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ABSTRACT

Peracetic acid (PAA, CH3C(O)OOH) has gained significant attention for its use in wastewater disinfection.
Wastewater usually contains both metal ions and organic pollutants and understanding reactions after adding
PAA to such contaminated water is needed. This paper presents results regarding the effect of interactions be-
tween chromium(III) (Cr(III)) and PAA on the degradation of selected pharmaceuticals, mainly trimethoprim
(TMP). The degradation of pharmaceuticals by PAA, PAA-Cr(III), and HoO5-Cr(III) under different conditions was
examined (pH = 6.0-10.0 and molar ratios of PAA to Cr(Ill)). The degradation rate of TMP by PAA-Cr(III) was
greater than by PAA and H20,-Cr(III) under alkaline conditions. Degradation studies using quenching agents and
probing molecules, and spectroscopic measurements (UV-visible and electron paramagnetic resonance) suggest
°OH as the major radical species and Cr(IV)/Cr(V) as additional reactive species. The oxidized products of TMP
by PAA-Cr(III) were identified and possible pathways proposed. Degradation of other pharmaceuticals having
different molecular structures by PAA-Cr(III) and HO»-Cr(III) systems were also investigated. Most of the
pharmaceuticals degraded at faster rates by PAA-Cr(III) and Hy0,-Cr(III) than by PAA alone, suggesting that co-
present metal ions may play a significant role in PAA oxidation in water treatment.
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1. Introduction

Studies on peroxyacetic acid (or peracetic acid) (CH3C(O)OOH, PAA)
continue to increase due to its potential as both a disinfectant and an
oxidant in treating water. PAA is a promising alternative to chlorination
disinfection because of its sterilization ability, feasible implementation,
and decreased formation of toxic chlorinated disinfection by-products
(DBPs) (Kim and Huang, 2021). PAA has demonstrated remarkable
performance in inactivation of viruses, bacteria, and spores and has been
applied as a disinfectant in health care facilities and pulp and paper and
food industries (Zhang et al., 2020; Sharma et al., 2020; Lee and Huang,
2019). Despite of the high redox potential (E° =1.0-1.96 V versus SHE),
PAA is not able to degrade recalcitrant pollutants due to its high selec-
tivity. Hence, activation of PAA by UV, metal ions, and activated carbon,
has received a lot of attention in recent years to efficiently oxidize
organic pollutants (Kim and Huang, 2021). Research is forthcoming on
the activation of PAA by low-valent and high-valent transition metal
ions to enhance the degradation of pollutants in water, including Fe(II),
Co(IID), Ru(Ill), and Fe(VI) (Kim et al., 2019, 2020; Li et al., 2021;
Manoli et al., 2022). The results of these studies prompted us to evaluate
how the effectiveness of PAA in degrading organic pollutants may be
affected by co-present metal ions already in water. The present study
examines if the interaction of PAA with chromium(III) (Cr(III)) in water
has any role in oxidizing co-existing organic pollutants in water because
Cr(III) is often detected in many wastewaters.

Sources of Cr are primarily from industrial wastes such as coal-fired
power production, chrome pigment production, wood preservation,
stainless steel and cement production, galvanization, electroplating, and
leather tanning (Choppala et al., 2013; Deng et al., 2019). Additional
input of Cr in wastewater might also be from dietary supplements of Cr
(IID) (Eastmond et al., 2008; Pradhan et al., 2017). The toxicity of Cr is
highly dependent on its oxidation state; Cr(VI) is a known carcinogen
but Cr(Il) is significantly less toxic (Chen et al., 2019). Reduction of Cr
(VD) to Cr(III) has been well-studied (Barrera-Diaz et al., 2012; Xia et al.,
2019; Bhati et al., 2019). Trace levels of Cr(III) in wastewater is common
and must be carefully dealt with, as oxidation to Cr(VI) has been shown
by chlorine, hydrogen peroxide (H205), and ozone which may produce
reactive intermediate complexes of Cr(IV) and Cr(V) (Chebeir and Liu,
2018; Bokare and Choi, 2011; Houshyar et al., 2012; Bell et al., 2021).
Significantly, the intermediate Cr species are reactive with organic
compounds and may mitigate the treatment of coexisting organic pol-
lutants in water (Bokare and Choi, 2011, 2010; Dong et al., 2020). The
standard redox potentials of Cr(V) (EO (Cr(V)/Cr(IIl) = 1.75 Vyug) and
Ccr(v) (E° (Cr(IV)/Cr(Ill) = 2.10 Vnug) suggest that Cr-intermediate
species may have a role in oxidizing pollutants in water. Therefore,
we evaluated whether the co-presence of Cr(III) and PAA could result in
such intermediate Cr species and what their roles are in degrading
pharmaceuticals in water.

Conventional wastewater treatment processes are ineffective in
removing many pharmaceuticals, and a major fraction of these residual
pollutants can enter natural water systems, leading to environmental
and public health concerns (Jelic et al., 2011; Wang et al., 2020). An-
tibiotics are among the most prevalent pharmaceuticals in the envi-
ronment because of their application in human and veterinary medicine
along with agricultural purposes (Anquandah et al., 2011; Rizzo et al.,
2013). Detected antibiotic concentrations in wastewater effluent have
ranged from trace levels to pg/L (Wang et al., 2020; Bijlsma et al., 2021).
The primary threats of antibiotics in the environment stem from the
potential of altered ecosystems and antibiotic-resistant genes (ARGs)
and bacteria (ARB) (Wang et al., 2020; Rizzo et al., 2013; Le et al.,
2018). Health concerns surrounding ARGs and ARB arise from a
decrease of therapeutic potential against human and animal pathogens
(Rizzo et al., 2013). Among the antibiotics, trimethoprim (5-(3, 4, 5-tri-
methoxybenzyl)pyrimidine-2,4-diamine, TMP) is frequently detected in
wastewater effluent and is selected as the model pollutant to perform
detailed study (Wang et al., 2020; Bijlsma et al., 2021; Anjali and
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Shanthakumar, 2019). TMP is often given in pair with sulfonamides to
treat various infections (Ji et al., 2016; Masters et al., 2003). A sub-
stantial portion of TMP that is excreted in urine maintains its antibiotic
properties, whereas only 10-30% is metabolized to an inactive form
(Masters et al., 2003). The focus of this study is therefore, on investi-
gating the degradation of TMP during the interaction of PAA with Cr
(IID). Specifically, we aimed to (i) investigate the interaction between
PAA and Cr(III) and the potential of the PAA-Cr(III) system in degrading
pharmaceuticals in water, (i) explore the possible formation of *OH,
PAA-related radicals (CH3C(0O)O®/CH3C(0)00®), and intermediate Cr
species (Cr(IV) and Cr(V)), (iii) identify the main reactive species in the
degradation of TMP in the PAA-Cr(III) system, (iv) elucidate the
degradation pathways of TMP, and (v) learn if PAA-Cr(IIl) system de-
grades other co-existing pharmaceuticals in water with different mo-
lecular structures.

2. Experimental methods
2.1. Chemicals and reagents

Trimethoprim (TMP, > 98.0 %), sulfamethoxazole (SMX, > 98.0 %),
dexamethasone (DMS, 99.0 %), and enrofloxacin (ENR, > 98.0%) were
purchased from Tokyo Chemical Industry (Portland, USA). Atenolol
(ATL) was purchased from MP Biomedicals, LLC (Solon, USA). Pro-
pranolol hydrochloride (PPN) was purchased from Tocris Bioscience
(Bristol, UK). Sodium chromate tetrahydrate (Cr(VI), 99%), peracetic
acid solution (PAA, 32 wt% in dilute acetic acid), methanol (HPLC
grade, > 99.9 %), carbamazepine (CBZ) was purchased from Sigma-
Aldrich (St. Louis, USA). Sodium phosphate dibasic anhydrous, so-
dium thiosulfate, acetic acid (glacial), o-phosphoric acid (85 %) and L-
ascorbic acid (Asc, assay 99.8%) were purchased from Fisher-Scientific
(Fair Lawn, USA). Hydrogen peroxide solution (50 %) was purchased
from HACH Company World Headquarters (Loveland, USA). Methyl
phenyl sulfoxide (PMSO, > 98%) was purchased from Acros Organics
(New Jersey, USA) and methyl phenyl sulfone (PMSO3, > 98%) was
purchased from Alfa Aesar (Ward Hill, USA). Distilled water used in all
solutions in this study were obtained from a Milli-Q Millipore Direct 8
water purification system (> 18.2 MQ-cm) (Millipore Sigma, Burlington,
USA).

2.2. Removal experiments

Initial experimental concentrations of PAA, H,0, acetic acid (AcA),
Cr(I1I), and pollutants were 1315 pM, 520.5 pM, 2055 pM, 13.15-1315
pM, and 5.0 pM, respectively. The ratio for [PAA]y/[Cr(IID], ranged
from 100 to 1.0. The use of different initial PAA/Cr[III] ratio was to
mimic practical conditions in which different amounts of PAA is added
to achieve disinfection and treatment. Concentrations of Cr in this study
were realistic in wastewater systems, as Cr in industrial wastewater can
be up to 3.86 mM (Owlad et al., 2009). Initial concentrations for eval-
uating TMP degradation in the PAA-Cr(VI) system were [PAA]y = 100.0
pM, [Cr(VI)]p =5.0-1000.0 pM, and 5.0 pM TMP. A 10.0 mM NayHPO4
was used as the buffer for all solutions and adjusted to desired pH
(6.0-10.0). The use of phosphate buffer allows us to control the speci-
ation of Cr to avoid precipitation. The pH was measured by an Accumet
AE150 pH meter (Westford, USA). Samples were taken at different in-
tervals up to 5.0 h, and a 13-mm syringe filter (with 0.2 pm PTFE
membrane) was used to remove the insoluble Cr species. These samples
were transferred to high-performance liquid chromatography (HPLC)
vials and 10.0 pL of 13.0 mM NayS,03 was added immediately to quench
the reaction at desired times. The pollutant concentration in each sam-
ple was then analyzed by the HPLC method described in Section 2.4.

The reduction of Cr(VI) by ascorbic acid (Asc) was conducted to
identify if Cr-intermediate species may be responsible for TMP degra-
dation. Initial experimental concentrations of Cr(VI), Asc, and TMP were
25.0 -500.0 pM, 500.0 pM, and 5.0 pM respectively. 10.0 mM Na;HPO4
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was adjusted to pH 7.0 and used for buffering all solutions. When Asc
was used in place of PAA, the NayHPO4 buffer was purged with N for up
to 15 min to analyze potential interference of Asc autoxidation with the
reduction of Cr(VI); this was analyzed by UV-visible absorbance. Before
sample collection for TMP degradation, 10.0 pL of 13.0 mM NayS;03
was added to all HPLC vials to quench the reaction at desired times.

2.3. Quenching experiments

Radical quenchers were used to probe reactive species present in
experiments mentioned above. Benzoic acid (BA) was used to quench
*OH and was prepared at an initial concentration of 13.15 mM which
was 2360 times higher than pollutant concentration. 5.0 mM of 2,4-hex-
adiene (2,4-HD) was used to quench both *OH and PAA radicals. Fresh
preparation of BA and 2,4-HD were made separately in 10.0 mM
NapHPO4 buffered at pH 8.0. Conditions for both BA or 2,4-HD
quenching experiments included 1315 pM PAA, 13.15 — 1315 puM Cr
(I1), and 5.0 pM TMP. Additionally, methyl phenyl sulfoxide (PMSO)
can be oxidized to methyl phenyl sulfone (PMSO-) selectively by high-
valent metal intermediate species like Cr(V) (Dong et al., 2020).
PMSO initial concentration was 200.0 pM, with 263.0 pM Cr(III), and
1315 pM PAA, and samples were collected at every 30 min for 2.0 h.

2.4. Analytical methods

The concentrations of pollutants in samples from the experiments
were measured with a Thermo Scientific UltiMate 3000 UHPLC+ with a
Restek Ultra C18 5 ym (250 x4.5 mm) column. Column temperature was
maintained at 30 °C for all experiments. Instrument methods for pol-
lutants were as follows in binary mobile phase of solvent A (water with
5% H3PO4) and solvent B (methanol): TMP — 75% A and 25% B at flow
rate of 1.0 mL-min’! and 271 nm; IBP — 21% A and 79% B at flow rate of
0.8 mL-min™' and 223 nm; ENR — 68% A and 32% B at flow rate of 0.8
mL-min"! and 271 nm; SMX — 60% A and 40% B at flow rate of 0.8
mL-min and 290 nm; CBZ - 40% A and 60% B at a flow rate of 0.8
mL-min"! and 284 nm; ATL — 80% A and 20% B at flow rate of 0.8
mL-min" and 224 nm; DMS - 30% A and 70% B at flow rate of 1.0
mL-min" and 242 nm; PPN - 45% A and 55% B at a flow rate of 1.0
mL-min’! and 214 nm; PMSO and PMSO, — 81% A and 19% B at flow rate
of 1.0 mL-min’! and 230 nm (PMSO) and 215 nm (PMSO5).

Absorbance analysis using a Thermo Scientific BioMater 3 S UV-vi-
sible spectrophotometer was used to monitor the change in absorbance
of Cr(III), Cr(VI) and Asc. Measurements were taken for Cr(III) and Cr
(VD) at desired times from 0.0 to 2.0 h at different conditions; these
conditions depended on concentrations of Cr and PAA as well as pH. In
the UV-visible experiment of Cr(VI) and Asc, measurements were taken
within 1.0 h for 500.0 pM of both Cr(VI) and Asc at pH 7.0 to compare
the effect of purging N> (g) into the 10.0 mM phosphate buffer.

A Bruker Elexsys-II E500 electron paramagnetic resonance (EPR)
spectrometer equipped with a standard resonator and a CoolEdge cryo
system (Billerica, USA) was used to probe the signal of *OH. The oper-
ating parameters of EPR were: 9.4 GHz frequency (X-band), 20.0 mW
microwave power, 9.8 GHz microwave frequency, 1.00 G modulation
amplitude, 100 kHz modulation frequency, 120.0 G sweep width,
3340.0 G center field, 30.0 s sweep time, 20 scan times, and 25.0 dB
attenuation. The concentration of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO, purchased from Sigma-Aldrich (St. Louis, USA)) as the spin
trapper for *OH was 50.0 mM. The reaction solutions were injected into
a 2-mm quartz EPR tube using a syringe needle, placed into a 4-mm
quartz EPR tube, and then measured by EPR immediately.

2.5. Oxidized products (OPs) determination
To identify the OPs of TMP in PAA, PAA-Cr(IlI), and HyO»-Cr(III)

systems, 1.0 mL of sample was collected at time = 0.0, 2.0, and 5.0 h of
the experiment and purified by solid-phase-extraction (SPE). The Waters
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Oasis HLB cartridges (WAT106202, 6 cc/200 mg) were first conditioned
with 5.0 mL of methanol and 5.0 mL of ultrapure water, respectively.
Afterwards, the cartridges were loaded with 1.0 mL of samples from
each system. The cartridges were then dried under medium vacuum (15
mmHg) for 10 min, and the TMP and OPs adsorbed on the cartridges
were eluted with 1.0 mL of methanol. Untargeted liquid chromatog-
raphy high resolution mass spectrometry (LC-HRMS) analysis was per-
formed on a Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, USA), coupled to a binary pump UltiMate 3000
HPLC with a scan range of m/z 50-1000. The acquired data were pro-
cessed using Compound Discoverer 3.3 (ThermoFisher Scientific) to
screen and identify possible OPs of TMP.

3. Results and discussion
3.1. Degradation of TMP by Cr(Ill)-PAA system

Initially, experiments were conducted on the degradation of TMP by
PAA-Cr(III) at pH 6.0 by varying the concentration of Cr(IIl) (13.1-1315
uM) while keeping PAA concentration constant at 1315 uM. Similar
experiments were also performed using only HyO, because it is inher-
ently present in the solution of PAA (i.e., CH3C(O)OH + H0, = CH3C
(O)OOH + H0). As shown in Figs. SM-1 and SM-2, no significant
degradation of TMP was observed in all systems. UV-visible absorbance
(Fig. SM-2) analysis indicated no Cr(VI) formation.

Next, the pH of the mixed solution of TMP-Cr(III)-PAA was raised to
pH 8.0 at a [PAA](:[Cr(IlI)]o molar ratio of 5:1 and the degradation of
TMP was followed as a function of time (Fig. 1). Notably, an increase
from pH 6.0-8.0 increased the degradation of TMP by both PAA alone
and by PAA-Cr(III). However, PAA alone only removed about 20% of
TMP in 5.0 h (Fig. 1a), while about 90 % of TMP was degraded by Cr(III)-
PAA within the same time (Fig. 1b). This indicates that the increase in
pH to alkaline medium had resulted in sufficient reactive species to
oxidize TMP. As the pH was increased to 9.0 and 10.0, a slight increase
in the degradation of TMP was further observed in both systems (Fig. 1).
TMP exhibits two acid dissociation constants (HyTMP?* = H' +
HTMP", pK,; = 3.2 (Qiang and Adams, 2004); and HTMP" = H" +
TMP, pKa2 = 7.2 (Roth and Strelitz, 1969)). In the pH range of 8.0 - 10.0,
TMP was mostly present as a neutral species (i.e., 84.2 — 99.9 %).
Deprotonated TMP may be more susceptible to oxidation, potentially
giving reason to an increase in its degradation from pH 6.0-8.0. PAA has
an acid-base equilibrium (CH3C(0)OOH = H™ 4+CH3C(0)00-; pK, =
8.2) and the fractions of the possible oxidant species of PAA (i.e., a(CH3C
(0)OOH) and a(CH3C(0)00)) vary with pH. For example, a(CH3C(O)
OOH) and a(CH3C(0O)OO") at pH 8.0 are 63.1 % and 36.9 %, respec-
tively, which changed to 1.6 % and 98.4 %, respectively, at pH 10.0. It
appears that TMP degradation by both oxidant species of PAA was pH
independent at the range of 8.0-10.0 (Fig. 1).

The higher degradation efficiency of TMP by PAA-Cr(III) from pH
6.0-8.0 may be attributed to the increasing reactivity of Cr(III) with PAA
to yield oxidative species that reacted with TMP (Fig. 1). Chromium(III)
exists in different hydroxo species in the acidic to basic pH range.
Generally, four hydroxo species, CrOH?*, Cr(OH)3, Cr(OH)3, and Cr
(OH); are present, based on the equilibrium constants (reactions 1-5)
(Rai et al., 1987).

Cr(OH)s(s) + 3 Hf=Cr’ + 3 H,0 K= <9.35 @
Cr(OH)s(s) + 2 H" = CrOH*" + 2 H,0 K,=5.78 )
Cr(OH)s(s) + Ht= Cr(OH); + H,0 K3<—0.49 3)
Cr(OH)s(s) = Cr(OH)3° K4<—6.84 (4)
Cr(OH)3(s) + H,0 =Cr(OH); + H" K4<—18.30 (5)

A plot of Cr(IIl) species with pH (Fig. SM-3) suggests that the frac-
tions of Cr(OH)?*, Cr(OH)3, and Cr(OH)3° are 60%, 30% and 10% at pH



J. Bell et al.

PAA only

—_
o
)

]

=
(o0}
1
1

[TMP]/[TMP],

0.4 .
1| —a— pHso0 ]
0.2 {|—e— pH90 .
]| —=— pH10.0 |
(@)
0.0 T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0
Time, h
PAA-Cr(lll)
I 1 I 1 I 1
1.0 1 -
—< 0.8 _
o | ]
=
=, 0.6 ]
=. i |
< 04 .
- . |
= —A— pH8.0
0.2 4 | —e pH9.0 —
| | —= pH100
(b)
00 T T T T T I

0.0 1.0 2.0 3.0 40 5.0
Time, h

Fig. 1. Degradation of 5.0 pM TMP over 5.0 h at pH 8.0, 9.0, and 10.0 with [Cr
(IID]p = 263.0 pM and [PAA], = 1315 pM and [Na,HPO,4] = 10.0 mM.

6.0. However, at pH 8.0, Cr(OH)s° is the dominating species ( i.e., >
90%) and not much change in this fraction happens when the pH was
raised to 9.0 and 10.0 (see Fig. SM-3). It seems that, of the several Cr(III)
species present at pH 6.0 (Cr(OH)?", Cr(OH)3, and Cr(OH)3°), Cr(OH)3°
could react with PAA to produce reactive species that reacted with TMP.
The oxidation of the Cr(OH)3° appeared to be more thermodynamically
feasible than that of other Cr(III) species under acidic condition;
consistent with the oxidation of Cr(IlI) by HyO5 in previous studies
(Baloga and Earley, 1961; Pettine and Millero, 1990). The reaction rates
between Cr(OH)3° and PAA was not expected to change with pH because
the concentration of Cr(OH)3° does not vary in the pH range of 8.0-10.0.
Therefore, degradation of TMP by PAA-Cr(Ill) in the pH range of
8.0-10.0 did not change significantly at this pH range (see Fig. 1b).

In the next set of experiments, the role of H,O5 in PAA was investi-
gated. In this study, the concentration of Cr(III) was varied at pH 8.0 and
the degradation of TMP was monitored over 2.0 h (Fig. 2). The Hy0,-Cr
(III) system could also degrade TMP and the maximum degradation was
~40% at a [H202]o:[Cr(III)]o molar ratio of 2:1. Comparatively, PAA-Cr
(IT1) degraded ~55% of TMP at a [PAA]:[Cr(III)]¢ molar ratio of 5:1. It
should be pointed out that in the mixed solution of PAA and Cr(IIl) at a
molar ratio of 5:1, the molar ratio of HyO5 to Cr(III) was 2:1. The results
suggest that the PAA-Cr(III) had additional reactive species compared to
oxidant(s) in HyO»-Cr(IIl) (Fig. 2).
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Fig. 2. Degradation of TMP in 2.0 h at pH 8.0 in different systems indicating
that PAA-Cr(III) enables greater degradation compared to all other systems.
(Experimental condition: [TMP], = 5.0 uM, [Cr(II[)]o = 13.15 - 1315 pM,
[PAA]p =1315puM, [H503]p = 520.5 uM; [AcA]o = 2.055 mM; [NapHPO4]
= 10.0 mM). Note: Experiments were performed using constant PAA (1315 pM)
and varied Cr(III) that resulted different molar ratios of [PAA] to [Cr(II)],
shown in top y-axis.

3.2. Reactive species study

When PAA interacts with Cr(IIl), a series of reactions may take place
that generate different oxidative species such as Cr(IV), Cr(V), Cr(VD),
*OH, CH3C(0)0O®, and CH3C(0)OO*® (reactions 6-13). The produced
reactive species could react with pollutants like TMP (reaction 14).

CH3C(0)OOH + Cr(Ill) - CH3C(0)0® + Cr(IV) + OH" (6)
CH3C(0)OOH + Cr(Ill) —» CH3C(0)O" + Cr(IV) + *OH )
H,0, + Cr(Ill) —» Cr(IV) + OH + *OH 8
CH3C(0)OOH + Cr(IV) - CH3C(0)0® + Cr(V) + OH 9
CH;3C(0)OOH + Cr(IV) — CH3C(0)O™ + Cr(V) + *OH (10)
Hy0; + Cr(IV) — Cr(V) + OH + *OH (11D
CH3C(0)OOH + Cr(V) — CH3C(0)0° + Cr(VI) + OH (12)
CH3C(0)OOH + *OH — CH3C(0)00°* + H,0 13)

TMP + *OH/CH3C(0)0O*/ CH3C(0)O0*/Cr(IV)/Cr(V)/Cr(VI) — Oxidized
products (OPs) 14

Experiments were performed to determine the main oxidative spe-
cies involved in the degradation of TMP at pH 8.0. Initially, the for-
mation of Cr(VI) in the mixed PAA and Cr(III) was investigated. The
mixed solution had a characteristic spectrum of Cr(VI) (Fig. SM-4) at
372 nm, suggesting the formation of Cr(VI) in the reaction of Cr(IIl) with
PAA (reactions 6-12) (Connett and Wetterhahn, 1985). The reaction of
PAA with Cr(III) must be going through the formation of Cr(IV)/Cr(V)
prior to the generation of Cr(VI). The formed Cr(VI) may react with
TMP. Experiments were then conducted independently by mixing the
solutions of Cr(VI) and TMP at pH 8.0. No apparent decrease in the
absorbance of Cr(VI) was observed (Fig. SM-5). Furthermore, no sig-
nificant decrease in the TMP by Cr(VI) mixed solution was observed
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(Fig. SM-6). The pH was lowered to 6.0 and 4.0 in this experiment to
promote the reduction of Cr(VI), which did not occur and resulted in
essentially no TMP degradation. This, along with no significant change
in the visible spectra, suggests that Cr(VI) did not oxidize TMP at pH 8.0.
Overall, Cr(VI) that was formed in the reaction of Cr(III) with PAA had
no role in degrading TMP by PAA-Cr(III) at pH 8.0 (see Fig. 1).

Next, we investigated the possible role of Cr(V)/Cr(IV) in oxidizing
TMP. In this set of experiments, we used the known chemistry of Cr(VI)
with ascorbic acid (Asc) that generates Cr(V) from the reaction of Cr(VI)
+ Asc — Cr(V) + Asc® (Goodgame and Joy, 1987; Zhang and Lay, 1996).
It is also possible that Cr(V) can react with Asc to yield Cr(IV) (Cr(V)
+ Asc - Cr(IV) + Asc®). Initially, measurements were made to learn if
dissolved oxygen in the Asc-Cr(VI) system had a significant impact on
the autoxidation of Asc and subsequently the reduction of Cr(VI). N3 (g)
was purged into the system for up to 15 min. The results (Fig. SM-7)
indicated almost no change in absorbance at 265 nm (i.e., Asc) and
372 nm (i.e, Cr(VI)) from N (g purge (noted as “No O”) over 1.0 h. This
suggests that Cr outcompeting the autoxidation of Asc by dissolved ox-
ygen; thus, dissolved oxygen does not interfere with our reaction of Cr
(VD) with Asc (Du et al., 2012). Next, TMP was mixed with a solution of
Cr(VI) and Asc and the concentration of TMP was monitored over time
(Fig. 3). The decrease in TMP was observed, suggesting that formed Cr
(V) could react with TMP. It is possible that Cr(V) could also react with
Asc to yield Cr(IV), which may also be reacting with TMP. The generated
Asc® has usually no reactivity with organic compounds; therefore, both
Cr(V)/Cr(IV) may be oxidizing TMP (Bielski, 1982). Results of this study
indicate that Cr(V)/Cr(IV) species have a role in oxidizing TMP by
PAA-Cr(IID).

To determine the contribution of CH3C(0)O*/CH3C(0)O0* and *OH
in the TMP degradation by the PAA-Cr(III) system, 5.0 mM of 2,4-HD
was used as a probe molecule for both species. The C=C double bond
in 2,4-HD allows for quenching of acetyl(per)oxyl radicals (i.e., CH3C(O)
0°® and CH3C(0)0O0®) (Manoli et al., 2022). Notably, a rate constant of
9.2 x 10% M 1.s! was observed between CH3C(0)OO* and a C=C
containing compound (p-carotene) in benzene (Mortensen, 2001).
Additionally, the rate constant observed for 2,4-HD and *OH has been
reported to be k =9.16 x 10° M ls! (Grosjean and Williams, 1992).
The use of 2,4-HD in the mixed solution of TMP-PAA-Cr(III) decreased
the degradation of TMP (Fig. 4) indicating that both CH3C(0)O°®/CH3C
(0)OO0* and *OH species may be contributing to the degradation of TMP.
To distinguish between PAA radicals and *OH, benzoic acid (BA) was
applied to selectively quench *OH. BA has much higher reactivity with
*OH (k ~ 4.66 x 10° M!.s') than that with CH3C(0)O0® (K'paae ~ 4.18
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= 06 - : : -
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Fig. 3. Degradation of 5.0 uM TMP in 1.0 h at pH 7.0 ([Na,HPO,4] = 10.0 mM)
in 500.0 pM ascorbic acid (Asc) and varying [Cr(VI)]o = 25.0 — 500.0 pM. Inset
of UV-visible absorbance showing a decrease in absorbance at 372 nm in 1.0 h
under conditions of 500.0 pM Cr(VI) and 500.0 pM Asc at pH 7.0.
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Fig. 4. Degradation of TMP in PAA-Cr(III) system at pH 8.0. Benzoic acid (BA)
was added as a quenching agent of *OH and 2,4-hexadiene (2,4-HD) a
quenching agent of *OH and PAA radicals. (Experimental conditions: [TMP]y =
5.0 uM; [Cr(IID]o = 13.15 — 1315 puM; [PAA]o = 1315 pM; [BA]p = 13.16 mM;
[2,4-HD]o = 5.0 mM; [Na,HPO,4] = 10.0 mM).

x 10* s1) (Kim et al., 2020; Wu et al., 2017). As shown in Fig. 4,
miniscule difference in the degradation of TMP by the two systems falls
within experimental error (i.e., either the addition of 2,4-HD or BA),
which suggests that *OH was the dominant oxidant in TMP degradation.
It is possible that PAA radicals preferentially reacted with high-valent Cr
species like high-valent iron species in the Cr(IlI)-PAA-TMP system,
diminishing their role in oxidizing TMP under the studied experimental
conditions (Bielski et al., 1994).

The formation of *OH was further confirmed by EPR in conditions
coinciding with our observation of highest TMP degradation. Noted in
Fig. 5, no signal was observed for Cr(IIl), HoO5, and PAA solutions alone.

¢ DMPO-*OH
23
PAA+Cr(lll) o .
P
% Hz02+Cr(lll) ¢ o .
<
PAA
T~ —]
H20:2
Cr(lln
3280 3300 3320 3340 3360 3380 3400

Magnetic Field (G)

Fig. 5. EPR spectra of DMPO-"OH indicating presence of *OH in both PAA-Cr
(II1) and H,0,-Cr(III) systems at pH 8.0. (Experimental conditions: [Cr(III)]
= 263.0 pM; [H20,]o = 520.5 uM; [PAA]o = 1315 pM; [DMPOJ, = 50.0 mM;
[NaoHPO4] = 10.0 mM).
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In contrast, clear signal of the 1:2:2:1 peaks was observed in both the
H0,-Cr(III) and PAA-Cr(III) systems, which indicated the formation of
DMPO-*OH adduct. Significantly, the signal intensity of DMPO-*OH was
markedly stronger in PAA-Cr(III) than in HyO,-Cr(III). This directly re-
lates to Fig. 2, indicating that an increase in TMP degradation by PAA-Cr
(III) compared to that of Hy0,-Cr(Ill) is primarily due to the more
abundant *OH.

Lastly, an effort to directly detect Cr-intermediates for the remaining
degradation of TMP not attributed to *OH was carried out. Oxidation of
methyl phenyl sulfoxide (PMSO) to methyl phenyl sulfone (PMSO;) has
been used previously to selectively confirm the presence of high-valent
metal ion intermediate species such as Fe(V), Ru(V), Co(1V), and Cr(V)
(Manoli et al., 2022; Dong et al., 2020; Zong et al., 2021, 2020). The
results in Fig. SM-8 indicate that PAA can oxidize PMSO over 2.0 h and
appear to have no difference in PMSO oxidation compared to that by
PAA-Cr(IlI). However, from previous experiments, PAA is being
consumed in electron transfer steps as Cr(IlI) becomes oxidized to Cr
(VD). Therefore, we expect that oxidation of PMSO by PAA-Cr(III) to be
less than that of PAA alone since PAA would be consumed by Cr(III).
This indicates that Cr(V) in the PAA-Cr(Ill) system likely aids in the
oxidation of PMSO.

3.3. Oxidized products of TMP

The possible OPs of TMP in the PAA, PAA-Cr(III), and Hy0»-Cr(III)
systems were identified and named after their measured m/z values
(Figs. SM-9 and SM-10). Based on the literature and detected OPs in this
study, the proposed degradation pathways of TMP in these systems were
presented in Scheme 1 (Feng et al., 2018; Feng and Sharma, 2018). In
the PAA system, hydroxylation is likely the only degradation pathway,
which can occur in a step-wise manner to produce OP-306A, OP-322,
and OP-338, respectively (Scheme la). These three OPs were also
detected in the PAA-Cr(IlI) and H30,-Cr(Ill) systems, along with
OP-306B as a new hydroxylated OP (Scheme 1b). Notably, the changes
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in peak areas of these OPs over time showed that hydroxylation of TMP
by PAA-Cr(III) was significantly more efficient than by HyO2-Cr(III) and
PAA alone (Fig. SM-11a-b). This can be attributed to the higher yield of
*OH in the PAA/Cr(III) system as indicated by the higher signal intensity
of DMPO-*OH (Fig. 5) because attack by *OH often produces hydroxyl-
ated products (Qu et al., 2018; An et al., 2014). In both the PAA-Cr(III)
and Hy0,-Cr(Ill) systems, OP-304 and OP-292 can be formed via
H-abstraction and de-methylation, respectively. Both H-abstraction and
de-methylation are common reaction pathways between *OH and a
variety of organic compounds (Acero et al., 2000; Plumlee et al., 2009;
Noda et al., 2009; Zhang et al., 2015), however, they are generally un-
likely in an un-activated PAA system (Cai et al., 2017; Zhang and Huang,
2020; Zhao et al., 2021). Importantly, the remarkably higher peak areas
of various OPs in the PAA-Cr(III) system compared to those in the PAA
and Hy0,-Cr(IIl) systems (Fig. SM-11a-b) agreed well with the higher
degradation efficiency of TMP shown in Fig. 2.

3.4. Degradation of other pharmaceuticals

The PAA-Cr(IIl) system at pH 8.0 was further explored to determine
if other co-pollutants could be degraded. The tested pollutants include
sulfamethoxazole (SMX), enrofloxacin (ENR), propranolol (PPN), car-
bamazepine (CBZ), ibuprofen (IBU), dexamethasone (DMS), and aten-
olol (ATL). The physicochemical properties of these pollutants including
molecular structures are given in Table SM-1. The enhanced degradation
of pollutants by PAA-Cr(III) compared to PAA only was observed for all
compounds (Fig. 6), again suggesting a role of Cr(Ill) in generating
reactive species through interacting with PAA. Significantly, degrada-
tion rates of pollutants by PAA-Cr(III) were either higher than or similar
to those by Hy05-Cr(III) system. PAA-Cr(III) system could degrade SMX,
ENR, PPN, and DMS at faster rates than by HyO,-Cr(Ill), like the
degradation of TMP (Fig. 6a). The HoO2-Cr(III) system can produce *OH
through the oxidation of Cr(III) to Cr(VI) (Bokare and Choi, 2011). The
H30,-Cr(III) may also generate Cr(IV)/Cr(V) species. The second-order

1
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Scheme 1. Proposed degradation pathways of TMP by (a) PAA and (b) PAA/Cr(III) and H;0,/Cr(III).
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Fig. 6. . Pollutant removal from the reaction between Cr(IIl) and PAA at pH 8.0. Conditions were: [P]o = 5.0 pM, [Cr(IIl)]o = 263.0 pM, [PAA]o = 1315 puM, and
10.0 mM phosphate buffer. (TMP = trimethoprim, SMX = tulfamethoxazole, ENR = enrofloxacin, PPN = propranolol hydrochloride, CBZ = carbamazepine, IBU =

ibuprofen, DMS = dexamethasone, ATL = atenolol).

rate constants of the reactions between *OH and CBZ, ENR, IBU, SMX,
TMP, PPN, and ATL were reported as 8.8 x 10°, 8.0 x 10°, 6.5 x 10°,
5.8 x 109, 6.9 x 109, 1.1 x 1010, and 7.1 x 10° M'l-s'l, respectively
(Table SM-2) (McDowell et al., 2005; Santoke et al., 2009; Xiao et al.,
2014; Boreen et al., 2004; Dodd et al., 2006; Song et al., 2008). The

results of Fig. 6a-d,g indicate the role of additional oxidative species like
Cr(V)/Cr(V) in PAA-Cr(III) system. If only *OH, a non-selective oxidant,

caused the degradation of TMP,

system, similar degradation ra
expected. However, observed

SMX, ENR, and PPN in the PAA-Cr(III)
tes of these pharmaceuticals would be
degradation rates were different and
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varied with the type of pharmaceuticals, confirming the presence of
additional selective oxidative species. The degradation of the pharma-
ceuticals in the PAA-Cr(IIl) systems may be governed by the concen-
trations of non-selective and selective oxidative species, which may vary
with reaction conditions and type of pollutants. The selectivity of Cr(V)
has been suggested in degrading a wide range of pollutants by Cr(VI)-S
(IV) system (Dong et al., 2020). It is therefore likely the observed
degradation of SMX, ENR, and PPN by PAA-Cr(VI) in Fig. 6 was from
both *OH and Cr(IV)/Cr(V) species.

Other pharmaceuticals, CBZ, IBU, and ATL were degraded by PAA-Cr
(I1I) and H20,-Cr(III) systems at similar rates (Fig. 6e,f and h). However,
rates for both systems were higher than those of PAA or HyO3 alone. The
second-order reaction rate constants of these pollutants with *OH were
similar (Table SM-2). It appears that *OH were largely responsible for
degrading these pollutants by both systems and Cr(IV)/Cr(V) species
had no apparent role to play in degrading CBZ, IBU, and ATL. This is
consistent with the selective nature of high-valent Cr and Fe species to
oxidize pollutants, which are derived from the moieties present in the
pollutants (Manoli et al., 2022; Dong et al., 2020). Currently, rate con-
stants for the reactions of Cr(IV)/Cr(V) with pollutants are unknown to
fully understand their contributions to degrading pollutants in PAA-Cr
(Im).

4. Conclusions

The study presented herein demonstrated that an addition of PAA to
the mild alkaline water containing Cr(III) and TMP resulted in enhanced
degradation of TMP. Our results indicated that the primary reactive
species responsible for TMP degradation was *OH. However, high valent
Cr(V) and Cr(IV) were also likely playing a role in the degradation of
TMP and other pharmaceuticals. Higher detection of oxidation products
in the PAA-Cr(IIl) system than in the HyO5-Cr(III) system provided
further evidence of the existence of additional reactive species (Cr(IV)/
Cr(V)) in the PAA-Cr(III) system. The inherent presence of H,O5 in PAA
solution explains somewhat similar observations of TMP degradation in
the PAA-Cr(III) and H30»-Cr(III) systems. The advancement of knowl-
edge from this study illustrates how co-existing, redox-active metal ions
can work with PAA concertedly in affecting other organic pollutants’
oxidative transformation in complicated wastewater matrices.

Environmental Significance

Peracetic acid (PAA) has emerged as an effective oxidant and
disinfectant in water treatment, yet how its effectiveness might vary
when metal ions and organic molecules co-exist in treatment process is
rarely investigated. This study reports for the first time that Cr(III) as a
common metal ion in contaminated water could activate PAA to degrade
pharmaceuticals in water. We examined interactions of PAA-Cr(III)-
pharmaceuticals in detail under various conditions using different
experimental approaches to gain insight into involved reactive species
including high-valent Cr intermediates, which are generally overlooked.
The content presented advanced knowledge of PAA activation and its
relevance to water treatment.
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