.0. eqs 11-13
were primarily balanced based iron species for simplicity. P, and P, refer to oxidation products of organics generally.

result also agreed with the prediction that amine-containing
reductants are usually R,) by previous literature.>"

OPs of SMX by Fe(VI)—Micropollutant and Fe(VI)—CRE—
Micropollutant Systems. There were no apparent differences
in products distribution for the degradation of SMX by the
Fe(VI)—micropollutant and Fe(VI)—CRE—micropollutant
systems based on the identifiable products in this study.
Cleavage of the S—N bond, oxidation of the aniline group, and
hydroxylation of the benzene ring of SMX were found to be
the main transformation pathways, which were consistent with
previous studies.'”>* More detailed information is described in
SI Text SS5. The similar products found in the Fe(VI)—
micropollutant and Fe(VI)—CRE—micropollutant systems
were also observed in ammonium-,'” acid-*>* bicarbonate-,"°
and sulfite™® -activated Fe(VI) systems, indicating that these
generated or complexed iron intermediate species (Fe(V)/
Fe(IV)) can significantly alter the oxidation rate but not the
types of main products.

Kinetic Investigation of Fe(VI)-CRE system (Eqs
1-11). Kinetic Formulation. As discussed above, Fe(IV) is
considered as the major reactive species contributing to the
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enhanced degradation rate of pharmaceuticals in the presence
of CRE. A total of 11 reactions (eqs 1—10 in Table 1) are
proposed to represent the Fe(VI) decay at pH 9.0 involving
high-valent iron intermediate species in phosphate-buffered
aqueous systems, based on our previous study.”’ eq 1
represents the initiation of Fe(VI) decay in which unim-
olecular Fe(VI) decay occurs to produce one Fe(IV) and one
H,0,. The newly formed Fe(IV) species can undergo
dimerization to form di-Fe(IV) (eq 3), which further self-
decomposes to Fe(Ill) and H,0, (eq 4). The formed mono-
Fe(IV) can also react with H,0, to produce Fe(II) and O, (eq
S) via a concerted two-electron transfer pathway. On the other
hand, Fe(IV) and Fe(VI) can also react with the newly
generated Fe(Il) from eq S to yield Fe(V) and Fe(III) (eqs 6
and 7). Fe(V) can undergo self-decomposition via first (eq 9a)
and second (eq 9b) order decays, as well as reaction with H,0,
(eq 10). eq 2 represents Fe(VI) oxidation of H,0, via two-
electron transfer to generate Fe(IV) and O,. However, k, = 0
M~ s7! was assigned to this reaction based on the model
simulation of H,O, generation at pH 9.0> and the kinetic
investigation between FeO,”” and H,0,.°° The later study
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Figure 3. (A) Relationship between the initial Fe(VI) decay rate and initial [Fe(VI)]* in the presence of excess CRE; Inset shows the
corresponding plot of initial rate vs [Fe(VI)]. Initially, [CRE] = 5.0 mM and [Fe(VI)] = 72.0—600.0 uM. (B,C) Measured and predicted (eqs
1—11) degradation of CRE and Fe(VI) in the Fe(VI)—CRE system. Symbols: measured data; Lines: model calculation; Error bars: one standard
deviation of data. All reactions were at pH 9.0 (10.0 mM phosphate buffer), 25.0 °C, and n = 2.

pointed out that the oxidation of H,O, requires prior
coordination of peroxide to the metal to initiate inner-sphere
electron transfer, but FeO,”", owing to a slower oxygen
exchange rate”” compared to that of its protonated counter-
parts (i.e., HFeO,~, H,FeO,, and H;FeO,"), could not achieve
such ligand substitution, let alone the electron transfer process
afterward.*®

Interaction between Fe(Vl) and CRE. Because CRE is
known to be a ligand for various metal ions (e.g,, Cu(II),”
Ni(11),>* Ag(1),>® Zn(11),”” Pt(I1),” and Fe(II)*’), CRE
might be hypothesized to complex with Fe(VI)/Fe(IV). We
explored the formation of Fe(VI)—CRE complex and/or
Fe(IV)—CRE complex during the oxidation of CRE by Fe(VI)
by performing stopped-flow spectroscopic kinetic studies.
Results at different reaction time periods from 0 to 10 ms to
0—1000 s are shown in SI Figure SS. Spectra (SI Figure SS)
collected in our study had no observable shift of Fe(VI)
spectra at 510 nm, with only observable decay of Fe(VI) when
the reaction time was longer. Also, no growth of a new
spectrum at 410 nm could be observed, which corresponds to
the characteristic peak of Fe(IV) species in aqueous
solution.’”®" Current literature®~** indicate that the Fe(IV)
complexes with nitrogen-containing ligands can only be
observed in a nonaqueous environment at low temperature

974

(<=20 °C) that require bulky organic ligands. Our results
suggested that the Fe(VI)—CRE complex was not inclined to
form and the Fe(IV)—CRE complex was unlikely to be
observed experimentally in an alkaline aqueous environment
(ie., pH 9.0 PBS).

CRE, on the other hand, is a reactant in the Fe(VI)—CRE
system. Under the pseudo-first-order reaction condition where
[Fe(VI)], was 6—30 times of [CRE],, the observed first-order
rate constant of CRE degradation remained consistent at (3.6
+ 0.3) X 107 min~! as [CRE], was increased from 10.0 to
50.0 uM (SI Figure S6). This result verified that the reaction
between Fe(VI) and CRE is first-order with respect to CRE.
When experiments were conducted under the pseudo-first-
order reaction condition where [CRE], was 8.3—70 times of
[Fe(VI)], the observed first-order rate constant of Fe(VI)
decay decreased from 3.8 X 107 to 1.8 X 107> min~' when
[Fe(VI)], was increased from 72.0 to 600.0 yM (SI Figure
S7). This result indicated that the reaction between Fe(VI)
and CRE is not first-order with respect to Fe(VI). The method
of initial rate was used to determine the reaction order of
Fe(VI) degradation in the Fe(VI)—CRE system (SI Text S6).
As shown in Figure 3A, a linear relationship could only be
established between the initial Fe(VI) decay rate and
[Fe(VI)]* while no linearity was seen between the initial rate
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Figure 4. Measured and predicted (eqs 1—13) degradation of micropollutants by the Fe(VI)—CRE—micropollutant system. Symbols: measured
data; lines: model calculation; Error bars: one standard deviation of data. Initially, [micropollutant] = 10.0 uM, [Fe(VI)] = 300.0 uM, [CRE] = 0—
4.0 mM. Reactions were at pH 9.0 (10.0 mM phosphate buffer), 25.0 °C, and n = 2.

and [Fe(VI)], suggesting the reaction could be second-order
with respect to Fe(VI). The above kinetic experimental results
are consistent with the rate law of v = k;;[CRE][FeO,*"]* =
koppFeO,*" 1%, where k,,, = 0.523 M™' s™" and k;; = 104.5 M~
s~ at pH 9.0.

A plausible explanation is that CRE (present in much excess
to Fe(VI)) in the Fe(VI)—CRE system may serve as a bridge
to interconnect with two mono FeQ,*” to facilitate the
bimolecular reaction of Fe(VI), in contrast to the unimolecular

app
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decay of Fe(VI) in Fe(VI)-only system at pH 9.0 as identified
by our previous study.”” A similar phenomenon was also
proposed by Ma and co-workers,” in which an accelerating
effect of Ca®* on Fe(VI) decay at pH 9.0—10.0 was observed to
initiate the dimerization of FeO,*” species with the help of
metal cations such as Ca** to bridge two FeO,*” ions.
Model Validation. On the basis of the above results, eq 11
was added to the kinetic model of the Fe(VI)—CRE system to
represent the third-order reaction between Fe(VI) and CRE,
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where k;; = 104.5 M™> s™' was derived experimentally
according to Figure 3A. Then, additional experiments under
varying reaction conditions were employed to further validate
the proposed eq 11.

In Figure 3B,C, model simulations of Fe(VI) and CRE
evolution were conducted for various reaction conditions of
[CRE], and [Fe(VI)], and compared with the experimental
data. According to the statistical analysis of the experimental
and simulated removal efficiency (in %) (SI Figure S8) and
goodness-of-fit (SI Text S7 and Table S4), the simulated
Fe(VI) and CRE decay profiles agreed well with the
experimental data with TIC = 0.01-0.02, ME = 0.998—
0.999, and NRMSE = 2.58 X 1072-5.70 X 1072, which
validated the proposed eq 11 in the Fe(VI)—CRE system.

Kinetic Investigation of Fe(IV)—CRE—Micropollutant
System (Eqs 1-—13). Kinetic Formulation. Based on the
Fe(VI)—CRE system, two sets of eqs 12 and 13 were added for
the Fe(VI)—CRE—micropollutant system to represent the
most important interaction between high-valent iron species
and micropollutant. eqs 12a—12e represent the reactions
between Fe(VI) and micropollutants, whereas eqs 13a—13e
represent the reactions between Fe(IV) and micropollutants.
Fe(IV) was confirmed to be the major intermediate reactive
iron species based on PMSO oxidation experiments and DFT
calculations as discussed above. Moreover, the simulated
Fe(IV) and Fe(V) evolution profiles in the Fe(VI)—CRE
system (SI Figure S9) showed that Fe(V) was at least two-
orders of magnitude lower in concentration compared to
Fe(IV) when CRE concentration was lower than 4.0 mM. This
again supports that Fe(V) is a less important oxidant to
promote the degradation of micropollutants in Fe(VI)—CRE—
micropollutant system, unless Fe(V) reactivity toward the
micropollutant is at least 2 orders of magnitude higher than its
Fe(IV) counterpart. Currently, the reactivity trend of Fe(V)
and Fe(IV) in alkaline condition is scarce in the literature, and
is limited to cyanide at pH > 10.5 only.*>%

Model Validation. By adopting the Fe(VI)—CRE—micro-
pollutant system including eqs 1—13, the kinetic model was
applied to simulate the experimental data of degradation of
micropollutants at different CRE concentrations to derive k;,
and k;; values (Figure 4 and Table 1). According to the
statistical analysis of the experimental and simulated removal
efficiency (SI Figure S10) and goodness-of-fit (SI Text S7 and
Table SS), the simulated micropollutant degradation profiles
agreed well with the experimental degradation profiles of the
five compounds within the first 15 min with TIC = 0.01-0.06,
ME = 0.995—0.999, and NRMSE = 2.91 X 1072—4.61 X 1072,
which validated the proposed eqs 12 and 13 in the Fe(VI)—
CRE—micropollutant system. This kinetic model can accu-
rately predict not only the micropollutant degradation but also
the Fe(VI) and CRE decays as shown in Figure S, both of
which assisted to improve the robustness of the model.
Moreover, the simulated k;, values ranged at 2.2 X 10* to 8.3 X
10* M™! 57!, which agreed well with other Fe(IV) oxidation
studies with aromatic compounds that reported the rate
constant range at 1.05 X 10°—1.5 X 10* M~ s™" at pH 0-3."

It should be noted that the proposed kinetic model started
to deviate from the observed degradation trends for DAMP
and CBZ at 4.0 mM CRE after 6.0 min, which could be
explained by possible involvement Fe(V) at higher CRE
concentration conditions. Simulations for the Fe(VI)—CRE
system indicate that the molar ratio of Fe(IV)/Fe(V) starts to
decrease to be below 100 at 2.5 min as [CRE], is increased
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Figure S. Measured and predicted decay of (A) CRE and (B) Fe(VI)
in the Fe(VI)—CRE—micropollutant system. Symbols: measured
data; lines: model calculation; error bars: one standard deviation of
data. Experimental conditions: (A) [SMX] = 10.0 uM, [Fe(VI)] =
300.0 uM, [CRE] = 0.1—1.0 mM; (B) [micropollutant] = 10.0 M,
[Fe(VI)] = 300.0 uM, [CRE] = 0.5, 3.0, and 5.0 mM. In (A), the
simulation results overlapped. In (B), symbols are square (TMP),
triangle (CBZ), and circle (SMX); lines are black (TMP), blue
(CBZ), and red (SMX). All reactions were at pH 9.0 (10.0 mM
phosphate buffer) and 25 °C, n = 2.

above 4.0 mM (SI Figure S9C), while Fe(V) generated in situ
begins to plateau and reach its peak around 6.0 min (SI Figure
S8B). These two observations suggest that Fe(V) is able to
emerge to play an increased role in interacting with the
micropollutant at a high CRE concentration (>4.0 mM) in the
later stage (>6.0 min), which could explain the under-
estimation of DAMP and CBZ degradation if Fe(V) happened
to have a higher oxidative reactivity toward them compared to
the rest of three compounds. Moreover, this can also help
explain the peak k, occurred similarly at around 4.0 mM CRE
for all three different pharmaceuticals in Figure 1B. This trend
of decreased k,, cannot be explained by simple competition of
CRE with micropollutants for reactive Fe(IV) since the
competition effect should have occurred at a lower CRE
concentration for less reactive micropollutants (e.g., AMI and
CBZ). Based on SI Figure S9C (simulations of Fe(IV)—CRE
system), the significant decrease in the molar ratio of Fe(IV)/
Fe(V) to below 100 after 2.5 min at CRE > 4.0 mM may
promote the Fe(V)-driven oxidation and weaken Fe(IV)
involvement. Moreover, CRE and/or its oxidization products
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may be further reacted in this highly oxidative environment
with an elevated Fe(V)/Fe(1V) level, which could somehow
inhibit the removal of target micropollutants. More research
should be conducted to uncover the enhanced effects for
Fe(V) and Fe(IV) at a high CRE dosage (i.e, > 4.0 mM) and
to differentiate the individual contributions of these two high-
valent iron species.

B CONCLUSIONS

The extensive occurrence of pharmaceuticals in the aquatic
environment and potable water demands more eflicient
treatment of these micropollutants from the urine source.
Fe(VI) application to chemically remove such micropollutants
in hydrolyzed urine could stand out because of its resistance to
the scavenging effects of urine matrix and advantageous
enhancement effects from several major urine constituents
such as bicarbonate,'® ammonia,'”'” and CRE. This paper, for
the first time, reports the enhancement of Fe(VI) oxidation by
CRE and quantitatively explains the enhancement effect by the
generation of high-valent iron intermediate species (i.e.,
Fe(IV)) using a comprehensive Fe(VI)—CRE—micropollutant
model. Based on this kinetic model, the rate constants between
micropollutants and Fe(IV) can be derived (within CRE
concentration of 0—4.0 mM and at pH 9.0). This approach can
be conceptually useful to probe the kinetic behaviors of iron
intermediate species in the Fe(VI)—reductant system. This
model may be further used to evaluate the reactivity of Fe(IV)
toward more micropollutants with distinctive function groups,
and serve as the bridge for mechanistic investigation and
optimization of application of 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 reaction, optimization of
Fe(VI) oxidation of pharmaceuticals in real urine, as well as
how the pharmaceutical degradation can be -effectively
combined with other treatment (i.e., nutrients recovery) of
urine holistically.
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