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ABSTRACT: We investigated benzoic acid oxidation via the reaction of hydrogen peroxide (H,0,) and nitrite (NO,”). The
oxidation of benzoic acid by reactive nitrous acid (HONO) was negligible, and the reactivity of the H,0,/NO,™ system decreased
with a decrease in temperature under aqueous conditions. However, freezing markedly accelerated the chemical reaction. Based on
Raman microscope measurements, concentrated species were confirmed in certain regions of the ice. We proposed that the change
in nitrite speciation (accordingly, a decrease in the pH below pK,), derived from the freezing concentration effect, was the reason for
the accelerated reactions. The oxidation characteristics of the system were monitored under varying conditions, such as initial pH,
dosage ratio, benzoic acid concentration, and reaction with various benzene derivatives. The ultrahigh-performance liquid
chromatography/electrospray ionization/mass spectrometry (UHPLC/ESI/MS) measurement showed that peroxynitrous acid
(HOONO)-mediated oxidation generated hydroxylated and nitrated byproducts. Additionally, decarboxylated products were
detected, indicating direct electron transfer from the organic compounds to HOONO. As freezing is a global phenomenon, and
H,0, and NO,™ are ubiquitous in the environment, the transformation of aromatic compounds with H,0,/NO,” in cold
environments must be considered in environmental chemistry.
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Bl INTRODUCTION reaction involving nitrite during freezing cannot be interpreted
The environmental chemistry of aromatic substances is of great solely based on the freeze concentration effect; the speciation
importance because they influence Earth’s carbon cycle of nitrite to nitrous acid must be considered. Although the
Among the variety of species associated with hydrocarbon substances concentrated at the ice grain boundaries, the nitrite
transformation, nitrite has been intensively highlighted owing reactivity during freezing was inert under circumneutral and
to its importance in photochemistry as a source of nitric oxide alkaline pH conditions.'”'® Additionally, many studies have
and hydroxyl radicals, as well as its inherent reactivity when reproduced the phenomenon of a 2- to 4-fold decrease in the
protonated to form nitrous acid."”"" Generally, most studies pH in the liquidlike region of ice when the pH before freezing
on nitrite chemistry have focused on aqueous and gaseous was slightly acidic; these studies have proposed that proton

phase reactions. However, its unique behavior during freezing
has also been identified and analyzed.'””'* This unique
behavior is the significant acceleration of the reaction during
freezmg compared with the liquid phase when the pH is
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accumulation and cation—anion separation at the ice grain
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freeze concentration effect, which refers to the accumulation of
dissolved species in the liquid-like layer of ice (or the ice grain
boundary)."” However, Takenaka et al.'’ inferred that the
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boundary and ice-bulk were mainly responsible for this
phenomenon.'”~** Accordingly, in this acidic environment in
ice, nitrite can transform to reactive nitrous acid (HONO; pK,
= 3.4) and the nitrous acidium ion (H,ONO"; pK, = 1.7),”*
despite a circumneutral pH before freezing. These substances
can react with aromatic compounds, such as guaiacol,6
methylcatechol,” acetaminophen,” and phenol®*° to generate
nitrated aromatic compounds, which have an important role in
environmental chemistry.

In addition to the reaction of nitrous acid, enhanced phenol
nitration has been reported, which was caused via the
introduction of hydrogen peroxide into a nitrite solution.’
Previous studies have shown that nitrite does not react with
hydrogen peroxide at an appreciable rate, but nitrous acid
reacts rapidly with hydrogen peroxide and transforms into
peroxynitrous acid (HOONO), which is responsible for the
accelerated nitrophenol generation. Although the reaction
mechanism of HOONO is not yet fully understood, its
reactivity has been ascribed to (i) one- or two-electron transfer
oxidation, (ii) the generation of NO," ion from the heterolytic
cleavage of the peroxo O—O bond, or (iii) the formation of a
[*'NO, + °*OH] . caged radical pair or its individual free
radicals through the homolytic cleavage of the peroxo O—O
bond.”’~** Hence, HOONO behaves not only as a nitration
reagent but also as a hydroxylation reagent.”> Numerous
studies have discussed the reactions with HOONO with
respect to the generation of *OH based on the apparent
observation of hydroxylated byproducts;*******” other studies
have also proposed that *OH cannot be generated from the
homolysis of HOONO.*>***” Owing to its complex chemistry,
these controversies have not been resolved until now.
However, regardless of the detailed reaction mechanism,
HOONO can be regarded as a sufficiently strong oxidant,
which reacts nonselectively with various organic compounds in
the environment, as well as *OH.

In this study, we propose a novel chemical reaction
mechanism, i.e., the accelerated oxidation of aromatic
substances in the frozen hydrogen peroxide and nitrite
solution. We tested the oxidation of benzoic acid (BA) as a
representative aromatic compound because its structure is
ubiquitous in various organic compounds in the environment'
and drugs,40 and it resists the oxidative attack of HONO, as
shown in our experiment. This negligible reactivity is
important because many studies on aromatic nitration have
discussed nitration-prone compounds, such as phenol, to
analyze the role of nitrous acid.”>**”** However, we also need
to consider nitration-resistant compounds under certain
conditions. Furthermore, low temperatures inhibit aromatic
nitration” such that freezing-accelerated BA transformation can
provide new HOONO-mediated pathways in environmental
chemistry. Accordingly, we compared the transformation
efficiency of BA in aqueous and frozen systems. We attempted
to reveal the reason for accelerated BA oxidation in the frozen
system, which is related to the acid dissociation constant of
nitrite and the acidity in the ice. We confirmed the freeze
concentration in the ice. We then tested the influence of the
stoichiometric ratio between the reactants. The substrate-
dependent reactivity of the system was also investigated. The
reaction byproducts were detected to understand the
characteristics of oxidation. The system was also investigated
under imitated natural conditions, i.e., water environments
(stream or rain) and freezing conditions (ethanol bath or air-
cooling). Water freezing commonly occurs in the upper
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atmosphere, polar regions, and middle latitude in winter.
Hydrogen peroxide and nitrite are present in water droplets,
haze, rain, and surface water, among others, which can be
frozen. Based on these circumstances, our study demonstrates
the important role of freezing in the transformation of organic
compounds in the environment.

B EXPERIMENTAL SECTION

Chemicals. The chemical reagents used in this study are
listed in the Supporting Information (Text S1). All chemicals
were of reagent grade and were used as received without any
further purification. The entire chemical solutions used in this
study were prepared with ultrapure deionized water (18.2 MQ-
cm), which was produced by a Milli-Q Water Purification
System (Millipore). The natural waters (i.e., rain and stream)
were obtained as follows: We gathered rainwater at the rooftop
of the KOPRI building from September 28—29, 2021. We
collected stream water from the Seongbuk stream, Korea, on
October 6, 2021. All collected natural waters were filtered
using a 0.2 ym PTFE filter and stored in a refrigerator.

Experimental Procedure. The test solution was prepared
in a 100 mL glass beaker. H,0, (100 mM), NaNO,, and BA
stock solutions (10 mM) were appropriately added to the
beaker to obtain the desired concentration. Then, HCIO,
solutions were added to obtain the initial pH value. Next, 10
mL of this solution was poured into a 15 mL polypropylene
conical tube sealed with a cap. The conical tube containing the
test solution was placed in an ethanol-cooling bath, which was
precooled to desired temperatures (—20, —10, S, 15, 25, and
35 °C). The number of conical tubes was selected according to
the time-sampling points. These preparation procedures were
conducted as fast as possible (~30 s was required), and we
assigned the moment at which the conical tubes were
immersed in the cooling bath as the starting point (ie., t =
0). The frozen conical tube was withdrawn from the cooling
bath at a particular time and then placed in a lukewarm water
bath at 30 °C to thaw the ice for chemical analysis. Note that
the influence of thawing in 30 °C within 10 min is negligible as
presented in Figure 1 (see 35 °C in Figure 1). After thawing,
the samples were analyzed immediately. At least two runs of
each experiment were performed to confirm the data
reproducibility. When we needed to freeze the solution using
the air-cooling system, the conical tubes were placed in a
custom-made low-temperature chamber, which operated at
—20 °C with marginal temperature variation from the
programmed value.

Analytical Methods. High-pressure liquid chromatogra-
phy (HPLC) (Agilent, 1260 Infinity II) was employed to
analyze the organic compounds in this study. The organic
compounds are identified by examining retention time
(Poroshell 120 EC-C18 column (4.6 mm X 150 mm) was
used) and absorbance (using a variable-wavelength detector
(G7114 1260VWD)). In the analysis, 0.1% (v/v) phosphoric
acid and acetonitrile were used as eluents, and the composition
ratio between them varied according to the target organic
compound.

The nitrite and nitrate concentrations were measured using
an ion chromatograph (Dionex ICS-1100) with a suppressor
(Dionex AERS 500), column (Dionex IonPac AS23), and
conductivity detector. Sodium carbonate and bicarbonate
solution (0.477 and 0.067 g in 1 L, respectively) were used
for elution.

https://doi.org/10.1021/acs.est.1c05705
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Figure 1. Time profiles of substrate concentrations in the H,0,/
NO,” system. (a) Concentration of BA. (b) Concentrations of H,0,
and NO,~. Experimental conditions: [BA], = 20 uM; [H,0,], = 1
mM; [NO, ], = 0.5 mM; pH; = 4.0 (adjusted by HCIO,).

The H,0, concentration was measured via the modified
iodometry method, as described in Klassen et al.*' Specifically,
0.0S mL of sample was mixed with 2.85 mL of 10 mM KI (in
10 mM NaHCO;) and 0.1 mL of 10 mM ammonium
molybdate (total volume of 3 mL); this solution was incubated
in the atmosphere for 1 h. The absorbance at a wavelength of
352 nm was monitored to calibrate H,0O, concentration. We
confirmed that other oxidants, such as HONO, did not
interfere with the signal, and was well reproduced at various
H,0, concentration standards. UV—vis spectroscopy was used
to monitor the H,0, concentration with a UV-2600i
(Shimadzu).

A confocal Raman microscope (Renishaw, InVia Qontor)
was employed to obtain information on the reagent
distribution in the ice without melting. A temperature-
controlled microscope stage (Linkam Scientific, THMS600)
was used to freeze the sample with a cooling speed of —2 °C/
min and a terminal temperature of —20 °C. The 532 nm laser
was exposed for 1 s with data accumulation 10 times, and the
laser power on the spot was less than 1.5 mW.

The oxidation byproducts were analyzed using a UHPLC
(Thermo Fisher Scientific, Vanquish) combined with a
quadrupole-orbitrap mass spectrometer (Thermo Fisher
Scientific, Q Exactive Focus). The separation was performed
on a Hypersi GOLD aQ column with a mobile phase
composed of 0.1% (v/v) formic acid (dissolved in LC-MS
grade water) and neat acetonitrile (LC-MS grade) at a flow
rate of 0.3 mL/min. Mass detection was carried out in negative
electrospray ionization (ESI) mode, and the operating
parameters were set as follows: a detection range of 50—550
m/z, with a resolution of 70000, spray voltage of 4.00 kV,
capillary temperature of 320 °C, sheath gas flow rate of 40 au,
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auxiliary gas flow rate of 10 au, auxiliary gas heater temperature
of 300 °C, S lens RF level of 50.0, maximum injection time of
200 ms, and automatic gain control (AGC) target of 1 X 10°.
The obtained total ion current (TIC) signals were analyzed
using the Compound Discoverer 3.2 (Thermo Fisher
Scientific) software with Chemspider and mzCloud database
to identify and confirm the detected byproducts. Total organic
carbon (TOC) was measured using a TOC Analyzer (TOC-
LCPH, Shimadzu).

Bl RESULTS AND DISCUSSION

Freezing-Induced Enhancement of Reaction between
Hydrogen Peroxide and Nitrite. Figure la shows the
degradation of BA in the H,0,/NO,™ system at a pH of 4. In
the aqueous cases (ie., the temperature was >0 °C), the
decrease in BA did not exceed 20% of its initial concentration
during the reaction. However, when the solution was frozen
(i.e., the temperature was —20 and —10 °C), approximately
half of the initial BA decomposed. The degradation of BA
during freezing was not observed when H,0, or NO,™ was
absent from the solution (Figure la; pink triangle and blue
circle). Similarly, the concentrations of H,0, and NO,~
changed rapidly when the solution was frozen, whereas they
gradually decreased when the solution was not frozen (Figure
1b). It is noteworthy that the initiation of freezing at —10 °C
required ~30 min, and the concentration change within that
period was very little, but the remarkable change of
concentration occurred after that period. Also, we emphasize
that the concentration changes in the aqueous conditions were
reduced with a decrease in the temperature. However, when
the solution was frozen, the reaction between the reagents
increased, and most of the NO,” was converted to NO5~
(Figure S1). We note that although the only presence of NO,~
also showed a change in its concentration due to freezing, the
rate was significantly lower than that in the case of its
coexistence with H,0, (Figure S1). Based on these
observations, we concluded that H,O, and NO,™ are essential
for initiating BA degradation, and the reactions between them
increased as a result of freezing. We also point out that ~20%
of the total nitrite concentration occurred in a grotonated form
at a pH of 4, ie., nitrous acid (Figure S2). * As a reactive
nitrogen species, HONO can transform various aromatic
compounds, includin J)henol, catechol, acetaminoghen, ani-
line, and benzene.”””**** Additionally, Sun et al.* reported
that freezing can accelerate sulfamethoxazole transformation by
nitrite at circumneutral pH values. However, we found no BA
decomposition by NO,™ at a pH of 2—5 (note that, at a
maximum, 80% of the NO,™ existed as HONO; Figure S2) in
both the aqueous and frozen systems (Figure S3a). We expect
that the negligible reactivity of HONO toward BA derives from
the function of the electron-withdrawing carboxyl group, which
resists the electrophilic substitution of HONO (or NO*) on
the aromatic ring of BA.** Thus, we inferred that the BA
decomposition originated from the action of other reactive
species, derived from the reaction between H,0O, and nitrite
species (ie, HONO and NO,”). According to previous
studies, the reaction between H,0, and NO,” generates
reactive peroxynitrous acid (HOONO) as follows™*>*®

H,0, + HONO — HOONO + H,0 (1)

HOONO < OONO™ + H*(pK, = 6.8) (2)

https://doi.org/10.1021/acs.est.1c05705
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HOONO — NO;™ + H* (isomerization) (3)
HOONO — NO," + OH™ (heterolytic cleavage) (4)
HOONO < ['NO, + "OH],, )

The pK, of ONOO™ is 6.8; thus, it occurs as a protonated
species under acidic condition.”” In the previous research, the
activation energy of forming NO," and HNO; from the
reaction of H,0, and HNO, at pH 4.5 were calculated as 94 +
8 and 75 + 35 kJ/mol, respectively.” We noted that, under
aqueous conditions at a pH of 4, we obtained the activation
energy of NO,™ transformation of 38.56 + 3.27 kJ/mol from
the plot of the Arrhenius relationship (Figure S4).

The decomposition of BA is sensitive to pH. Figure 2a
illustrates the pH dependence of BA degradation in the H,0,/

(a) Reaction time = 0, 30, and 60 min (left to right)
Empty bar = Aq. (25 °C) and Filled bar = Fz. (-20 °C)
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Figure 2. Effect of pH on the H,0,/NO,” system. (a) Concentration
of BA. (b) Concentration of H,0,, NO,~, and NO;~. Experimental
conditions: [BA], = 20 uM; [H,0,], = 1 mM; [NO, ], = 0.5 mM;
temperature: frozen system (Fz.) = —20 °C, aqueous system (Aq.) =
25 °C; reaction time = 1 h.

NO,™ system. We found that ~65% of the BA decomposed at
a pH of 3, even under aqueous conditions, but freezing
accelerated this reaction (note that the absence of NO,~
resulted in no degradation of BA; Figure S3b). Overall, the
BA degradation efficiency decreased with an increase in the
pH. Furthermore, no changes were observed at a pH of §,
regardless of freezing. As the pK, of nitrite is 3.4 (HNO, <
NO,7),”'%*" it is plausible that oxidant generation, which is
responsible for BA degradation, is highly related to nitrite
speciation. As demonstrated in previous studies, the NO,~
disappearance rate by H,0, is significantly related to the pH
and pK, values of the reactants.’” This reaction eventually
produces HOONO, but HOONO is rapidly decomposed and
isomerized to a relatively stable form: nitrate (NO;™).”’
Accordingly, we found a positive relationship between the
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decomposition of BA and the conversion of NO,™ to NO;™ by
H,0, (see the aqueous cases in Figure 2). In addition, the
molar ratio of the reaction between H,0, and NO,™ is likely
1:1 because we observed that ~0.45 mM of NO;~ was
generated from the reaction of 1 mM H,0, and 0.5 mM NO,~
(an ~90% conversion from NO,”), with a remainder of ~0.5
mM H,0, (Figure 2b). Note that the effect of NO;~ on the
system was negligible because the transformation of BA by 0.5
mM NO;~ with and without H,0, at a pH of 3 was ineffective,
although nitric acid is a strong nitration reagent (the pK, of
HNO; is <—1 such that it had likely fully dissociated and had
no oxidative effect under our experimental condition; Figure
SS). Furthermore, the oxidation of BA is likely caused by short-
lived substances because we found that only less than 5 uM BA
decomposition when BA was added later into the H,0,/NO,~
solution, which proceeded during the reaction between them
(Figure S6). Thus, considering HOONO as the main oxidant
is reasonable.

As shown in Figure 2, the reactivity of the system increased
as pH decreased. Hence, the accelerated BA decomposition in
ice can be interpreted as a freezing-induced decrease in the pH.
It is remarkable that a slight generation of NO;™ was found at
pH S under the frozen condition while no conversion to NO;~
was detected under aqueous conditions (Figure 2b). Owing to
the freeze concentration effect, the liquidlike layer in the ice
grain boundary can become more acidic via the freezing of an
acidic solution."”” According to studies on dichromate
reduction in ice, freezing-induced changes in the pH change
influence the reactivity of Cr species (roughly, pH 4 to 1)
because the Cr(VI) species can be affected by the proton
concentration and, consequently, its thermodynamic relation-
ship in the system.”””" Similarly, during freezing, the
speciation of NO,~ changes to more reactive HONO and its
reactivity with H,0, increased. To verify the pH drop
phenomenon during freezing, it was visualized using cresol
red (CR), which was employed as a pH indicator in the ice
sample (Figure 3a). The color change in CR occurs if the pH
of the system changes from 4 to near 1.1 due to the pK, of
CR." As shown in the inset of Figure 3a, the light yellow color
of the sample changed to light pink when the sample was
completely frozen. In addition, the peak position of absorbance
of the sample was found at 434 and 520 nm for the original
and frozen samples, respectively, which are consistent with the
reported values of the monoprotonated and diprotonated form
of CR*® According to the Henderson—Hasselbalch equation,
we assumed that the pH of the ice was <1.435 (see Text S2 for
a detailed description). However, we need to mention that the
current level of understanding in thermodynamics in ice, such
as an equilibrium constant at a liquidlike region, is very limited,
but these issues are beyond the scope of the present study.”"

Figure 3b shows the freeze concentration effect at the ice
grain boundary. The color in the center box represents the
Raman signal intensity at this position (note that red and
violet-black indicate high and low intensity, respectively). The
Raman peaks for H,0,, NO,™, and BA well agreed with the
literature.”> > As demonstrated, high signals occurred at the
interfacial and vertex positions of the ice grains. This result
indicates that the dissolved reagents apparently accumulated in
a specific area (i.e., the ice grain boundary or micro pocket) in
the ice. When we mixed all of the reagents comprising the
H,0,/NO,” system, we only found a weak peak at 877 cm™
(O—0 stretching of H,0,) and a strong peak at 1050 cm™
(NOj; in-phase symmetric stretching) in the scanned area due
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Figure 3. (a) UV—visible absorption spectra of CR. Insert = color of
cresol red. Experimental conditions: [CR], = 10 uM; [H,0,], = 1
mM; [NO,”], = 0.5 mM; pH; 4.0 (adjusted by HCIO,);
temperature: frozen system (Fz.) = —20 °C; aqueous system (Aq.)
= 25 °C. (b) Microscope image of ice grain boundary and the
distributions of reagents, which are represented by the Raman peak
intensity. Note that the peaks were normalized because of the
relatively high intensity of NO;~ (1050 cm™') than the others.
Experimental conditions: [H,0,], = 40 mM; [NO,™], = 20 mM;
[BA], = 1 mM; [HCl], = 5 mM.

to the production of NO;~ from the reaction. As we examined
the system within 30 min, this result reveals that the reaction
occurred rapidly in the concentrated region. In addition, if
some portions of HONO and H,O, were incorporated in ice
crystals by their distribution characteristics in water, its effects
were not significant on BA degradation. This was determined
using the Raman microscope; we found that most of the
species concentrated in the grain boundary region.
Characteristic of BA Oxidation via In Situ Generated
Peroxynitrous Acid in Ice. Figure 4a,b shows the influence
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that the initial H,0,/NO," ratio has on the BA decomposition
in the aqueous and frozen systems. The initial H,0,
concentration was varied from 0.1 to 5 mM, and the initial
NO, ™ concentration was varied from 0.1 to 1 mM. The overall
enhancement of BA decomposition was observed in the frozen
samples compared with the aqueous cases. However, the same
or higher amount of NO,”, with respect to the amount of
H,0,, inhibited the BA decomposition. Notably, the 1:1
H,0,/NO," ratio did not significantly inhibit BA degradation
at pH 3 in the aqueous system, while the 1:2 H,0,:NO, ™ ratio
apparently inhibited BA degradation (Figure 4c). In fact, the
initial BA concentration in our experiment was 0.02 mM;
therefore, 1 mM NO,” was 50-fold higher than the BA
concentration. Additionally, 0.1 mM H,0, and NO,” (1:1
dosage ratio), which only represents a S-fold higher NO,~
concentration with respect to the BA concentration, in the
frozen system led to the decomposition of ~20% of BA (Figure
4b). These results suggest that NO,~ competes with BA owing
to the oxidative attack of HOONO. However, if this
speculation is true, a high initial concentration of BA can be
more effectively decomposed than a low initial concentration
of BA. Figure 4d demonstrates the influence of the initial BA
concentration in the frozen H,0,/NO,” system. The BA
decomposition efficiency (100 X (1 — [BA]/[BA],); filled bar)
decreased with an increase in the initial BA concentration;
therefore, we questioned the possibility of the scavenging effect
of NO,. In contrast, when we compare the amount of
decomposed BA with the BA dose, a positive relationship
between them was established (empty bar). The 20 uM BA
decomposed at an initial BA concentration of 100 uM, while
only 10 M BA was decomposed at an initial BA dosage of 20
UM. Based on this, we believe that the decline in the BA
decomposition efficiency at high BA concentrations can be
ascribed to the enhanced generation of byproducts that
compete with BA; the scavenging effect of NO,™ is an
alternative scenario. Furthermore, the specific situation at the
ice grain boundary should be considered to elucidate the
inhibition via NO,” in the frozen system because freeze
concentration occurred. When we observed the disappearance
of HONO with reactant concentrations of 10 mM and 1 mM
in the aqueous solution at a pH of 3, the fast reaction occurred
in the concentrated case, i.e. the reaction was almost
completed within 10 min at 10 mM, whereas the reaction
lasted 60 min at 1 mM (Figure S7). Thus, we suggest that
concentrated NO,™ reacts with HOONO and rapidly trans-
forms to NO;™, thereby regenerating NO,™:

NO,” + HOONO — NO,~ + HONO (6)

()

Consequently, although NO,™ was consumed by HOONO, a
stoichiometric ratio of 1:1 between H,0, and NO,™ can be
established owing to the resupply of NO,” (HONO reacts
with H,0,) in this manner.

The reactivity of HOONO was estimated by testing the
degradation of various benzene substituents in the frozen
H,0,/NO,~ system (Figure 5). Overall, the H,0,/NO,™ cases
showed observable reactivity, except in the terephthalic acid
case, indicating the nonselective oxidative nature of HOONO.
We suggest that the solubility of terephthalic acid (<15 mg/L)
resulted in a low degradation efficiency in the ice because we
observed 50% of terephthalic acid degradation in the aqueous
H,0,/NO,~ system at pH 3 (Figure S8). Although we showed

HONO < NO,” + H'(pK, = 3.4)
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Figure 4. Influence of the initial H,0,/NO, ratio on BA decomposition in (a) aqueous system and (b) frozen H,0,/NO,~ system. Experimental
conditions: [BA], = 20 uM; pH; = 4.0 (adjusted by HCIO,); reaction time = 1 h; temperature: frozen system (Fz.) = —20 °C, aqueous system
(Aq.) =25 °C. (c) Acidic aqueous system of pH 3. Experimental conditions: [BA], = 20 uM; [H,0,], = 1 mM; pH, = 3.0 (adjusted by HCIO,);
reaction time = 1 h. (d) Influence of the initial BA concentration on the BA decomposition in the frozen H,0,/NO,” system. Experimental
conditions: [H,0,], = 1 mM; [NO, ], = 0.5 mM; pH; = 4.0 (adjusted by HCIO,); reaction time = 1 h.

the nonselective reactivity of HOONO, its efficiency differed
from that of benzene derivatives. Note that one of the reaction
modes of HOONO may involve electrophilic substitution, and
the electrophilic addition to the aromatic ring of the
electrophile is negatively related to the Hammett constant.
Accordingly, the degradation efficiencies of the substances in
the frozen H,0,/NO,” system decreased with an increase in
the electrophilic substituent constant ¢* (Figure S, top
row”**”). This trend was also observed in the HONO system
(i.e., the presence of only NO,"), but the HONO system was
not appreciably reactive in other cases (Figure 5, middle and
bottom rows). However, the degradation of substances in the
frozen H,0,/NO,” system was also related to the Hammett
constants ¢~ and op.56_58 Although a decrease in chlor-
obenzene was observed, we speculate that this is occurred
because of volatilization during freezing because chloroben-
zene was also removed in the only-H,0, case. However, the
concentration of chlorobenzene was significantly lower in the
case with H,0,/NO,”, showing the evident oxidation by
HOONO.

Identification of Reaction Byproducts. The reaction of
HOONO involves direct oxidation, nitration, and hydrox-
ylation.””~*° Accordingly, we can observe hydroxylated
byproducts, as well as nitrated compounds and decarboxylated
substrates. We first explored the byproducts of BA degradation.
We then degraded some selected BA derivatives that were used
as the starting compounds, namely, 4-nitrobenzoic acid
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(nitrated compound) and 2- and 4-hydroxybenzoic acid
(hydroxylated compound), to compare the results with BA
degradation and examine the reaction pathway. Hereafter, we
refer to “the starting compounds” (it is a separated system; not
byproducts in the BA system!) as their abbreviations, i.e,, BZA
(H,0,/benzoic acid/NO,” system; red), 2-HBA (H,0,/2-
hydroxybenzoic acid/NO,~ system; blue), 4-HBA (H,0,/4-
hydroxybenzoic acid/NO,” system; green), and 4-NBA
(H,0,/4-nitrobenzoic acid/NO,~ system; yellow). Note that
the signal in the BZA was amplified compared with the other
starting compound system because the concentration of the
other starting compounds was much higher (20 M) than the
BA oxidation products (~nM). Figure 6 shows the detected
products in the starting compounds. Most importantly, we
confirmed that the byproduct signals apparently derived from
the examined reaction (note that we can exclude the signal not
derived from the oxidation of HOONO, such as HCIO,, by
comparison with the background signals).

Interestingly, in the BZA, the aqueous (gray line at the top
row) system showed an intense 2-hydroxybenzoic acid signal
([M — H]™ m/z 137.0235), which was comparable with that in
the frozen system (red line), even though the degradation of
BA was not significant. Additionally, the peaks of 3- and 4-
hydroxybenzoic acid were identifiable in the aqueous system,
but their intensities were lower than those in the frozen system.
At this moment, we noted that the relative intensities of those
three hydroxybenzoic acid isomers are not directly related to
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the concentration ratio: the ionization tendency affects the
intensity (the estimated concentrations of salicylic acid and 4-
hydroxybenzoic acid in the frozen system were ~0.384 and
0.372 uM, respectively). Note that the aqueous system of pH 3
showed significant BA degradation (Figure 2), implying
weakened reactivity in the H,0,/NO,” system at a high pH.
Otherwise, we found no other intense signal under aqueous
conditions comparable to the frozen system (Figure S9).
Furthermore, the generation of nitrobenzoic acids was
negligible in the aqueous solution (Figure 6; gray in the top-
right) such that the nitration reactivity of HOONO was likely
weaker than the hydroxylation reactivity under aqueous
condition (pH 4). It is noted that the electrophilic substitution
on the aromatic ring, which has deactivating group on it, prefer
to attack the meta-position of the aromatic ring. Accordingly,
we found that dominant 3-nitrobenzoic acid with respect to 4-
nitrobenzoic acid. Furthermore, we found that BA degradation
does not yield para-positioned dinitrobenzoic acid because
there is no common peak position between BZA and 4-NBA
(m/z 210.9994, middle row). Thus, the peak on the red line at
8.9 min of m/z 210.9994 likely represented 3,5-dinitrobenzoic
acid.

The production of dihydroxybenzoic acid (m/z 153.0185)
was also differentiated in the starting compounds. While BZA
yielded three peaks, 4-HBA yielded only one peak at a
retention time of 5.5 min and 2-HBA yielded two peaks at 6.4
and 7.1 min. Therefore, the compound at 5.5 min did not
contain an ortho-positioned hydroxyl group, and the remaining
compounds did not have a para-positioned one. A reasonable
explanation for this is that the meta-hydroxylation of
hydroxybenzoic acid mainly occurred. To compare the
characteristics of the *OH-involved reaction, we employed
the Fenton system and compared it with the H,0,/NO,~
system (Figure S10). We found that the Fenton system also
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showed no common peak for dihydroxybenzoic acid at either
2-HBA or 4-HBA (Figure S10a). However, 2-HBA showed
three peaks at the Fenton system, while the H,0,/NO,”
system showed only two peaks at 2-HBA (both the frozen and
acidic aqueous cases; Figure S10b). Hence, we assume that the
—OH addition to the ortho-position is not negligible when
*OH attacks 2-hydroxybenzoic acid, while HOONO showed
no responsible signal according to this. Therefore, we speculate
that the oxidation mechanism between HOONO and *OH is
slightly different. Besides, based on the mono-hydroxylation of
BA, both systems showed the apparent generation of 2-, 3-, and
4-hydroxybenzoic acid and the signal ratios among the isomers
were slightly different (note that we matched the BA
decomposition at 50% of its initial concentration; Figure
S10c). Again, we emphasize that the intensity ratio does not
directly indicate the concentration ratio; rather, it was reported
that the meta-hydroxybenzoic acid yield by *OH was highest
among the isomers.”” In fact, although HOONO is not a
radical oxidant, the H,0,/NO,™ system was ineffective with
the addition of the radical scavenging reagent methanol
(Figure S11). We believe that further studies clarify the
characteristic differences between HOONO and *OH.

The features of trihydroxybenzoic acid (m/z 169.0136) were
difficult to explain because there were many spread peaks, and
the peak intensity was low. We believe that the peaks with
retention time >S5 min were produced at the electrospray stage
because they overlapped with their mother compounds, such
as mono- and dihydroxybenzoic acid.*’ Similarly, the detected
benzenediol peaks (m/z 109.0284), which have retention
times >5 min, might be produced from the transformation of
the mother compounds by corona discharge.”’ However, those
hydrophilic compounds were assuredly generated because the
evident signals were found at early retention times (<S5 min;
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note that we confirmed that the catechol peak was positioned
at S min).

Hydroxynitrobenzoic acid (m/z 182.0090) can be generated
through two pathways: hydroxylation-first nitration-after, or
vice versa. However, we propose that the former is more prone
to occur than the latter because hydroxylated compounds are
more easily decomposed than nitrated compounds, as
illustrated in Figure 5. We found three peaks at 7.5, 8.4, and
8.6 min at BZA with m/z 182.0090. The earliest peak also
appeared at 2-HBA, and because no peak was produced at this
retention time in 4-NBA, this is likely 2-hydroxy-3-nitro-
benzoic acid. The middle one (8.4 min) appeared at 2-HBA
and 4-HBA both, so we suggest that the retention time of 2-
hydroxy-S-nitrobenzoic acid is close to the retention time of 4-
hydroxy-3-nitrobenzoic acid. From the comparison with 4-
NBA, we suggest that 8.6 min is the retention time of 3-
hydroxy-4-nitrobenzoic acid. Then, because hydroxylation
increases the polarity of aromatic compounds, which results
in the pulled retention time of m/z 198.0040 from the
retention time of m/z 182.0090 in the C-18 column, we can
confirm that dihydroxynitrobenzoic acid (m/z 198.0040) is
without doubt generated.
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We also suggest that decarboxylation can occur during
oxidation. We found a clear signal of nitrophenol (m/z
138.0184) and hydroxynitrophenol (m/z 154.0137). The
nitrophenol (bottom, third from left), at a position 8.7 min,
was 4-nitrophenol because we confirmed its retention time via
the comparison with a standard sample. 4-HBA showed one
peak with respect to this such that decarboxylation occurred
earlier than nitration. 2-HBA showed no peaks of nitrophenol
such that the ortho-positioned hydroxyl group likely provided
decarboxylation-resistant characteristics. The 8.9 min of m/z
138.0184 should be derived from the decarboxylation of 3-
hydroxy-4-nitrobenzoic acid because there was no associated
signal at 2-HBA and 4-HBA. Also, hydroxynitrophenol (m/z
154.0137) was likely mainly generated from the decarbox-
ylation of dihydroxynitrobenzoic acid because the peaks were
not well matched with the trend in m/z 138.0184 and m/z
109.0284 peaks. Hence, discussing the hydroxylation of
nitrophenol and the nitration of benzenediol based on this
result is difficult. If the decarboxylation occurred at the very
early stage of oxidation, we could identify it, but our UHPLC/
ESI/MS technique was not suitable to detect benzene and
phenol (we think that the APPI ionization source is more
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suitable for detecting the nonpolar benzene molecule than
ESI).

Freezing-Induced BA Degradation by H,0,/NO,~
System at Natural Imitated Environment. As mentioned
in Figures 4 and 5, the interaction between BA and HOONO
can be affected by other species, such as byproducts and nitrite.
Generally, natural water contains many ingredients. As a result,
BA degradation by the H,0,/NO,™ system could be retarded
in natural environments. Additionally, ice production in an
ethanol bath is more efficient than in a refrigerator (air-
cooling) because the heat transfer rates between the two media
are different. Thus, to assess the impact of the real condition,
we observed the BA degradation efficiency of the H,0,/NO,~
system in an imitated natural environment using the air-
cooling system and stream and rain waters (Figure 7). The
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Figure 7. BA degradation by the H,0,/NO,” system at natural
imitated environments. Experimental conditions: [BA], = 20 uM;
[NO, ], = 0.5 mM; [H,0,], = 1 mM; temperature: frozen system
(Fz.) = —20 °C, aqueous system (Aq.) = 25 °C; reaction time = 2 h;
pH = 4 (adjusted by HCIO,).

constituents under different water conditions are listed in
Table S1 (note that we added 1 mM H,0, and 0.5 mM NO,~
in all waters and adjusted the initial pH of 4). Overall, the
freezing method did not influence the BA degradation
significantly. The difference between deionized water and
rain was marginal, although the higher TOC with respect to
the deionized water was measured in rainwater. Although the
BA degradation in the stream water showed a retarded
performance, the effect of freezing was also apparent in the
stream. We believe that this retardation in the stream was
derived from a higher concentration of species compared with
the other two cases (Table S1).

Environmental Implications. The NO,™ concentration
varies depending on the situation: it is reported that about a
few nM of nitrite presents at snow surface and droplet,""** but
it can increase up to about several hundred M in fogwateréz’63
and significantly concentrated in the groundwater and
municipal water due to industrial and agricultural activity.”*
Although H,O, is not as stable as NO,”, H,0, is also
ubiquitous in aquatic environments: it can be produced by
natural chemical reactions and biological processes.””*® The
presence of H,O, has been identified in various environments,
including polar regions.”~* Freezing occurs globally on Earth.
While freezing generally freezes the progression of chemical
reactions, it can accelerate the reaction under specific
situations because the water transforms its phase into ice and
generates highly concentrated microreactors inside (freeze
concentration effect). The chemistry of nitrite is associated
with this unique reaction such that it can provide a highly
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oxidative environment for BA oxidation when it reacts with
H,0, under slightly acidic conditions. According to this,
although the role of freezing has not been significantly
considered for the transformation of aromatic compounds as
carbon budget yet, it needed to be accounted for in
environmental chemistry. Then, proxynitrie can also be
generated from the reaction of N;/O; and *NO/O,*”; thus,
we further study the effect of freezing on these systems.

HOONO is generally considered to be a strong nitration
reagent. However, it is also a strong hydroxylation reagent.
There are many arguments regarding the derivation of
hydroxylation, such as the generation of *OH. Although we
found a different reaction pathway between the H,0,/NO,~
and the Fenton system, further studies are required to reveal
the characteristics of HOONO.
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