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ABSTRACT: Destruction of pharmaceuticals excreted in urine
can be an efficient approach to eliminate these environmental
pollutants. However, urine contains high concentrations of
chloride, ammonium, and bicarbonate, which may hinder
treatment processes. This study evaluated the application of
ferrate(VI) (FeVIO4

2−, Fe(VI)) to oxidize pharmaceuticals
(carbamazepine (CBZ), naproxen (NAP), trimethoprim
(TMP), and sulfonamide antibiotics (SAs)) in synthetic
hydrolyzed human urine and uncovered new effects from urine’s
major inorganic constituents. Chloride slightly decreased
pharmaceuticals’ removal rate by Fe(VI) due to the ionic
strength effect. Ammonium (0.5 M) in undiluted hydrolyzed
urine posed a strong scavenging effect, but lower concentrations
(≤0.25 M) of ammonium enhanced the pharmaceuticals’
degradation by 300 μM Fe(VI), likely due to the reactive ammonium complex form of Fe(V)/Fe(IV). For the first time,
bicarbonate was found to significantly promote the oxidation of aniline-containing SAs by Fe(VI) and alter the reaction
stoichiometry of Fe(VI) and SA from 4:1 to 3:1. In depth investigation indicated that bicarbonate not only changed the
Fe(VI)/SA complexation ratio from 1:2 to 1:1 but provided a stabilizing effect for Fe(V) intermediate formed in situ, enabling
its degradation of SAs. Overall, the results of this study suggested that Fe(VI) is a promising oxidant for the removal of
pharmaceuticals in hydrolyzed urine.

■ INTRODUCTION

According to the National Ambulatory Medical Care Survey in
2014,1 the number of pharmaceuticals prescribed or provided
in the U.S. was about 3.2 billion. A large portion of the
pharmaceuticals are excreted unchanged or as metabolites in
urine and feces and eventually are found in sewage treated at
wastewater treatment plants (WWTPs). Except for highly
advanced treatment processes such as reverse osmosis or
advanced oxidation 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 resistance.2 As human
urine accounts for <1% of municipal wastewater by volume but
contributes a major mass load of pharmaceuticals,3−5

degrading pharmaceuticals in urine would be an efficient way
to reduce the harm of excreted pharmaceuticals to the
environment.
Urine can be separately collected by urine-diverting flush

toilets and waterless urinals and piped to storage tanks.6,7 Fresh
urine after excretion naturally transforms into hydrolyzed urine
within hours by bacterial processes.8 The hydrolyzed urine
collected in the urine-diversion system can be a candidate for

pharmaceutical removal as well as nutrient recovery. However,
research to date on the removal of pharmaceuticals and their
metabolites from urine has been scarce. Nanofiltration
membranes,9 strong-base anion-exchange resins,10,11 electro-
dialysis,12 and biochar13 have been investigated to physically
separate pharmaceuticals from urine but generate pharmaceut-
ical wastes that still require treatment. Studies have
investigated ozonation,14 UV/H2O2, and UV/pexroxydisulfate
(PDS)15,16 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, developing a new
AOP that is more resistant to the urine matrix effects for the
degradation of pharmaceuticals is highly desirable.
Ferrate(VI) (FeVIO4

2−, Fe(VI)) is considered an environ-
mentally friendly oxidant to destruct pharmaceuticals in the
hydrolyzed urine. Over the past decade, Fe(VI) has emerged as
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a novel oxidant to remove contaminants and micropollutants
including pharmaceuticals.17−26 Fe(VI) is likely less susceptible
to urine matrix’s scavenging effects than other common AOPs.
Unlike hydroxyl radicals (•OH) and sulfate radicals (SO4

•−),
Fe(VI) reacts much more slowly with NH3 at pH 9.0−9.3 (rate
constants of NH3 with Fe(VI), •OH, and SO4

•− are 1.2 ×
10−1, 1.0 × 108, and 1.4 × 107 M−1·s−1, respectively),27−29 and
has negligible reactivity on HCO3

−/CO3
2− and Cl−.30

Furthermore, the natural pH (∼9.0) of hydrolyzed urine is
optimal for Fe(VI) oxidation processes due to excellent
stability and easy handling of Fe(VI) at this alkaline pH,31,32

and thus, no sample pH adjustment is needed to promote
Fe(VI) reaction.
Therefore, the objective of this study was to assess the

efficacy of Fe(VI) to degrade pharmaceuticals in hydrolyzed
urine matrix. Several pharmaceuticals (carbamazepine (CBZ),
naproxen (NAP), trimethoprim (TMP), and various sulfona-
mide antibiotics (SAs) including sulfamethoxazole (SMX))
that are frequently detected in the environment33−35 were
selected as the representative contaminants. Experiments were
conducted using synthetic hydrolyzed urine (SHU)36,37 with
modifications or buffered solutions to delineate the specific
effects of chloride, ammonia, and 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 bicarbonate
enhancement effect during Fe(VI) oxidation is among the
first. Additional experiments including stoichiometry determi-
nation between Fe(VI) and 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonate) (ABTS) were conducted to obtain mecha-
nistic insight on the enhanced effect of bicarbonate.

■ MATERIALS AND METHODS
Chemicals. Sources of chemicals and reagents are provided

in the Supporting Information (SI) Text S1. Structures and
chemical properties of the target pharmaceuticals are shown in
Table S1.
Reaction Matrices. SHU was prepared following the

literature recipe15 as described in Table S2. SHU contained 0.5
M total ammonia (NH3 + NH4

+), 0.25 M total carbonate
(HCO3

− + CO3
2−), 0.1 M chloride, 7.40 mM creatinine, 1.28

mM creatine, 0.17 mM hippuric acid, as well as Na+, K+,
SO4

2−, and phosphate. The SHU pH was adjusted to 9.0 using
concentrated solutions of NaOH and NaH2PO4. For

comparison, SHU without ammonium was also prepared by
removing NH4OH addition and adding additional 250 mM
NaHCO3 to substitute NH4HCO3 in the recipe. To evaluate
the effect of individual urine constituents, phosphate buffer
(10.0 mM) solution at pH 9.0 (PB9) was spiked with specific
urine constituents at various concentrations and compared
with the PB9 control matrix without urine constituents. At pH
9.0, ammonium (NH4

+) and bicarbonate (HCO3
−) are the

dominant species in concentration. However, in the subse-
quent discussion, ammonium and bicarbonate referred to the
total ammonia and total carbonate, respectively, without
excluding the minor species.

Oxidation Experiments and Analysis. PB9, modified
PB9, or SHU solutions (50.0 mL) were first spiked with the
target pharmaceutical (10.0 μM). Then, 2.97 mg of potassium
ferrate(VI) solid was weighed and added immediately to the
reaction solution (achieving 300.0 μM) 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).38

The pH was checked before and after the reaction by a pH
meter, and the change was never larger than 0.2 pH unit. The
degradation of pharmaceuticals was 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
Text S2. Experiments to study the reaction stoichiometry of
Fe(VI) and SMX (or ABTS) are described in Text S3. 1,10-
Phenanthroline was used to confirm the final oxidation state of
iron after Fe(VI) oxidation of SMX, and the method followed a
previous study.39

Complexation of Fe(VI) and SAs. The complexation
between Fe(VI) and SAs was studied using UV−vis
spectrophotometry. Different SAs at concentrations 25.0−
800.0 μM were added into 8.0 mL of PB9 and modified PB9
solutions with either 0.05 or 0.25 M bicarbonate, respectively.
Two milliliters of 500.0 μM freshly prepared Fe(VI) stock
solution (in 10.0 mM PB9) was added to initiate the
complexation. Within 15 s, sample aliquot was taken and
transferred into a quartz cell and analyzed by a UV−vis
spectrophotometer (Agilent 8453) at 190 to 1200 nm.

Figure 1. (A) Effect of inorganic ions on Fe(VI) oxidation of pharmaceuticals. Initially, [pharmaceutical] = 10.0 μM, [Fe(VI)] = 300.0 μM, [Cl−]
= 0.1 M, [HCO3

−] = 0.25 M, [ammonium] = 0.01 M (n = 3 for HCO3
− group and n = 2 for the rest of the groups). Effect of ammonium on

Fe(VI) oxidation of SMX in phosphate buffer (B) and in synthetic hydrolyzed urine (C) (n = 2). Initially, [SMX] = 10.0 μM, [Fe(VI)] = 300.0
μM, [ammonium] = 0−0.5 M. All reactions were at pH 9.0 and 25.0 °C.
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■ RESULTS AND DISCUSSION

Impacts of Urine Constituents on Pharmaceutical
Degradation by Fe(VI). The removal (based on loss of
parent compounds) of four pharmaceuticals in SHU using a
low dose of Fe(VI) (300.0 μM or 0.06 g(K2FeO4)·L

−1) ranged
from 20% to 35% within 1 min (Figure S1) due to the strong
scavenging effects from some of the urine constituents.
Ammonium was found to be a major scavenger due to its
exceedingly high concentration in urine (NT = 0.5 M) despite
of a low rate constant with Fe(VI) (k = 0.119 M−1·s−1).28 The
scavenging effect of ammonium was confirmed by separate
experiments in which 300.0 μM Fe(VI) was rapidly consumed
by 0.5 M ammonium in PB9, leading to negligible removal of
pharmaceuticals. To overcome this inhibitory effect, Fe(VI)
dosage was increased to 900.0 μM, and 86% removal of SMX
in SHU was achieved (Figure S1).
When the Fe(VI) oxidation was conducted in comparable,

but NH3-free, SHU, significant degradation of pharmaceuticals
occurred, and the associated pseudo-first-order rate constants
(kobs in min−1) were obtained (Figure S2). Specifically for
CBZ, NAP, and TMP, the scavenging effect of the NH3-free
urine matrix was obvious: the oxidation rate constants of
pharmaceuticals by Fe(VI) were approximately half of those in
the PB9 matrix. Surprisingly, the degradation rate of SMX by
Fe(VI) in the NH3-free SHU was only slightly lower than that
in the PB9 matrix, indicating the possible structure-specific
enhancement effects from urine components. In the following
discussion, kobs (in min−1) was used to compare the impacts of
inorganic urine constituents when they were present or absent
in the reactions.
Chloride. Compared to PB9, chloride (0.1 M) in PB9

slightly inhibited the oxidation rate of pharmaceuticals by
Fe(VI) (Figure 1A), compared to the strong scavenging effect
of chloride on SO4

•−-based AOPs.15,16 Previous studies
reported that the dissociation constants of Fe(VI)
(H3FeO4

+) as pK1 = 1.6, pK2 = 3.5, and pK3 = 7.3. The
value of pK3 for the monoprotonated Fe(VI) species, HFeO4

−,
decreased with increasing ionic strength according to the eq
140

= + + + −K
T

I I
I

T
p 4.247

888.5
0.8058 0.5144

529.43
3

0.5
0.5

(1)

where I = ionic strength and T = absolute temperature.
Additionally, HFeO4

− was the major reactive species in the
oxidation of SMX by Fe(VI) at pH 6.93−9.50.41 A lower pK3
value would lead to a decreased fraction of HFeO4

− at pH 9.0
and thus slower reaction. By dividing the kobs by the
corresponding fraction of the HFeO4

− species, the obtained
empirical rate constants (i.e., kobs/α(HFeO4

−)) showed less
than 10% of difference with or without Cl− for all four
pharmaceuticals (see Table S3). These results suggested that
the mild inhibitory effect of chloride was presumably due to
the ionic strength that influenced the acid dissociation
constants of Fe(VI).

Ammonium. Compared to PB9, ammonium (0.01 M) in
PB9 resulted in 7−20 times increase in kobs for the oxidation of
four pharmaceuticals by Fe(VI) (Figure 1A and Figure S3).
Moreover, when ammonium was added at different concen-
trations (0−0.05 M), the obtained empirical rate constants
(kobs/α(HFeO4

−) according to different ionic strengths under
different ammonium concentrations) increased linearly with
ammonium concentration for the oxidation of SMX by Fe(VI)
(Figure 1B). The relationship in Figure 1B is the impact of
ammonium after correcting the ionic strength effect, indicating
a truly enhanced effect of ammonium on the oxidation of SMX
by Fe(VI). A similar phenomenon was recently found in the
oxidation of flumequine by Fe(VI) in the presence of 0.5−10.0
mM ammonium.42 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(IV),
which could enhance the oxidation rate of flumequine by 5−12
times. High-valent iron complexes containing nitrogen ligands
tend to have high reactivity with substrates.43,44 Note that the
negative impact of ammonium on several advanced oxidation
processes (AOPs) is well-known and has been seen in the
treatment of urine using ozone,14 UV/H2O2, and UV/
PDS.15,16 Indeed, as shown in Figure 1C, a very high
concentration of ammonium (e.g., 0.5 M in SHU) posed a
strong scavenging effect on Fe(VI) oxidation. However, unlike
other AOPs, enhanced removal of pharmaceuticals by 300 μM

Figure 2. (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] = 10.0 μM, [Fe(VI)] = 300.0 μM, [HCO3

−] = 0−1.0 M, pH = 9.0, T = 25.0 °C, n = 2 for SMZ and SFZ, and n = 3 for SMX. R2

= 0.989−0.995 for the rate constants.
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Fe(VI) was observed when the ammonium concentration was
equal to or lower than 0.25 M (i.e., [Fe(VI)]/[ammonium] ≥
0.0012). Considering that source-separated urine collected
from the NoMix toilets and urinals is usually diluted to some
extent,7 the ammonium concentration in such collected urine
is expected to be lower than the ammonium concentration (0.5
M) used in the SHU recipe, which simulated the human urine
without any dilution. Moreover, if the real urine is subjected to
pretreatment processeses (e.g., air-stripping) to recover N-
nutrients prior to the treatment for pharmaceuticals, the
ammonium concentration is expected to be much lower. Thus,
the enhanced effect of ammonium on the oxidation of
pharmaceuticals by Fe(VI) can prevail in such real urine
matrix with a lower ammonium concentration.
Bicarbonate. Compared to PB9, bicarbonate (0.25 M) in

PB9 had little effect on the Fe(VI) oxidation of CBZ, NAP,
and TMP but significantly increased the degradation rate of
SMX by Fe(VI) (Figure 1A). This enhanced effect is a
significant contrast to the strong scavenging effect of
bicarbonate on •OH-based AOPs15,16 and has not been
reported in the literature. Further experiments were conducted
with different concentrations of bicarbonate and the empirical
rate constants (kobs/α(HFeO4

−) were obtained. As shown in
Figure 2A, a strong linear correlation between the empirical
rate constant (kobs/α(HFeO4

−) of SMX oxidation by Fe(VI)
and bicarbonate concentration was observed, indicating a truly
enhanced effect of bicarbonate without the ionic strength
influence. The bicarbonate enhancement effect was observed
not only for SMX but also in the oxidation of other SAs
(sulfamethazine (SMZ) and sulfamethizole (SFZ)) by Fe(VI).
As Figure 2B shows, the empirical rate constants of Fe(VI)

oxidation of SMX and SMZ increased by 2.5−4.1 folds in the
presence of 0.25 M bicarbonate compared to those without
bicarbonate, whereas a similar magnitude of rate enhancement
for the Fe(VI) oxidation of SFZ required a higher bicarbonate
concentration of 1.0 M.

Elucidating the Bicarbonate Enhancement Effect. The
new discovery that 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 mechanism, which requires further investigation.
Previous work by Chen and Hoffman found that sulfur-
containing compounds can react rapidly with CO3

•−,45 which
may explain the bicarbonate enhancement effect on the Fe(VI)
oxidation of SAs. However, electron paramagnetic resonance
(EPR) study was conducted using DMPO (Text S2), and the
results excluded the generation of CO3

•− in the Fe(VI) +
bicarbonate system (Figure S4). Therefore, the mechanism of
bicarbonate enhancement effect required elucidation. In this
study, SMX was chosen as the main model compound to
further probe the bicarbonate enhancement effect.

Reaction Stoichiometry. Experiments showed that the
oxidation of SMX by Fe(VI) in the presence of bicarbonate
exhibited different reaction stoichiometry compared to that in
the absence of bicarbonate. A previous study46 reported that
the oxidation of SMX by Fe(VI) followed a stoichiometry of
4:1 for [Fe(VI)]/[SMX], which led to the evolution of one
mole of oxygen per mole of SMX accompanying reduction of
Fe(VI) to Fe(III) (eq 2). However, a reaction stoichiometry of
3:1 for [Fe(VI)]/[SMX] was observed in the presence of 0.25
M bicarbonate (Figure S5A), and Fe(II) was identified as the
likely end product of Fe(VI) reduction based on Fe(II)−

Figure 3. Degradation of AMI (A), DMI (B), APMS (C), and aniline (D) by Fe(VI) with and without bicarbonate. Initially, [substrate] = 10.0
μM, [Fe(VI)] = 300.0 μM, [HCO3

−] = 0.25 M, pH = 9.0, T = 25.0 °C, and n = 2.
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phenanthroline complex observed at 510 nm (Figure S5B).
This reaction is shown in eq 3.

+ → + +4Fe(VI) SMX 4Fe(III) O products2 (2)

+ + → +3Fe(VI) SMX bicarbonate 3Fe(II) products
(3)

On the basis that the reaction stoichiometry was changed in
the presence of bicarbonate, it strongly suggested that the
presence of bicarbonate affected the electron transfer processes
of Fe(VI), likely involving different Fe intermediates and
leading to different end products of Fe(VI) (i.e., Fe(III) vs
Fe(II), respectively). Additionally, the lower reaction stoi-
chiometry in the presence of bicarbonate is a favorable finding,
because it indicates a lower Fe(VI) demand and higher
reaction efficiency in degrading the same amount of SMX.
Reactive Moiety of SMX. To determine the initial attack of

Fe(VI) on SMX, reactions of substructure compounds (3-
amino-5-methylisoxazole (AMI), 3,5-dimethylisoxazole
(DMI), 4-aminophenyl methyl sulfone (APMS), and aniline)
with Fe(VI) were examined in the presence and absence of
bicarbonate at pH 9.0. As Figure 3 shows, when bicarbonate
was absent, AMI and DMI were much less reactive to Fe(VI)
(kobs = 6.2 × 10−2 and 4.7 × 10−2 min−1) than APMS and
aniline (kobs = 9.9 × 10−2 and 4.0 × 10−1 min−1), which
suggested SMX’s aniline moiety (rather than the isoxazole ring
moiety) with higher susceptibility to be attacked by Fe(VI).
When comparing the Fe(VI) only vs Fe(VI) + bicarbonate
systems, the smaller empirical rate constants were observed in
AMI and DMI, whereas larger empirical rate constants were
observed in aniline and APMS (containing aniline moiety) in
the presence of bicarbonate. This result further indicated that
the aniline moiety of SMX is most likely involved in the
oxidation by Fe(VI) with the presence of bicarbonate. It also
confirmed that the aniline moiety is the crucial site so that the
similar bicarbonate enhancement effect was observed in
Fe(VI) oxidation of other SAs. In other words, bicarbonate
enhancing the oxidation reaction of Fe(VI) can be expected for
other compounds that carry the aniline moiety.

Oxidation Products (OPs) of SMX in Fe(VI) Only and
Fe(VI) + Bicarbonate Systems. The OPs of SMX in Fe(VI)
only and Fe(VI) + bicarbonate 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 fragments. A total of seven OPs of
SMX were identified and named as OP-98, OP-123, OP-267,
OP-269, OP-283, OP-285, and OP-299 according to molecular
weight. MS/MS spectra and possible structures of fragments of
SMX and its OPs and the evolution of their peak areas are
presented in Figures S6−S8. Even though OP-98, OP-123, and
OP-285’s MS/MS spectra were not available, the products’
evolution profiles in Figures S6 and S7 indicated high
abundance of these three products during the reaction and
their distribution growth over reaction time. The molecular
compositions of these OPs were suggested by good mass error
(<3 ppm) between the experimental and theoretical m/z
values, shown in Table S4. For the fragment analysis, SMX
with an m/z value of 254.05936 and retention time of 4.510
min has four major product ions at m/z 156.01144, 99.05586,
108.04486, and 92.05013, which are proposed to correspond
to the cleavage of S−N bond with the generation of two
former fragments, loss of SO (48 Da from m/z 156.01144),
and subsequent loss of O (16 Da from m/z 108.04486),
respectively (Figure S8a). As a representative product, OP-269
with a protonated species at m/z 270.05740 and chromato-
graphic retention time at 4.397 min was proposed to be
hydroxylation of aniline group in SMX molecule. This
structure was tentatively confirmed by four major product
ions at m/z 172.00618, 99.05589, 124.03966, and 108.04493.
These MS/MS fragments were formed via similar patterns with
SMX.
The proposed degradation pathways of SMX in Fe(VI) only

and Fe(VI) + bicarbonate systems are shown in Scheme 1.
Both systems shared similar pathways I and III. In pathway I,
cleavage of the S−N bond generated OP-98 (AMI), which was
also observed in other SMX oxidation systems using chlorine,47

ozone, and permanganate.48 In pathway III, the initial attack
on the aniline group of SMX produced hydroxylamine product

Scheme 1. Proposed Reaction Pathways of Fe(VI) Oxidation of SMX in the Absence/Presence of Bicarbonatea

aInitially, [SMX] = 10.0 μM, [Fe(VI)] = 300.0 μM, [HCO3
−] = 0 or 0.25 M, pH = 9.0, and T = 25.0 °C.
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(OP-269) via a single-electron-transfer mechanism.49 Later,
this resulting hydroxylamine group will further collapse to
nitroso group (OP-267), which can be further oxidized into
nitro group (OP-283). Afterward, OP-283 can be hydrolyzed
in the benzene ring part with OP-299 generated, all of which
are consistent with the previous study.46 The similar products
found in Fe(VI) only system and Fe(VI)+bicarbonate system
were also confirmed in acid50- and sulfite51-activated Fe(VI)
systems, suggesting these generated iron intermediates (Fe(V)
or Fe(IV)) could not change the OP species but alter the
oxidation rate due to superior oxidation ability of Fe(V)52,53 or
Fe(IV).54

However, OP-123 (nitrobenzene) was found to be a new
product in both systems, indicating Fe(VI)’s ability to break
the S−C bond during the reaction. Pathway II only observed in
the Fe(VI) + bicarbonate system suggested bicarbonate-
complexed Fe(VI) can initiate the ring-opening reaction in
the isoxazole moiety in SMX by attacking the CC double
bond via hydroxylation, which was also observed in the
oxidation of flumequine by ammonia-complexed high-valent
iron species (Fe(V) or Fe(IV)).42

Fe(VI) Oxidation of ABTS in the Presence of Bicarbonate.
Colorless ABTS can be oxidized via the one-electron transfer
mechanism to yield ABTS•+, a stable radical with intense green
color. Therefore, ABTS has been widely used for quantification
of different types of oxidants, such as percarboxylic acid,55

bromine, chlorine,56 and Fe(VI),57 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 between Fe(VI) loss and ABTS•+

generation was determined, and Fe(V) was proposed as the
major iron intermediate species.57,58 The produced Fe(V)
undergoes subsequent self-decay in phosphate buffer solution
since the stoichiometry between Fe(VI) and ABTS con-
sumption was also found to be 1:1,57,59 indicating phosphate-
complexed Fe(V) favors its reaction toward H2O (self-decay)
instead of ABTS.59

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 (10.0 mM) or bicarbonate (10.0, 100.0,
or 250.0 mM)) were used to understand how Fe(V) generated
in situ from Fe(VI) oxidation of ABTS might behave
differently with different buffer ions. In 10.0 mM phosphate
buffer, the stoichiometry between Fe(VI), ABTS, and ABTS•+

was 1:1.06:0.99 (Figure S9), which agreed well with the

expected 1:1:1.57,59 Interestingly, the reaction stoichiometry
between Fe(VI), ABTS, and ABTS•+ was found to be
1:1.25:1.29 (i.e., close to 1:1.3:1.3) in 10.0 mM bicarbonate
solution (Figure 4A). This discrepancy with 1:1:1 suggested
that bicarbonate-complexed Fe(V) could react with ABTS and
generate an equimolar amount of ABTS•+ in contrast to the
rapid self-decay of phosphate-complexed Fe(V). When the
bicarbonate concentration was increased to 100.0 mM (Figure
4B), the stoichiometric ratio between Fe(VI) and ABTS was
still larger than 1. However, ABTS•+ generation was
comparatively lower than ABTS consumption, especially at
higher Fe(VI) concentrations, and this phenomenon became
even more pronounced when bicarbonate concentration was
increased to 250.0 mM (Figure 4C). The above results
suggested that bicarbonate-complexed Fe(V) continued to
shift its reactivity from H2O to ABTS or (and) ABTS•+, which
subsequently generated a transparent ABTS product (ABT-
Soxidized).

Complexation of Fe(VI) and SAs. Fe(VI) complexation
with amines and hydroxylamines was investigated by
Hornstein,60 which first identified the intermediary Fe(VI)−
imido complex quickly formed during Fe(VI) oxidation of
aniline using UV−vis spectrophotometry. Later, Zimmer-
mann61 examined the efficiency of Fe(VI) oxidation of a
range of organic micropollutants and their model compounds.
They discovered that SMX and aniline showed a much
stronger pH dependence with the oxidation rate constant (k)
increasing by more than 4 orders of magnitude when pH was
decreased from 11.0 to 5.0, which could not be explained by
the speciation variation of SMX and aniline according to their
pKa values. Instead, they proposed an Fe(VI)-NH2-R
intermediate complex quickly formed before actual oxidation
occurred, and new acid−base equilibria were assigned to these
complexes with new pKa values in order to explain their new
speciation behavior. Sharma et al.62 tried to use Mossbauer
spectroscopy to directly detect the intermediate complexation
between Fe(VI) and SMX or aniline. However, the Mossbauer
spectroscopy of frozen sample in mixed reaction solution in 10
s cannot differentiate the complexed/uncomplexed forms of
Fe(VI) if there is no valence-state change. As a result, there
was no direct evidence of this complex formation.
In this study, the complexation of Fe(VI) and SAs was

observed at 390 nm using UV−vis spectrophotometry. The
complexation constants (K) were calculated using the Benesi−
Hildebrand equation (eqs 4 and 5) based on the measured

Figure 4. Reaction stoichiometries between Fe(VI), ABTS and ABTS•+ in different bicarbonate solutions. Initially, [ABTS]0 = 100.0 μM,
[Fe(VI)]0= 0−20.0 μM, pH = 9.0, T = 25.0 °C, n = 2 and buffer conditions: (A) 10.0 mM; (B) 100.0 mM; (C) 250.0 mM bicarbonate buffer.
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differences in absorbance (A) and molar absorptivity (ε).63,64

A detailed complexation titration study is described in Text S4.

Δ
=

Δε[ ] [ ]
+

Δε[ ]K
1
A

1
Fe(VI)

1
SA

1
Fe(VI)t 1:2

2
t (4)

Δ
=

Δε[ ] [ ]
+

Δε[ ]K
1
A

1
Fe(VI)

1
SA

1
Fe(VI)t t1:1 (5)

where

Δε = ε + − ε − ε(Fe(VI) SA) (SA) (Fe(VI)) (6)

The complexation of Fe(VI) and SAs was observed in Figure
S11. In the absence of bicarbonate, the complexation ratio for
Fe(VI)/SA was 1:2 for all three SAs, since the linear
relationship was only obtained in the form of eq 4. The
complexation constants K1:2 were determined to be 7.7 × 105

M−2 for SMX−Fe(VI)−SMX, 3.1 × 107 M−2 for SMZ−
Fe(VI)−SMZ, and 1.41 × 106 M−2 for SFZ−Fe(VI)−SFZ
(Table 1).

Complexation of Fe(VI) and SAs behaved differently in the
presence of bicarbonate (Figure S12). The complexation ratio
of Fe(VI)/SA changed from 1:2 to 1:1 when the bicarbonate
concentration was increased from 0 to 0.05 M for SMX and
SMZ and to 0.25 M for SFZ. The complexation constants K1:1
were determined using eq 5. As Table 1 shows, Fe(VI)−SFZ
complex displayed the smallest K1:1 value (26 M−1), in
comparison to the other two complexes (166 M−1 for Fe(VI)−
SMX and 275 M−1 for Fe(VI)−SMZ), indicating the weakest
complexation between Fe(VI) and SFZ in the presence of
bicarbonate. This result was also consistent with the fact that
bicarbonate enhancement effect was shown at a higher
bicarbonate concentration for SFZ compared to the other
two SAs (Figure 2B).
Proposed Mechanism for the Bicarbonate Enhance-

ment Effect. On the basis of all of the results obtained, it is
hypothesized that 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 to 1. Moreover,
bicarbonate-complexed Fe(VI) will undergo one-electron
transfer to produce bicarbonate-complexed Fe(V) and anilino
radical49 upon oxidation of SAs. A few studies have
demonstrated that ligand species will affect high-valent iron
species (Fe(V) or Fe(IV)) reactivity to the substrate.65−68 It is
also worthwhile to note that permanganate (Mn(VII)), a
similar hypervalent transition-metal oxidant to Fe(VI), showed
enhanced reactivity to triclosan69 and phenolic compounds70

in the presence of selected ligands (e.g., phosphate, EDTA, and
humic acids) because these highly active aqueous manganese
intermediates (e.g., Mn(III)) formed in situ upon Mn(VII)
reduction) were stabilized by complexation with the ligands via
lowered Mn(III)/Mn(II) redox potential. Otherwise, these
active manganese intermediates would disproportionate
spontaneously in the absence of ligands. Therefore, it is very
likely that bicarbonate can also stabilize the intermediate
Fe(V) species produced from Fe(VI) via complexation and
reducing redox potential and prolonging Fe(V)’s lifetime,
thereby preventing rapid spontaneous self-decomposition of
Fe(V) and facilitating oxidation rate of SAs. Significantly,
experimental studies have shown higher stability of Fe(IV)−
carbonate complex than that of Fe(IV)−pyrophosphate
complex.71,72 Furthermore, the hypothesis proposed herein
can also be supported by the previous discussion of ABTS
oxidation by bicarbonate-complexed Fe(V) and extremely high
self-decay rate constant of Fe(V) found in phosphate/borate
buffered systems (i.e., 1.5 × 107 M−1 s1).73

Additional experiments involving p-toluidine and N,N-
dimethylaniline (DMA) were conducted to investigate the
aniline-specific enhancement effect from bicarbonate-com-
plexed Fe(V). As shown by the comparison of empirical rate
constants in Figure S13, a similar but even stronger
enhancement effect was observed for p-toluidine in the
presence of bicarbonate while there was no obvious enhance-
ment effect for DMA. This can be explained by the selectivity
of bicarbonate-complexed Fe(V) oxidation toward aromatic
primary amine. The aromatic primary amine group in p-
toluidine is activated by the electron-donating methyl group at
the para position and becomes even more reactive toward
bicarbonate-complexed Fe(V). On the other hand, the
aromatic primary amine in DMA is substituted with two
methyl groups, which obstructs the reaction to bicarbonate-
complexed Fe(V) due to the steric hindrance effect. The above
statement can also be supported by the fact that the
bicarbonate enhancement effect was only observed in SAs
(containing aniline) among the few pharmaceuticals chosen in
this study. A previous study also reported that Fe(V)’s
reactivities with amino acids (e.g., glycine, alaine and aspartic)
were 3−5 orders of magnitude higher than those with α-
hydroxy acids and organic acids with α-CH2 groups,

74 which
indicates that Fe(V) is a selective oxidant toward amine-
specific structures. Considering the bicarbonate stabilizing
effect on Fe(V), bicarbonate-complexed Fe(V) is more likely
to oxidize more reactive amine species such as aromatic
primary amines.
An attempt was made to capture the stabilized Fe(V)’s

spectra in the bicarbonate-buffered system using stopped-flow
UV−vis spectrophotometry. According to Figure S14, the
characteristic peak of Fe(V) at 380 nm73 was not observed
within 0.01−0.1 s. It is likely because bicarbonate ion will not
increase the stability of Fe(V) to be longer than the dead time
of the stopped-flow instrument (i.e., 0.01 s). Even though there
is no direct evidence of bicarbonate stabilization effect on iron/
manganese intermediate species owing to their very short
lifetime, a few studies found similar phenomenon in
bicarbonate−Fe(II)75−78 and bicarbonate−Mn(II)78,79 com-
plex systems, where bicarbonate ligand lowered the Fe(III)/
Fe(II) redox potential from 0.77 V (vs NHE) to 0.085 V (vs
NHE) and the Mn(III)/Mn(II) redox potential from 1.19 V
(vs NHE) to 0.63 V (vs NHE). Moreover, similar bicarbonate

Table 1. Complexation Constant K, Molar Absorptivity ε,
and Complexation Ratio between Fe(VI) and SAs in the
Absence and Presence of Bicarbonate at pH 9.0

Fe(VI) complexation with
SAs

Fe(VI) complexation with SAs in
the presence of bicarbonatea

K1:2 (M
−2)

ε(SA-
Fe(VI)-SA)
at 390 nm
(M−1·cm−1)

bicarbonate
(M)

K1:1
(M−1)

ε(Fe(VI)-
SA) at 390

nm
(M−1·cm−1)

SMX 7.70 × 105 977 0.05 166 1722
SMZ 3.10 × 107 387 0.05 275 1257
SFZ 1.41 × 106 528 0.25 26 552

a0.05 M total bicarbonate for SMX and SMZ; 0.25 M total
bicarbonate for SFZ.
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enhancement effect was observed during Mn(VII) oxidation of
bisphenol A.80

Additionally, potential generation of other iron intermediate
species (e.g., Fe(IV)) during the reaction that may also
contribute to the degradation of SMX cannot be completely
ruled out at this time. Therefore, more research is needed to
delineate the role of Fe(IV) in Fe(VI)+bicarbonate system.
Environmental Significance. The extensive occurrence of

pharmaceuticals in the aquatic environment and potable water
supplies demands more efficient treatment of these micro-
pollutants from the urine source. Unlike the strong scavenging
effects of chloride, ammonium and bicarbonate in SHU on
•OH- and SO4

•−-based AOPs (e.g., indirect photolysis of TMP
by UV/H2O2 and UV/PDS was decreased by ∼4 times in
SHU without organic metabolites compared to that in
PB9)15,16 and ozonation14 from previous studies, Fe(VI)
application in degrading pharmaceuticals in SHU showed
promising results by displaying mild inhibitory effect from
chloride and an enhancement effect from ammonium (when
the [Fe(VI)]/[ammonium] ratio is ≥0.0012) and bicarbonate.
Moreover, this study is among the first to identify and analyze
the enhancement effect of bicarbonate on Fe(VI) oxidation of
sulfonamides. EPR study excluded the generation of CO3

•− in
the Fe(VI) + bicarbonate system. The stoichiometry study
between Fe(VI), ABTS, and ABTS•+ revealed distinctively
different reactivities between bicarbonate-complexed Fe(V)
and phosphate-complexed Fe(V). This new finding not only
casts doubts on the ABTS spectrophotometric method for
Fe(VI) determination in bicarbonate buffer solutions but also
sheds light on active iron intermediate species (Fe(V)) using
bicarbonate to achieve unexpected enhanced oxidation rate.
Overall, the effective destruction of pharmaceuticals in urine at
the source using Fe(VI) could be an attractive option to
minimize energy-intensive treatment required at centralized
wastewater facilities to remove these micropollutants and
reduce their potential ecological harm in environmental waters
and drinking water. However, to comprehensively understand
the performance of Fe(VI) oxidation of pharmaceuticals in
hydrolyzed human urine, more research is needed to
investigate other urine constituents to fill the gap between
synthetic urine and real urine and to validate the removal
efficacy of Fe(VI) in real urine samples.
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