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ABSTRACT: The hydroxyl radical, "OH, is one of the most reactive free radicals and plays
significant roles in the oxidative degradation of organic pollutants and the electron transfer of
inorganic ions in natural and engineered environmental processes. To quantitatively determine the
contribution of "OH to oxidative reactions, a specific scavenger, such as fert-butyl alcohol (TBA),
is usually added to eliminate ‘OH effects. Although TBA is commonly assumed to transform ‘OH
into oxidatively inert products, this study demonstrates utilizing TBA as an ‘OH scavenger
generates the secondary peroxyl radical (ROO"), influencing the oxidation of transition metals,
such as Mn. Although ROO" is less reactive than ‘OH, it has an extended half-life and a longer
diffusion distance that enables more redox reactions, such as the oxidation of Mn** (aq) to Mn'"
oxide solids. In addition to promoting Mn** (aq) oxidation kinetics, TBA can also affect the
crystalline phases, oxidation states, and morphologies of Mn oxide solids. Thus, the oxidative roles
of "'OH in aqueous redox reactions cannot be examined simply by adding TBA: the effects of
secondary ROO" must also be considered. This study urges a closer look at the potential formation

of secondary radicals during scavenged oxidative reactions in the environment.

Keywords: "OH scavenger; Tert-butyl alcohol; Secondary peroxyl radical; Mn*" oxidation;

Photochemistry

Synopsis: Tert-butyl alcohol does not fully terminate the oxidative activity of "“OH by forming

secondary peroxyl radical, which can trigger unexpected redox reactions.
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= INTRODUCTION

Reactive oxygen species (ROS) include free radicals and nonradical species, such as hydroxyl
radicals ("OH), superoxide radical anions (O2"7), peroxyl radicals (ROO"), hydrogen peroxide
(H202), and singlet oxygen ('02).! ROS can be produced intracellularly or exogenously by many
biological and chemical processes, including the metabolisms of cytosolic enzyme and
mitochondrial systems, photolysis by ultraviolet (UV) light, and ionizing radiation (X-rays).>” In
natural and engineered aquatic systems, ROS participate in various redox reactions, such as the
degradation of organic compounds and the oxidation of heavy metals.* ® The overproduction of
ROS and limited antioxidant defense leads to oxidative stress in living organisms, resulting in
tissue decline, pathologies, and diseases.”” ¥ Among all the free radicals produced in natural
photochemical processes, ‘OH is one of the most powerful and reactive species, with a one-electron
reduction potential of 2.33 V ("OH, H*/H20)."-? In natural aquatic systems, “OH is mainly produced
from photolysis of dissolved organic matter (DOM), as well as photolysis of NO3~, NO2", and
H»0,.° Steady-state concentrations of "OH can reach 107'8-10717 M in the open ocean and costal
water, and the concentration can be 1-2 orders of magnitude higher in organic- and nitrate-rich
freshwater.” Due to its high oxidative potential, “OH is the main source of other radicals or
oxidants, produced by electron-transfer reactions with chlorides, ferrous ions, and sulfates.'® In
particular, "OH is the major source of halogen radicals.'! *OH can also oxidize Fe*" to Fe (III) in
Fenton-like systems for groundwater treatment,'? and can react with HSO4 by hydrogen
abstraction to generate sulfate radicals.'® Furthermore, "OH reacts with organic molecules via
hydrogen abstraction or by adding itself to carbon—carbon double bonds or aromatic rings,'”

affecting the oxidative degradation of such organic pollutants as pharmaceuticals and personal care
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products (PPCPs) in advanced oxidation processes (AOPs).® Many other materials, such as
bicarbonate and carbonated ions, alcohols, and alkyl groups, can also react with *OH.'> 14

To test the functionality of "OH in a reaction, an "OH scavenger is usually added to
eliminate the activity of "OH. Tert-butyl alcohol (TBA) is one of the most common scavengers for
‘OH. For example, TBA was utilized to quench "OH to study the quantum yields of chlorine and
bromine species,’”” to determine the “OH production during ozonation processes,'® and to
investigate the degradation of p-nitrophenol by *OH.!” TBA has a very high reaction rate constant
(6 x 108 M's7!) with "OH,'® and it is almost unreactive with eaq” and hydrogen atom.'* Hence, it
is commonly assumed that ‘OH can be fully scavenged by TBA and that the less reactive products
generated will not participate in further redox reactions.!* In this way, the role "OH can be
determined by comparing the results with and without the "OH scavenger.

However, our recent study of oxidation processes involving inorganic redox chemistry
showed that TBA did not work as expected.'” In that study, superoxide dismutase (SOD) and TBA
were added to determine the corresponding roles of O2" and "OH in Mn oxidation during nitrate
photolysis. Mn?* (aq) was shown to be oxidized by O2" rather than ‘OH.!” However, when TBA
was added as an "OH scavenger, more Mn oxides were formed, which was surprising.!® Liu et al.
(2018) also showed more oxidation of Fe?" in the presence of TBA as an "OH radical scavenger
during nitrate photolysis.?’ However, the mechanism was not examined in detail. These results
suggested that the function of TBA as an ‘OH scavenger should be carefully and thoroughly
reconsidered.

This study accordingly focused on Mn?* oxidation to understand the scavenging role of
TBA in environmentally relevant oxidation process. We observed that the secondary ROO™ was

formed by chain reactions between TBA and "OH, and that ROO" facilitated oxidation of Mn? to
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MnO:z (s). In short, we found that TBA was not an inert agent in scavenging ‘OH, in terminating
the redox reaction, and in eliminating the role of "OH. Instead, it caused secondary ROO" to form
and then oxidized Mn?" to facilitate the formation of Mn oxide (s). The findings of this study can
be adapted to other scavengers, such as methanol, ethanol, propanol, and alkyl groups, which
generate peroxyl radicals by reacting with *OH. In addition, the mechanism through which ROO’
is generated and participates in further reactions can also exist in organic systems in the
environment. This possibility has previously been ignored when using TBA as an ‘OH scavenger
in organic systems, for example, using it to terminate redox reactions between "OH and organic
pollutants. Our study emphasizes the need to reconsider the unexpected role of ROO® when

utilizing TBA as an "OH scavenger.

= EXPERIMENTAL INFORMATION

Chemicals. All chemicals used in this study were at least American Chemical Society grade.
Manganese chloride (MnClz, 97%, anhydrous) was purchased from Beantown Chemical Co. (NH,
USA). Crystal sodium nitrate (NaNO3, > 99.0%) was obtained from Avantor Performance
Materials, Inc. (PA, USA). Leucoberbelin blue I (LBB, 65%), potassium permanganate (KMnO4, >
99%), superoxide dismutase bovine (SOD, > 90%), fert-butyl alcohol (TBA, = 99.5%),
pyrophosphate (PP, > 95%), and chloroperoxidase (CPO, from Caldariomyces fumago) were
purchased from Sigma-Aldrich. Sodium hydroxide (NaOH), para-aminobenzoic acid (PABA, >
90%), and fert-butyl hydroperoxide (--BuOOH, >70%) were bought from VWR International
LLC. Deionized (DI) water (resistivity >18.2 MQ-cm, Barnstead Ultrapure water systems) was

used to prepare the solutions for all experiments.

Photo-oxidation Experiments. Batch photolytic experiments were conducted in a 150 mL

quartz reactor. Simulated solar light was provided by a 450 W xenon arc lamp (Newport 6279NS)
4
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and was passed through flowing tap water, which both filtered out near-infrared light and
moderated the reactor temperature. The temperature of the reactor changed from ~20°C to ~25—
26°C during the six-hour light exposure. In our previous study, we did not see obvious changes in
the crystalline structure and morphology of Mn oxides that were generated at 50°C."” Thus, we

believe the 5 to 6 °C temperature changes negligibly affected the experiment results. The lamp

spectrum is shown in Figure S1. For solution preparation, | mM NaNO3 and 0.1 mM MnCl. were
added first, and then the solution pH was adjusted to 9 by adding NaOH solution and the pH
changes along the reaction to pH ~6 within 6 hours. The U.S. Environmental Protection Agency
(EPA) water quality criteria for pH in freshwater ranges from pH 6.5 to 9.2!2? So the experimental
pH is relevant to environmental systems. Mn(OH)2 (s) does not form under these conditions,
because it has a low saturation index (SI) of —1.20 and a solubility product constant (ksp) of
1.6x10713.23 The saturation indices with respect to representative Mn(III)/Mn(IV) oxides were
calculated by MINEQL+ Version 4.6 based on pH ranging from pH 9 to 6. The SI of birnessite,
pyrolusite, hausmannite, and manganite is 9.48-5.89, 11.54-7.95, 15.26-4.16, and 6.96-3.29,
respectively. In our previous study, faster Mn?* oxidation kinetics were observed when a high pH
value was maintained.” ** However, no pH buffer was utilized in these experiments, because
aqueous Mn (III) can be formed as an intermediate product during the photo-oxidation reaction of
Mn (II), and the buffer could complex with aqueous Mn (III), affecting Mn oxidation.?* The
prepared solution was held under Xe lamp irradiation for 6 hours, during which time samples were
taken every hour to track the solution pH values and the concentrations of formed Mn oxide (s)
induced by nitrate photolysis. Mn oxides formation was quantified by LBB colorimetry, as
described in our previous work.!” Basically, newly formed Mn oxides are reduced by LBB to

aqueous Mn**. The oxidized product of LBB has a maximum absorption peak at 625 nm, with a
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molar absorptivity of 18,000 M 'em™ and a UV-Vis intensity that is proportional to its
concentration.'” The calibration curve of Mn oxides concentration versus absorbance at 625 nm
was obtained by using KMnOs. A detailed explanation for the calculation of Mn oxides
concentration is provided in Figure S2. Mn oxides solids were collected via centrifugation at
10,000 rpm for 30 min. The resulting solid products were then rinsed, resuspended in DI water,
and centrifuged at 5,000 rpm for 5 minutes. The above process was repeated for five times to
eliminate impurities from the liquid supernatant. The solid products were dried at room

temperature for further characterization.

Effects of TBA on Mn Oxidation Induced by Nitrate Photolysis. The experimental
procedure was the same as described above, except for the addition of different concentrations of
TBA during solution preparation. TBA solid was heated at 60°C to melt it, and was then transferred
by syringe to prepare 500 mM stock solution. After adding NaNO3; and TBA, we added MnCla,
and then adjusted the pH to 9. While it was under lamp irradiation, the solution was also sampled
every hour to measure pH values and Mn oxide concentrations. At least duplicate experiments

were conducted for each condition.

Dark Condition Reaction between Formed Mn Oxide (s) and TBA. Mn oxide solids
were first synthesized by photolysis of the solution containing 1 mM NaNOs and 0.1 mM MnClo,
at initial pH 9. The detailed procedure is described above, in the “Photo-oxidation Experiments”
section. After 6 hrs of illumination, the photolysis of the solution was stopped, and 1 mM TBA
was added to test the subsequent dark reaction between formed Mn oxide solids and TBA. After
the reactor was placed in the dark, the oxidized Mn concentration was measured by LBB as the
reaction proceeded. A slight decrease in the concentration of Mn oxide solids was observed during

the first hour of dark reaction, possibly the result of settling of the MnOz solid suspension during
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TBA addition. No subsequent decrease in the concentration of Mn oxide solids was observed,
indicating that Mn oxide solids did not react with TBA. At least duplicate experiments were

conducted.

Detection of Secondary Peroxyl Radical Generated from Nitrate Photolysis in the
Presence of TBA. ROO" was specifically detected by a PABA fluorescent probe (Aex = 267 nm,
and Aem = 334 nm)?*, which lost its fluorescence when it was oxidized by ROO". Because PABA
was photodegraded during irradiation, as a control experiment, we conducted photolysis of a
solution containing 20 uM PABA and 2 mM PP. Here, different from the other Mn oxidation
experiments, PP was added as a buffer to maintain the solution pH because PABA
photodegradation is highly pH dependent.? To test the effects of both photodegradation and "OH
oxidation of PABA, we also conducted photolysis of a solution containing 20 uM PABA, 2 mM
PP, and 1 mM NaNOs. Next, to test the co-effects of photodegradation and ROO® on PABA
degradation, we conducted photolysis of a solution containing 20 uM PABA, 2 mM PP, 1 mM
NaNO3s, and 10 mM TBA. Here, PABA was degraded via irradiation as well as oxidization by
ROO’ generated from chain reactions between ‘OH and TBA. At 0, 2, 4, 6, and 8 min of reaction,
aqueous solution samples were taken, distributed on a 96-well plate (Corning Inc.), and then
measured by a fluorescence spectrophotometer (Molecular devices, SpectraMax® iD3). For each
experimental condition, PABA concentrations were determined by individual calibration curves
in the range from 2 to 20 uM PABA, where a linear relationship was observed between the
concentration and fluorescence intensity of PABA. An example of a calibration curve for a solution
containing 2 mM PP, 1 mM NaNO3, and PABA in a range from 2 to 20 uM is shown in Figure S3.
The degradation of PABA was compared between the conditions with and without TBA to detect

whether ROO™ was photolytically generated by the reaction between ‘OH and TBA in a solution



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

containing nitrate and TBA. The solution pH values at selected time points were also measured.
At least triplicate experiments were conducted for each condition.

An Alternative Method for Direct ROO® Generation. To confirm whether ROO" can
oxidize Mn?" (aq) to Mn oxide (s), we generated ROO" using 3 uM CPO and 57 mM ¢-BuOOH at
pH 6, as previously reported.?’” The concentration of CPO, with an molar absorptivity of 87,400
M 'em™!, was determined from the absorption at 406 nm.?® Specifically, solution containing 0.1
mM MnClz, 57 mM -BuOOH, and 3 uM CPO was reacted. Aqueous solution samples were then
taken at 0, 15, 30, 45, and 60 min to test the oxidized Mn concentrations via LBB, and the solution
pH was also measured. At least duplicate experiments were conducted for each condition.

Mn Oxides Solid Phase Characterization. To identify the mineral phase of Mn oxides
samples, high-resolution X-ray diffraction (HRXRD, Bruker D8 Advance X-ray diffractometer
with Cu Ko radiation (A = 1.5418 A)) was utilized. Mn oxidation states in the Mn oxides (s)
samples were identified by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II,
UlvacPHI with monochromatic Al Ka radiation (1486.6 eV)). The C 1s peak (284.8 eV) was used
as the reference peak. To determine the ratio of Mn(II), Mn(III), and Mn(IV), the Mn 2p3/2 spin
orbit was fitted with Mn(II) (640.8eV), Mn(III) (641.8 eV), and Mn(IV) (642.2 eV) by the Gauss-
Lorentz fitting method, based on previously reported values of the Mn 2p3/ spectrum.?* High-
resolution transmission electron microscopy (HR-TEM, JEOL-2100F field emission) with electron
diffraction was utilized to characterize the crystalline phases and image the morphologies of
formed Mn oxides. After 6 hr photochemical reaction, approximately 50 uLL of formed Mn oxides
solution was placed on an ultrathin lacey carbon film coated-Cu grid (LC400-Cu-UL, Electron
Microscopy Science, PA) for imaging. Lattice fringes and electron diffraction patterns for selected

areas were obtained to determine the phases of Mn oxides.
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= RESULTS AND DISCUSSION

Effects of TBA on the Photochemically-induced Oxidation Rate of Mn2". During nitrate
photolysis, reactive oxygen and nitrogen species can be formed, including the oxide radical anion
(0), 02", "OH, and nitrogen oxide radicals (NO* and NO2").?* Among these, 02" is responsible
for Mn oxidation, as determined by our previous study.!” As shown in Figure 1a and b, based on
the LBB results, during the irradiation of solution containing 0.1 mM MnCl: and 1 mM NaNO3 at
initial pH 9, about 13.4 + 1.0 uM of Mn oxides (based on Mn (IV) oxidation state) were formed

after 6 hr reaction. As mentioned, pH buffer was not used to maintain the solution pH, because it

could complex with aqueous Mn (III), altering the Mn oxidation kinetics.?*

Moreover, it could
change the material properties of formed Mn oxide solids, such as their crystalline structures and
morpholgies.?* When 0.5 pM SOD was added to above solution as a scavenger of 02", no Mn
oxidation was observed, indicating that O2" is responsible for Mn oxidation. In this scenario, ‘OH
was not scavenged and was still present in the system. On the other hand, it was reported that H2O2
can also be formed in the reaction between O2" and SOD.*° Green curve in Figure 1a shows that
Mn oxide formation was not observed in the presence of both *OH and H202, which suggests that
neither ‘OH nor H20:2 contributed to Mn oxidation. Although *OH has a higher reduction potential
than O™, it cannot oxidize Mn?" (aq) to Mn oxide (s), which can be attributed to its shorter

diffusion length and half-life." 3! Interestingly, when TBA, the "OH scavenger, was present, more

Mn?* (aq) was oxidized to Mn oxide (s), with a yield of about 20.9 + 0.8 uM Mn oxides after 6 hr

reaction. This result was unexpected because the addition of a scavenger should decrease, or at
least not enhance, Mn oxidation. Mn oxidation did not occur in the TBA-only system under light
irradiation, as shown in Figure la, and Mn oxide (s) cannot react with TBA under the dark

condition, as shown in Figure 1c. The Mn oxidation amount essentially did not change after 10



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

mM TBA was added for the dark reaction in Figure 1c, proving that adding TBA did not have any
impact on Mn oxide quantification by LBB. In addition, as Figure la shows, the oxidized Mn
concentrations at 6 hr were similar when using 1, 10, or 100 mM TBA, suggesting that the
enhanced Mn oxidation was not strongly related to the TBA concentrations, and that 10 mM TBA
is high enough to scavenge all ‘OH. The pH decrease in Figure 1b is faster with TBA than without
TBA because more protons are produced when more Mn oxide solids are generated through
hydrolysis. Because the reduction of Mn oxides may favor at low pH,*? we do not postulate that
the promoted generation of Mn oxides in the presence of TBA result from the inhibited reduction
of MnOz. To separate the effect of TBA from that of O2™ on Mn?* (aq) oxidation, 0.5 uM SOD
was added to a solution containing 0.1 mM MnClz, I mM NaNOs, and 10 mM TBA. As shown in
Figure 1a, about 10 uM of Mn oxides were formed after 6 hr of reaction. In this scenario, O2" can
be generated from both nitrate photolysis and chain reactions between TBA and "OH.*** Thus, a
control experiment with higher concentration of SOD is needed to check whether 0.5 uM of SOD
is too low concentration to fully scavenger O™ and result in the formation of Mn oxides. If O2" is
fully scavenged by 0.5 uM of SOD, then a higher concentration of SOD should not decrease the
Mn oxidation amount. Photolysis of a solution containing 0.1 mM MnClz, | mM NaNO3, 10 mM
TBA, and 1 uM SOD was conducted for comparison with the same solution with 0.5 uM SOD.
Within the margin of error, no significant difference was observed between the blue (1 pM SOD)
and purple (0.5 uM SOD) curves in Figure 1a and 1b, proving that O>" was fully scavenged by
0.5 uM SOD. Mn oxidation amount did not change with the increased SOD concentration also
proved that SOD had no light screening impact for the solution. This formation indicated that,
other than O™, new reactive oxidants were formed when using TBA as an "‘OH scavenger, and

they oxidized Mn?" (aq) to Mn oxide solids. The initial pH values of the solutions in all

10
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experimental conditions were pH 9. Then, it quickly dropped to pH ~7.5 within 1hr, and kept
decreasing in the range from ~7.5 to ~5.5 for 1-6 hr for all experimental conditions, as shown in

Figure 1b.

A Pathway for Generating Secondary ROO". In previous studies, alcohols, such as
methanol, ethanol, or tert-butanol, were typically used as radical scavengers owing to their high
competitivity with *OH compared to other molecules.'* ** It was reported that when TBA reacted
with "OH, the alkyl radical (+~"BuOH) formed first and then was transformed to the peroxyl radical
(t-"OOBuOH) by reacting with dissolved O2, as shown in Figure 2.'* 3¢ Both the alkyl and peroxyl
radicals from TBA were thought to have lower reactivity than "OH and thus generally to terminate
the reaction chain.'> '* Compared with ‘OH, ROO" is less reactive, but it has an extended half-life
of seconds instead of nanoseconds,? likely allowing it to oxidize Mn** (aq) for much longer
existing time. Thus, we hypothesize that the unexpected Mn?** oxidation was enabled by the
formation of secondary ROO" when TBA was added as an "OH scavenger during nitrate photolysis.
Rather than terminating the reaction, the secondary ROO" were reactive enough to oxidize Mn**
(aq) to Mn oxide solids for a sufficient enough oxidation time. To test this hypothesis and the
proposed pathway shown in Figure 2, two sets of experiments were conducted. First, we proved
that ROO" is generated when TBA is added as an "OH scavenger during nitrate photolysis. Second,
we tested the hypothesis that ROO® can oxidize Mn** (aq) to Mn oxide solids.

Detection of ROO® Generated when TBA is Used during Nitrate Photolysis. The
fluorescent probe PABA was used to detect ROO' generation, as shown in Figure 3a.>> PABA was
oxidized by ROO" and formed a non-fluorescent product.>> The oxidation potential of PABA can
reach 1.055 V,? which is higher than the reduction potential of O™ (02", 2H"/H202, 0.94 V), '02

(102/02"7, 0.65 V), and H202 (H202, H/H20, *OH, 0.32 V) relative to a standard hydrogen

11
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electrode." % Thus, these oxidant species will not affect PABA degradation. Unfortunately, when
PABA is utilized to detect ROO" generated from nitrate photolysis in the presence of TBA,
photodegradation of PABA can also occur and the reaction can be highly pH dependent.?® In our
experimental design, we considered other common fluorescent probes, particularly fluorescein, for
ROO" detection, but we decided not to use fluorescein because it was reported to react with both
ROO’ and "OH.* It can even undergo fluorescence quenching and participate in side reactions.?’

Thus, compared with other fluorescent probes, PABA was a superior choice for ROO" detection,

even though PABA photodegradation was known to occur during direct photolysis.

First, to study the photodegradation of PABA, a solution containing 20 uM PABA and 2
mM PP was irradiated, with the results shown in Figure 3b. Because PABA photodegradation is
pH dependent, PP was added as a buffer to maintain the solution pH. Second, because photolysis
of the solution containing NaNQOs3 can be accompanied by the generation of ‘OH, O™, 02" and
nitrogen oxide radicals,?’ co-effects of photodegradation and these reactive radicals’ oxidation of
PABA were investigated. ‘OH ("OH, H"/H20, 2.33V) has a higher reduction potential than the
oxidation potential of PABA. However, it was reported that, compared to photodegradation, "OH
produced from photolysis of dissolved organic matter (DOM) was unlikely to play a major role in
PABA degradation.?® To confirm this previous report on the effect of ‘'OH on PABA degradation,
irradiation experiments on a solution containing 20 uM PABA, 2 mM PP, and 1 mM NaNOs3 were
conducted, with the results shown in Figure 3b. PABA was both photodegraded and degraded by
‘OH and other reactive radicals generated from nitrate photolysis. Third, to test the co-effects of
photodegradation and peroxyl radical oxidation of PABA, we conducted irradiation experiments
on a solution containing 20 uM PABA, 2 mM PP, 1 mM NaNOs3, and 10 mM TBA, with the results

shown in Figure 3b. Peroxyl radical was formed by reactions between TBA and ‘OH generated

12
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from nitrate photolysis. Figure 3b shows that the percentages of PABA concentration decrease
with time. Photodegradation is the dominant cause of PABA’s decreased fluorescence intensity,
responsible for a 48.1 + 1.1% concentration decrease after 6 min (black dashed line). Considering
the co-effects of photodegradation and ‘OH oxidation, there is a 51.0 + 2.5% intensity decrease
after 6 min (blue solid line). The black and blue degradation curves have negligible difference.
Thus, we conclude that ‘OH and other reactive radicals generated from nitrate photolysis (O™, O2™
and nitrogen oxide radicals) have little effect on PABA degradation. On the other hand, in the
presence of 10 mM TBA, faster PABA degradation is observed, with a 67.5 + 2.7% intensity
decrease after 6 min (red dot-dash line). This ~17% faster degradation is explained by TBA
reacting with "OH generated from nitrate photolysis to form ROO" and then oxidizing PABA.
Triplicate tests of each experimental condition were conducted to confirm the results. As seen in
Figure 3c, the solution pH in the three above conditions remained very close to pH 10.1, ruling out
solution pH as a factor explaining the differences in PABA degradation rates. The above results

confirmed the generation of ROO® when adding TBA as an “OH scavenger during nitrate photolysis.

Oxidation of Mn?* (aq) by ROO". We have confirmed the generation of ROO" when
adding TBA during nitrate photolysis (Figure 3). To further validate the hypothesis that ROO’ can
oxidize Mn*" (aq) to Mn oxide (s), we used an alternative method to generate ROO", rather than
the chain reactions between TBA and ‘OH. Chamulitrat et al. (1989) reported that CPO and ¢-
BuOOH generate ROO".?’ Light exposure was not needed for the reaction. In this way, ROO" can
be generated directly rather than formed via chain reactions. Although the R-group of the ROO*
generated by the reaction between -BuOOH and CPO (Figure 4a) is not as the same as that
generated by the chain reactions between TBA and "OH (Figure 2), the slight difference in

chemical structure does not affect the determination of whether ROO" can oxidize Mn** (aq) to

13
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Mn oxide (s) because the different part of the R-group did not participate in ROO" generation and
Mn oxidation. As shown in Figure 4b, we created an aqueous solution with 57 mM of ~BuOOH,
and 3 uM of CPO and used it to generate ROO" by following the procedure of Chamulitrat et al..?’
Although neither of these solution components oxidizes Mn** (Figure 4b), when 0.1 mM of MnCl,
was added to the solution, about 70 uM of Mn oxides had formed after 60 min reaction. Our
experimental solution had a pH of 6 (Figure 4c), almost the same as for the reported ROO’
generation method.?” The initial pH values of the solutions either containing 0.1 mM MnCl, and
57 mM #-BuOOH or containing 0.1 mM MnClz and 3 pM CPO were not adjusted to around pH 6
(Figure 4c), lest adding acid or basic solution change the properties of CPO or ~BuOOH. The
above results that indicated neither CPO nor +-BuOOH could oxidize Mn?" (aq), but that ROO"
generated from the reaction between CPO and -BuOOH did oxidize Mn*" (aq) to Mn oxide (s),
and validated our hypothesis.

The alkyl radical is an intermediate secondary radical from chain reactions between TBA
and "OH. It can potentially oxidize Mn?" (aq) because it possesses higher reactivity than ROO".'*
However, the alkyl radical is transformed to ROO’ by reacting with dissolved Oz, as shown in
Figure 2. It is hard to study the reactivity of alkyl radical by purging with inert gas because Oz gas
can be produced during the photolysis of nitrate solution.?” The generated O2 may be involved in
the reaction with alkyl radical before being purged by inert gas. In addition, ROO" can decompose
to oxygen and alkoxy radical (RO"), and RO’ can decompose to other radicals via C-C bond
cleavage.* 3 Therefore, our study focused on the oxidation of Mn?" (aq) by ROO", and examined
the net Mn oxidation result rather than identifying the specific contributions of individual

intermediate radicals to Mn oxidation. Because these radicals can quickly transform to other
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radicals, quantifying the individual contributions of intermediate alkyl and alkoxy radicals to

Mn?* oxidation is challenging and would require a future dedicated systematic study.

Effects of TBA on the Material Properties of Newly Formed Mn Oxides (s). Along
with forming secondary ROO" and facilitating Mn*" (aq) oxidation kinetics, the addition of TBA
as an "OH scavenger may also affect the crystalline phases, oxidation states, and morphologies of
Mn oxide solids. HRXRD was used to examine the effects the TBA on crystalline phases. The
formed Mn oxides solids were poorly crystallized, it is expected because early stages of naturally
formed Mn oxide solids are often highly amorphous crystalline structures, and it is required more
time to fully construct crystalline phases. In Figure 5a, in the absence of TBA, 20 peak values of
about 12.3°, 24.7°, and 36.7° indicated that birnessite 6-MnO2 (ICDD PDF-4 # 00-043-1456) was
formed. However, in the presence of 1, 10, or 100 mM TBA, new crystalline phases were formed
besides birnessite. An XRD peak at a 20 of 28.4° indicated that pyrolusite f-MnO. (ICDD PDF-4
# 00-004-0591) was produced. Moreover, a tiny XRD peak at a 20 of 47.3° suggested the
crystalline phase of either ramsdellite R-MnO2 (ICDD PDF-4 # 00-005-0600) or NaiaMn209
(ICDD PDF-4 # 00-004-0855) among the diffraction patterns of all Mn (hydr)oxides in the ICDD
PDF-4 database. The peak is difficult to distinguish from XRD patterns because of its small
intensity and the highly amorphous structure of the formed Mn oxides. On the other hand, the XPS
spectra in Figure 5b and ¢ show that in the absence of TBA, the formed Mn oxides (s) contained
both Mn(IV) and Mn (III), with an average oxidation state of 3.73. In contrast, in the presence of
1, 10, and 100 mM of TBA, the generated Mn oxides mostly contained Mn(IV), with an average
oxidation state of around 3.96. The oxidation state of Mn in Na1sMn209 is Mn (II), however, no
Mn (II) was observed in the XPS spectra in the presence of 1, 10, and 100 mM of TBA. Thus, the

tiny XRD peak at 20 of 47.3° most likely results from ramsdellite, R-MnOz. Because the average
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oxidation state of Mn was lower than 4, the actual concentrations of Mn oxides could be slightly
higher than the values in Figure 1a. However, the XPS results represented the final product only
at 6 hr, and they might vary for 0-5 hr. To compare the redox reaction’s variance under different
experimental conditions during the 6 hr reaction, Mn oxide concentrations were calculated based
on the assumption that Mn (I1I) was oxidized to Mn VO2 in Figure 1a.

The HRTEM image in Figure 6a shows a nanosheet morphology of birnessite, 3-MnQOx.
The edges of the nanosheet rolled up owing to high surface tension, as previously reported.
Crystalline lattices in Figure 6b with a d-spacing of 0.25 nm indicated the (110)/(200) planes of 6-
MnOsz. A (001) interlayer plane with a 0.53 nm d-spacing was observed, a spacing similar to that
seen in previous work.!” The measured interlayer distance was smaller than that calculated from
XRD measurement (~0.7 nm), probably owing to the loss of interlayer water in the high vacuum
needed for TEM measurement.”® When 1 mM of TBA was added, notably, we observed a
significant change in the morphologies of the formed Mn oxides. Both needle-like shapes and a
nanosheet morphology are seen in Figure 6¢. The selected area electron diffraction (SAED)
patterns in Figure 6d indicate that the needle-like shape is B-MnO2, while the nanosheet
morphology corresponds to 6-MnOz2, as mentioned above, which further validates the formation
of both 8-MnO: and B-MnO: in the presence of TBA. Figure S4 shows that the needle-like shape
and nanosheet morphology were also observed for 10 and 100 mM of TBA, with the needle-like
shape being more obvious in the presence of the higher concentration of TBA. The images are

blurred due to the presence of TBA when taking samples for TEM measurement.

= ENVIRONMENTAL IMPLICATIONS

Our study, for the first time, reports that the generation of secondary ROO" influences the photo-

oxidation of Mn?>" when TBA is used as a scavenger for "OH. Although the secondary ROO" is less
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reactive than "“OH, it has an extended half-life and could diffuse over a longer distance.” Such a
long lifetime would allow ROO" to participate in the oxidation of Mn?". Based on this finding, the
choice of an "OH scavenger should be carefully considered, with regard to whether it fully
eliminates the activity of "OH in the oxidation process of inorganic redox chemistry. Consequently,
the involvement of "'OH in aqueous redox reactions, e.g., reactions with inorganic ions or the
oxidation of heavy metals in both natural systems and engineering wastewater treatment processes,
cannot be simply determined by adding an ‘OH scavenger without considering the effect of
secondary radicals on oxidation. In addition to inorganic redox chemistry studies, ‘OH has been
widely utilized for redox reactions with organic pollutants such as pharmaceuticals and personal
care products (PPCPs), and persistent organic pollutants (POPs) in natural systems and wastewater
treatment. In scenarios for investigating the degradation of these organic pollutants by direct
photodegradation and by "OH oxidation, when TBA is used as the "OH scavenger, secondary ROO’
will be generated and may participate in the reactions with organic pollutants. The role of
secondary ROO’ on the degradation and transformation of organic pollutants should not be ignored,
because ROO" plays a significant role in the oxidation of volatile organic compounds.*® Thus, due
to the oxidation of organic pollutants by ROO", the oxidative roles of ‘OH in aqueous redox
reactions cannot be examined simply by comparison of the results with and without TBA. It is
alarming that TBA cannot terminate the oxidative activity of ‘OH. A closer look at the potential
formation of secondary ROO® and its oxidative roles for the targeted chemicals is strongly
recommended for studies of scavenged oxidative reactions in the environment.

The generation mechanism of ROO" by chain reactions between TBA and ‘OH applies to
other alcohols used as scavengers for ‘OH, such as methanol, ethanol, and propanol. Moreover,

other organics used as scavengers contain alkyl functional groups, so these “OH scavengers and
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organics can also react with ‘OH to form ROO"’ via similar chain reaction mechanisms. Therefore,
their generation of secondary ROO" should be carefully examined, especially in inorganic redox
chemistry studies (e.g., Mn?", Fe**, As**, and Cr’" oxidation).

This study also suggests a new abiotic oxidation pathway for Mn?" (aq) to Mn oxide solids
by ROO". ROO’ can be produced by the reaction between ‘OH and unsaturated organic matter. For
example, when "OH abstracts a hydrogen atom from polyunsaturated fatty acids, a carbon-centered
radical (R°) is formed and rapidly transforms to ROO" by reacting with 02.*° The formed ROO
can then oxidize Mn** (aq) to Mn oxide solids. Because ‘OH is environmentally ubiquitous, Mn**
(aq) oxidation by ROO’ can occur widely in the presence of unsaturated organic matter. This study
helps understand the occurrences of Mn oxides in natural and engineered environments and their
impacts on the fate and transport of contaminants, and it provides new insights into pathways of

other mineral formation by ROO".
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Figure 1. Effects of TBA on photochemical oxidation rates of Mn oxide solids. For all
experiments, 0.1 mM MnClz was the Mn source. (a) Oxidized Mn concentrations and (b) solution
pH with experimental time under the conditions of 0.1 mM MnClz, 1 mM NaNOs3, and 0, 1, 10, or
100 mM TBA; of 0.1 mM MnClz, 1 mM NaNO3, 10 mM TBA , and 0.5 or 1 uM SOD; of 0.1 mM
MnClz, 1 mM NaNOs, and 0.5 uM SOD; and of 0.1 mM MnClz and 10 mM TBA. (c¢) Oxidized
Mn concentrations with experimental time for forming Mn oxide (s) (light), and reaction between
formed Mn oxide (s) and ImM TBA (dark). Error bars represent the standard deviation from at
least duplicate tests.
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Figure 3. Detection of ROO" by PABA fluorescent probe. (a) Scheme of conversion of the PABA
fluorescent probe to non-fluorescent products. (b) Percentages of the concentration decrease of
PABA and (c) solution pH change with the elapse of experimental time for photolysis of solutions
containing 20 uM PABA and 2 mM PP (photodegradation of PABA); containing 20 uM PABA,
2 mM PP, and 1 mM NaNOs (photodegradation and "OH oxidation of PABA); and containing 20
uM PABA, 2 mM PP, | mM NaNOs, and 10 mM TBA (photodegradation and ROO" oxidation of

PABA). Error bars represent the standard deviation from at least triplicate tests.
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Figure 4. Oxidation of Mn*" (aq) by ROO". (a) Scheme of ROO" generation from the rection
between CPO and #-BuOOH. (b) Oxidized Mn concentration and (c) solution pH with
experimental time under the conditions of 0.1 mM MnClz; of 0.1 mM MnClz and 3 uM CPO; of
0.1 mM MnClz and 57 mM #-BuOOH; and of 0.1 mM MnClz, 3 uM CPO, and 57 mM #-BuOOH.

Error bars represent the standard deviation from at least duplicate tests.
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Figure 5. Comparison of crystalline phases and oxidations states of the formed Mn oxide (s) in
the presence of different concentrations of TBA as an "OH scavenger. (a) HRXRD spectra, and (b
and c) average Mn oxidation state of Mn 2p3/2 spectra calculated via Gaussian—Lorentzian fitting
of Mn oxide solids formed under the conditions of 0.1 mM MnClz, I mM NaNOs, in the presence
of 0, 1, 10, or 100 mM TBA, at initial pH 9. At least duplicate tests were conducted for each system.
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Figure 6. Comparison of crystalline phases and morphologies of formed Mn oxide solid in the
presence of different concentrations of TBA as "OH scavenger. Representative HRTEM images of
the synthesized Mn oxide solids under the conditions of 0.1 mM MnClz, | mM NaNOs3, in the
presence of (a and b) 0 mM; (c and d) 1 mM TBA. SAED patterns in (d) confirmed the formation
of both 6-MnO2 and B-MnOsz. At least five different spots in the TEM grids were measured.
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