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The photooxidation of organic compounds by hydroxyl radicals ($OH) in atmospheric aqueous phases

contributes to both the formation and aging of secondary organic aerosols (SOAs), which usually

include carboxylic acids. Hydrogen peroxide (H2O2) and inorganic nitrate are two important $OH

photochemical sources in atmospheric aqueous phases. The aqueous phase pH is an important

factor that not only controls the dissociation of carboxylic acids and consequently their $OH

reactivities, but also the production of $OH and other reactive species from the photolysis of some

$OH photochemical precursors, particularly inorganic nitrate. While many studies have reported on

the aqueous pH-dependent photodegradation rates of carboxylic acids with $OH produced by

H2O2 photolysis, the aqueous pH-dependent photodegradation rates of carboxylic acids with $OH

produced by inorganic nitrate photolysis have not been studied. In this work, we investigated the

pH-dependent (pH 2 to 7) aqueous photooxidation of formic acid (FA), glycolic acid (GA), and

pyruvic acid (PA) initiated by the photolysis of ammonium nitrate (NH4NO3). The observed reaction

rates of the three carboxylic acids were controlled by the [NH4NO3]/[carboxylic acid]

concentration ratio. Higher [NH4NO3]/[carboxylic acid] concentration ratios resulted in faster

photodegradation rates, which could be attributed to the higher concentrations of $OH produced

from the photolysis of higher concentrations of NH4NO3. In addition, the observed

photodegradation rates of the three carboxylic acids strongly depended on the pH. The highest

photodegradation rate was observed at pH 4 for FA, whereas the highest photodegradation rates

were observed at pH 2 for GA and PA. The observed pH-dependent FA and GA photodegradation

rates were due to the combined effects of the pH-dependent $OH formation from NH4NO3

photolysis and the differences in $OH reactivities of dissociated vs. undissociated FA and GA. In

contrast, the observed pH-dependent PA photodegradation rate was due primarily to the pH-

dependent decarboxylation of PA initiated by light. These results highlight how the aqueous phase

pH and inorganic nitrate photolysis can combine to influence the degradation rates of carboxylic

acids, which can have significant implications for how the atmospheric fates of carboxylic acids are

modeled for regions with substantial concentrations of inorganic nitrate in cloud water and

aqueous aerosols.
Environmental signicance

Low-molecular-weight carboxylic acids (LMWCA) and inorganic nitrate are ubiquitous components of cloud water and aqueous aerosols. The reactive fates of
LMWCA in atmospheric aqueous phases are of interest to the scientic community since they participate in important atmospheric processes. Aqueous-phase
inorganic nitrate photolysis produces reactive species that can react with LMWCA to inuence their reactive fates. We investigated the role of pH on the aqueous
degradation kinetics of formic acid, glycolic acid, and pyruvic acid during nitrate-mediated photooxidation. The pH and inorganic nitrate photolysis combined
to inuence the pH-dependent degradation rates of these LMWCA, which has signicant implications for how the fates of LMWCA are modeled for regions with
substantial concentrations of inorganic nitrate in cloud water and aqueous aerosols.
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1 Introduction

Atmospheric aerosols play important roles in air quality and
climate change. Secondary organic aerosols (SOAs) typically
contribute more than half of the mass fraction of organic
aerosols in most areas.1,2 Atmospheric aqueous phases, such as
cloud water and aqueous aerosols, are important media for the
Environ. Sci.: Processes Impacts, 2023, 25, 461–471 | 461
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Fig. 1 Chemical structures of the three carboxylic acids used in the
study.
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formation and aging of aqueous SOAs (aqSOAs).3–7 The fates of
aqSOA components in atmospheric aqueous phases depend on
the composition of the aqueous phase since some of the inor-
ganic (e.g., inorganic nitrate and hydrogen peroxide) and
organic (e.g., organic peroxides) compounds in the aqueous
phase produce reactive oxidative species upon illumination,8–11

which can react with aqSOA components and form lower and
higher molecular weight oxygenated organic compounds.3–5

Low molecular weight carboxylic acids are ubiquitous aqSOA
components of cloud water and aqueous aerosols in urban,
rural, and remote environments.12–17 They play important roles
inmany atmospheric processes such as contributing to aqueous
phase acidity levels and participating in aqueous reactions.3–5,18

Low molecular weight carboxylic acids in cloud water usually
originate from the aqueous processing of water-soluble organic
compounds (WSOCs).3 However, in aqueous aerosols, they are
attributed to both aqueous processing (in the case of dicar-
boxylic acids) and the formation of nonvolatile carboxylate salts
during long-range transport (in the case of monocarboxylic
acids).7,12,19

The hydroxyl radical ($OH) is widely recognized to be an
important oxidant in atmospheric aqueous phases.20 Many
organic compounds have high reaction rates with $OH in the
aqueous phase, most of which will lead to lifetimes close to
those in the gas phase.20,21 Although $OH can be transferred
from the gas phase to the aqueous phase, it can also be formed
in situ by the aqueous photolysis of hydrogen peroxide, nitrate,
nitrite, and light-absorbing organic matter containing photo-
labile molecules (e.g., organic peroxides and metal–organic
complexes), as well as by dark Fenton and photo-Fenton
processes.8,20,22–24 Hydrogen peroxide (H2O2) is believed to be
the main photochemical source of $OH in cloud water in most
regions.6,23 For the typical range of pH values of atmospheric
aqueous phases (pH 2 to 7),25 $OH production from H2O2

photolysis does not depend signicantly on the pH.26 However,
the pH can impact the oxidation kinetics of acidic and basic
organic compounds since it controls the fraction of the acidic/
basic organic compound that is present in its neutral vs.
deprotonated/protonated forms which have different $OH
reactivities.27–29 In the case of carboxylic acids, due to the elec-
trophilic nature of $OH, the reaction of $OH with the deproto-
nated carboxylate group via electron transfer occurs at a faster
rate than hydrogen (H) atom abstraction by $OH.30–32 This
results in carboxylic acids generally having lower $OH reactiv-
ities at lower pH, though the $OH reactivities of low molecular
weight carboxylic acids are more sensitive to pH compared to
the $OH reactivities of high molecular weight carboxylic
acids.27,32,33

Inorganic nitrate is a major component of cloud water and
aqueous aerosols in many regions.6,34,35 The concentrations of
inorganic nitrate in cloud water and aqueous aerosols are
usually higher in densely populated urban areas where high
levels of nitrogen oxides are present.6,34,35 In addition, inorganic
nitrate is becoming increasingly important in areas with large
curtailment in sulfur dioxide emissions and/or with high
ammonia emissions, which result in nitric acid being neutral-
ized by excessive ammonia.36–38 The importance of inorganic
462 | Environ. Sci.: Processes Impacts, 2023, 25, 461–471
nitrate as a $OH photochemical source in continental clouds is
typically second only to H2O2 photolysis,6,11,39 though inorganic
nitrate photolysis is reportedly the main source of $OH in some
areas such as California and Louisiana.24 The production of
$OH and other reactive species by inorganic nitrate photolysis is
strongly inuenced by the pH. This is because nitrous acid
(HNO2) production from inorganic nitrate photolysis is favored
over the production of nitrite ions (NO2

−) at around pH# 3.5.40

Since HNO2 has a higher quantum yield for $OH formation than
NO2

− in the near-UV region, higher $OH formation rates are
expected at pH # 3.5.40,41 Due to reductions in the emissions of
acidic precursors into the atmosphere, the average pH of cloud
water and aqueous aerosols in many parts of Europe, North
America, and China has been steadily increasing.25Hence, given
the ubiquitous nature of carboxylic acids and inorganic nitrate
in cloud water and aqueous aerosols, it is necessary to under-
stand how the pH inuences the nitrate-mediated photooxida-
tion of carboxylic acids.

In this study, we investigated the effect of pH (2 to 7) on the
aqueous degradation kinetics of three carboxylic acids during
photooxidation initiated by inorganic nitrate photolysis. The
three carboxylic acids used were formic acid, glycolic acid, and
pyruvic acid (Fig. 1). Formic acid was chosen because it is one of
the most abundant carboxylic acids in atmospheric aqueous
phases.42 Glycolic acid and pyruvic acid were chosen since they
are the simplest a-hydroxy and a-keto carboxylic acids, which
are commonly detected in atmospheric aqueous phases.43–45

Sources of these three carboxylic acids include direct emissions
from biogenic and anthropogenic sources, and production from
atmospheric chemical processes.12,42,43,46–50 The three carboxylic
acids have Henry's law constants larger than 8000 M per atom,51

so they are water soluble and can partition easily into atmo-
spheric aqueous phases where they can undergo reactions with
$OH. Given that inorganic nitrate is formed from anthropogenic
nitrogen oxides and these carboxylic acids have biogenic sour-
ces, the nitrate-mediated photooxidation of these carboxylic
acids can be viewed as a mechanism by which anthropogenic
emissions facilitate the aging of biogenic aqSOAs. Results from
this study provide insights into how the pH and inorganic
nitrate photolysis combine to inuence the overall photo-
degradation rates of carboxylic acids in atmospheric aqueous
phases, which will be useful for modeling the reactive fates of
This journal is © The Royal Society of Chemistry 2023
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carboxylic acids in regions with inorganic nitrate-rich cloud
water and/or aqueous aerosols. The reactive fates of carboxylic
acids in atmospheric aqueous phases are of huge interest since
they can participate in important aqueous reactions and are key
contributors to aqueous phase and precipitation acidity,3–5,18

which have important implications for atmospheric chemistry
and ecosystem health.

2 Experimental methods

The chemicals used in this study were formic acid (FA, LC-MS
grade) and ammonium nitrate (AN, $99.5%) which were
purchased from Fisher Chemicals, glycolic acid (GA, 70 wt% in
H2O) and pyruvic acid (PA, 98%) which were purchased from
Sigma-Aldrich, H2O2 (35 wt% in H2O) which was purchased
from Acros Organics, benzoic acid (BA, 99.5%) and p-hydrox-
ybenzoic acid (PHBA, 99%) which were purchased from J&K
Scientic, and sulfuric acid (H2SO4, 95%) and aqueous
ammonia (NH4OH, 25%, v/v) which were purchased from VWR
Chemicals. All the chemicals were used without further puri-
cation. Ultrapure water from a Milli-Q system (18.2 MU cm) was
used to prepare all solutions. The concentrations of the
carboxylic acids in the solutions used in the experiments were
kept at 10 mM. The solutions also contained either 250 mM or
1250 mM AN. The concentrations of carboxylic acids and NO3

−

used in this study fall within the range of concentrations
measured previously in cloud water.6,16,17 The pH of the solu-
tions of FA, GA, and PA (with and without AN) was around 4.
H2SO4 was added to the solutions to achieve pH 2 and 3, while
NH4OH was added to solutions to achieve pH 7. The solution
pH was measured using a pH meter (Mettler Toledo Sev-
enMulti). The solution pH and carboxylic acid's dissociation
constant (pKa) were used to determine the fraction of the
carboxylic acid present in neutral (HA) vs. deprotonated (A−)
forms (Fig. S1†). The fraction of the carboxylic acid present in
the A− form (a) was calculated using the following equation:

a ¼ ½A��
½A�� þ ½HA� ¼

10�pKa

10�pH þ 10�pKa
(1)

The pKas used to calculate a for FA, GA, and PA were 3.75,33

3.82,52 and 2.50,53 respectively. The addition of AN and H2SO4 or
NH4OH to the solution will increase the solution's ionic strength.
However, work by Yang et al. (2008) suggested that the solution
ionic strength will not affect the kinetics of the reaction of $OH
with carboxylic acids, even at high ionic strengths of 0.05 to
0.16 M.54 Thus, we assumed that the ionic strengths had negli-
gible effects on the photodegradation kinetics in our study since
the highest solution ionic strength was 0.012 M (Table S1†).

All the experiments were conducted using a photoreactor
(RPR-200, Rayonet, Southern New England UV Co.) equipped
with sixteen UVB lamps (RPR-3000 Å, Southern New England UV
Co.) which were located symmetrically around the photo-
reactor's interior walls. The UVB lamps had outputs centered at
around 310 nm (Fig. S2†). The photoreactor's interior temper-
ature was maintained at around 30 °C during the experiments
by using a cooling fan positioned at the bottom of the
This journal is © The Royal Society of Chemistry 2023
photoreactor. During each experiment, the solutions were
loaded into quartz tubes, which were placed on a rotating rack
placed inside and in the middle of the photoreactor. Aliquots of
the solutions were removed periodically for analysis of the
carboxylic acid by using an anion ion chromatography (IC)
system (Dionex ICS-1100, Thermo Fisher Scientic) using an
isocratic elution method. Separation was achieved using a Dio-
nex IonPac AS18 (4 × 250 mm) anion exchange column equip-
ped with a Dionex IonPac AG18 guard column (4 × 50 mm).
23 mM potassium hydroxide was used as the eluent, and it was
delivered at a ow rate of 1.0 mL min−1. IC analyses were per-
formed on the same day of the experiment. All the experiments
were repeated three times. The concentrations of the three
carboxylic acids decreased when AN was present in the irradi-
ated solutions. The control experiments showed that the three
carboxylic acids did not react with AN in the dark. FA and GA
concentrations did not decrease when AN was absent from the
irradiated solutions. In contrast, the PA concentration
decreased when AN was absent from the irradiated solutions.

Separate photooxidation experiments were performed
using 10 mM benzoic acid (BA) as the probe molecule to esti-
mate steady-state $OH concentrations ([$OH]ss) in photooxi-
dation experiments initiated by 250 mM AN photolysis.55 We
used the same methodology as Yang et al. (2021, 2022) to
estimate [$OH]ss.56,57 Briey, PHBA was assumed to be formed
solely from reactions of BA with $OH at a yield of 0.17,22 which
enabled us to use the measured time-dependent formation of
PHBA to determine the time-dependent concentrations of BA
that were consumed by $OH. [$OH]ss was subsequently deter-
mined using the reaction rate constant of BA with $OH (kBA+OH
= 5.9 × 109 M−1 s−1).9 BA and PHBA were measured using an
ultra-high performance liquid chromatography system (1290,
Agilent) coupled to a high-resolution quadrupole-time-of-
ight mass spectrometer (X500R QTOF MS/MS, Sciex) (UPLC-
MS) equipped with an electrospray ionization (ESI) source
operated in the negative mode. Prior to UPLC-MS analysis,
solid phase extraction (SPE) was performed to remove inor-
ganic salts in the samples. Descriptions of the SPE protocol
and UPLC-MS analyses can be found in Section S1.† Due to
difficulties in removing NO3

− salts completely by SPE from the
solutions used in photooxidation experiments initiated by
1250 mM AN photolysis prior to UPLC-MS analysis, we did not
determine the [$OH]ss in these photooxidation experiments.
This in turn prevented us from determining second-order rate
constants for the three carboxylic acids from the measured
pseudo-rst order rate constants in the photooxidation
experiments initiated by 1250 mM AN photolysis (Section 3.1).
Hence, most of our discussion will be based on the results
obtained from the photooxidation experiments initiated by
250 mM AN photolysis. Nevertheless, we do not expect our
inability to determine the [$OH]ss in photooxidation experi-
ments initiated by 1250 mM AN photolysis to impact the main
conclusions of our study. This is because the three carboxylic
acids demonstrated similar trends in their reactivities
regardless of whether the photooxidation was initiated by 250
mM or 1250 mM AN photolysis.
Environ. Sci.: Processes Impacts, 2023, 25, 461–471 | 463
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Fig. 2 Photodegradations of FA, GA, and PA in nitrate-mediated
photooxidation experiments using 250 mM AN at pH 4. Error bars
represent standard deviations of repeated measurements. Lines show
the exponential fit to the photodegradation data.
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3 Results and discussion

FA and GA only photodegraded during irradiation in the pres-
ence of AN, thus they only have one possible sink: oxidation by
reactive species produced from AN photolysis. AN photolysis
produces a variety of radicals such as $OH, nitroso (NOc) and
nitrite ðNO�

2Þ radicals (Table S2†),8,20,40,55,58 which can react with
organic compounds. A comparison of results from previous
studies indicates that the rates of reactions of saturated
carboxylic acids with NOc and NO�

2 are likely 2 to 5 orders of
magnitude slower than that of their reactions with $OH.27,59–61

Since PA photodegraded during irradiation in the presence and
absence of AN, it has two possible sinks: unimolecular photo-
dissociation which will occur during irradiation in both the
presence and absence of AN, and oxidation by reactive species
during irradiation in the presence of AN. All the observed
photodegradations of FA, GA, and PA followed apparent rst
order kinetics reasonably well (Fig. 2). Thus, we tted the
Fig. 3 kobs of FA and GA at pH 2, 3, 4, and 7. The concentrations of FA and
in these experiments. Error bars indicate standard deviation of multiple e

464 | Environ. Sci.: Processes Impacts, 2023, 25, 461–471
photodegradations of the three carboxylic acids using the
following equation:

Ln

�½CA�t
½CA�0

�
¼ �kobst (2)

where kobs is the pseudo-rst order rate constant obtained from
the exponential t to the photodegradation of the carboxylic
acid, and [CA]t and [CA]0 are the concentrations of individual
carboxylic acids measured by IC at reaction times t and 0,
respectively.
3.1. Photooxidation of FA and GA

The kobs values for FA and GA were all in the order of 10−4 s−1.
Fig. 3 shows how kobs for FA and GA depended on the pH during
photooxidation initiated by the photolysis of 250 mMor 1250 mM
AN. For both FA and GA, larger kobs values were obtained with
1250 mM AN compared to with 250 mM AN. This indicated that
the kobs values were controlled partly by the [AN]/[CA] concen-
tration ratio. Higher concentrations of $OH and other reactive
species were likely produced at higher [AN]/[CA] concentration
ratios, which resulted in larger kobs values at higher [AN]/[CA]
concentration ratios. The kobs values for FA and GA exhibited
obvious pH dependence regardless of the [AN]/[CA] concentra-
tion ratio. The results from ordinary one-way ANOVA statistics
tests indicated that the kobs values were signicantly different (p
< 0.01) between the four pH conditions for both FA and GA.
Similar pH-dependent kobs trends were observed at different
[AN]/[CA] concentration ratios. However, differences in the kobs
values under different pH conditions were more prominent at
higher [AN]/[CA] concentration ratios. In addition, the pH-
dependent kobs trends for FA and GA were markedly different
from one another. For FA, kobs(pH 4) > kobs(pH 7) > kobs(pH 3) >
kobs(pH 2), whereas for GA, kobs(pH 2) > kobs(pH 3) > kobs(pH 4) >
kobs(pH 7).

We hypothesized that the pH-dependent kobs trends for FA
and GA were a result of the pH controlling both the fraction of
the carboxylic acid present in HA and A− forms (i.e., a) and $OH
GAwere fixed at 10 mM, while either 250 mMor 1250 mMANwere used
xperiments.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Estimated [$OH]ss in nitrate-mediated photooxidation experi-
ments using 250 mM AN at pH 2, 3, 4, and 7. Error bars represent
standard deviations of multiple experiments.
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production from AN photolysis. To test our hypothesis, we rst
determined the fractions of the FA and GA present in HA and A−

forms at pH 2, 3, 4, and 7 using eqn (1). Our calculations showed
that around 2% and 98% of the carboxylic acids were present as
A− at pH 2 and 7, respectively (Table S3†). Due to the electro-
philic nature of $OH, A− has higher $OH reactivities than HA,
though the extent of this difference will depend on the
carboxylic acid.27,30–32 For GA, the $OH reactivity for its A− form
is about 3.2 times higher than the $OH reactivity for its HA
form.62,63 In contrast, the $OH reactivity for the A− form for FA is
about 29 times higher than the $OH reactivity for its HA
form.27,33 Next, we estimated the $OH concentrations in nitrate-
mediated photooxidation experiments at pH 2, 3, 4, and 7. Fig. 4
shows the estimated [$OH]ss at different pH values determined
Fig. 5 Actual (symbols) vs. simulated (lines) relationships between kobs a
using FA and GA dissociation fractions (Table S3†), estimated [OH]ss value
bold lines denote simulated kobs values that were calculated using the ave
shaded regions denote the 95% confidence intervals for simulated kobs va
literature kHA+OH

rxn and kA
�þOH

rxn values.

This journal is © The Royal Society of Chemistry 2023
from separate nitrate-mediated photooxidation experiments
using 250 mM AN and BA as the probe molecule. The estimated
[$OH]ss values were in the order of 10−13 M under the four pH
conditions, which is within the range of $OH concentrations in
atmospheric aqueous phases (10−16 to 10−12 M).9 Differences in
the estimated [$OH]ss values were statistically signicant (p <
0.01). In general, higher [$OH]ss was observed at lower pH,
which is consistent with past reports of higher $OH formation
rates at lower pH. Arakaki et al. (1999) previously reported that
the $OH formation rate constants at pH 1.9 are about 10-fold
higher than those at pH 6.2.41 This is because HNO2 production
from inorganic nitrate photolysis is favored over NO2

−

production at around pH # 3.5.40 Since HNO2 has a higher
quantum yield for $OH formation than NO2

− in the near-UV
region, $OH formation rates will be higher at pH # 3.5.40,41

Even though the [$OH]ss in photooxidation experiments initi-
ated by 1250 mM AN photolysis was not estimated, we expect
a similar pH-dependent trend, albeit at higher [$OH]ss values, to
the one shown in Fig. 4. In the subsequent discussion in this
subsection, we use the photodegradation rates of FA and GA
from photooxidation experiments initiated by 250 mM AN
photolysis. Given the similar pH-dependent kobs trends (Fig. 3)
observed regardless of the concentration of AN (i.e., 250 mM or
1250 mM) used to initiate photooxidation, we expect our general
conclusions regarding the relationships between kobs and pH
(Fig. 5) and the relationships between the calculated second-
order rate constants and pH (Fig. S3†) to also apply to results
from the photooxidation experiments initiated by 1250 mM AN
photolysis.

To test our hypothesis that the pH-dependent kobs trends for
FA and GA (Fig. 3) were a result of the pH controlling both the
fraction of the carboxylic acid present in HA and A− forms and
$OH production from AN photolysis, we had to make two
nd pH for FA and GA. Simulated kobs values (i.e., kOH) were calculated
s (Fig. 4), and kHA+OH

rxn and kA
�þOH

rxn values for HA and A− (Table S4†). The
rage of kHA+OH

rxn and kA
�þOH

rxn values obtained from the literature, while the
lues arising from standard deviations in the estimated [OH]ss values and

Environ. Sci.: Processes Impacts, 2023, 25, 461–471 | 465
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simplifying assumptions. First, we assumed that the photo-
degradations of FA and GA during nitrate-mediated photooxi-
dation were due primarily to their reactions with $OH. The
validity of this simplifying assumption relies on $OH having
higher reactivities compared to NOc and NO�

2 or larger
concentrations of $OH produced by AN photolysis compared to
the concentrations of NOc and NO�

2. Although previous studies
have reported that approximately equal quantities of $OH and
NO�

2 are produced by inorganic nitrate photolysis,59,60 the $OH
reactivities of saturated carboxylic acids are estimated to be 2 to
5 orders of magnitude higher than their NOc and NO�

2

reactivities.27,59–61 While inorganic nitrate photolysis will also
produce other reactive species such as hydroperoxide radicals
ðHO�

2Þ and superoxide ions (O2
−c) (Table S2†), results from

previous studies suggest that their formation rates and reac-
tivities with saturated carboxylic acids are likely at least 2 orders
of magnitude lower than those of $OH.55,64,65 Thus, our
assumption appears to be reasonable. Second, we assumed that
the $OH production rate was constant throughout the experi-
ment under each pH condition, so the $OH concentration did
not vary signicantly with time and equaled the estimated
[$OH]ss value at that pH. The simulated pseudo-rst order rate
constants for FA and GA (kOH) were subsequently calculated
using the following equation:

kOH ¼
�
kHAþOH
rxn � ½HA�

½HA� þ ½A�� þ kA�þOH
rxn � ½A��

½HA� þ ½A��
�

� ½$OH�ss (3)

where kHA+OH
rxn and kA

�þOH
rxn are the second-order rate constants

for the reaction of $OH with HA and A−, respectively, and
½HA�

½HA� þ ½A�� and
½A��

½HA� þ ½A�� are the fractions of HA and A−,

respectively. kHA+OH
rxn and kA

�þOH
rxn were obtained from the litera-

ture (Table S4†),27,33,62,63 while
½HA�

½HA� þ ½A�� and
½A��

½HA� þ ½A�� were
calculated using eqn (1) and the pKas for the carboxylic acid
(3.75 for FA33 and 3.82 for GA52) (Table S3†). Fig. 5 shows lines
representing the simulated trends of kobs for FA and GA ob-
tained from calculations of kOH values at different pH values
using eqn (3), and then plotting the calculated kOH values as
a function of pH. The measured kobs values for FA and GA
generally agreed well with the simulated curves. More impor-
tantly, the simulated curves were able to reproduce the pH-
dependent kobs trends for FA (i.e., kobs(pH 4) > kobs(pH 7) >
kobs(pH 3) > kobs(pH 2)) and GA (i.e., kobs(pH 2) > kobs(pH 3) >
kobs(pH 4) > kobs(pH 7)). Thus, these results supported our
hypothesis that the pH-dependent kobs trends for FA and GA
were a result of pH controlling both the fraction of the
carboxylic acid present in HA and A− forms and $OH production
from AN photolysis. The results also suggested that our
simplifying assumption that the photodegradations of FA and
GA during nitrate-mediated photooxidation were due primarily
to their reactions with $OH was likely valid.

Previous studies have reported that the $OH reactivities of
saturated monocarboxylic acids will increase with pH as a result
of A− having higher $OH reactivities than HA.27,30–32 To
466 | Environ. Sci.: Processes Impacts, 2023, 25, 461–471
determine whether our measured pH-dependent kobs trends for
FA and GA (Fig. 3) were in line with previously reported pH-
dependent trends of the $OH reactivities of saturated carbox-
ylic acids, we assumed that each kobs value was the product of
the second-order rate constant (kII) and the estimated [$OH]ss at
that pH. This simplifying assumption allowed us to calculate kII

values for pH 2, 3, 4, and 7. Fig. S3† shows the calculated kII

values at different pH values for FA and GA. Our calculated kII

values for both FA and GA increased with the pH, which is
consistent with previously reported pH-dependent trends of the
$OH reactivities of saturated carboxylic acids. The pH depen-
dence of the calculated kII values for FA (C1) was signicantly
larger than that of GA (C2). Previous studies have reported larger
pH dependence for the $OH reactivities of smaller carboxylic
acids compared to that of larger carboxylic acids.27,30–32 Amorim
et al. (2020) explained that the large increase in $OH reactivities
with pH for FA was due to the electron transfer reaction of the
deprotonated carboxylate group combined with the large
carboxylate group effect on the FA molecule.27 This caused the
C–H bond dissociation energy to decrease, which resulted in FA
having substantially faster reactions with $OH under higher pH
conditions. In contrast, GA has multiple C–H sites from which
$OH can abstract an H atom, thus reducing the relative
importance of the electron transfer reaction of its deprotonated
carboxylate group.
3.2. Photolysis and photooxidation of PA

Unlike FA and GA, PA photodegraded during irradiation in the
presence and absence of AN. Fig. 6 shows how kobs for PA
depended on pH during direct photolysis (no AN) and photoox-
idation initiated by the photolysis of 250 mM or 1250 mM AN. All
the kobs values for PA were in the order of 10−4 s−1. The kobs
values for PA direct photolysis had the following trend: kobs(pH 2)
> kobs(pH 3) > kobs(pH 4)z kobs(pH 7). The results from ordinary
one-way ANOVA statistics tests indicated that the kobs values were
signicantly different (p < 0.01) between pH 2, 3, and 4, but not
between pH 4 and 7. The pH-dependent trend of kobs could be
explained by the reaction mechanism of aqueous PA direct
photolysis. PA is an a-keto carboxylic acid that is reversibly
hydrated to form a gem-diol in an aqueous solution.66,67 Only the
keto form of PA can be excited to undergo direct photolysis,
which will proceed mainly through a photodecarboxylation
reaction and lead to the formation of carbon dioxide and various
aqueous-phase oxidation products.43,48 Since the presence of an
acidic H atom is crucial for the photodecarboxylation reaction to
occur, the HA form (which is more abundant at lower pH) is
more prone to photodecarboxylation reactions compared to the
A− form (which is more abundant at higher pH).43 Fig. S1† shows
that almost all of the PA was present as A− at pH 4 and 7, whereas
about 76% and 24% of PA were present as HA at pH 2 and 3,
respectively. This explained why substantially higher kobs values
were measured at pH 2 and 3, while lower and similar kobs values
were measured at pH 4 and 7.

The kobs values for PA photooxidation initiated by the
photolysis of 250 mM or 1250 mM AN showed the same pH-
dependent trends as the kobs values for PA direct photolysis
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2em00458e


Fig. 6 kobs of PA at pH 2, 3, 4, and 7. The PA concentration was fixed at 10 mM, while either 0 mM or 250 mM or 1250 mM AN were used in these
experiments. Error bars indicate the standard deviation of multiple experiments.
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(i.e., kobs(pH 2) > kobs(pH 3) > kobs(pH 4) z kobs(pH 7)). Larger
kobs values were obtained for PA at higher [AN]/[CA] concen-
tration ratios, which was likely due to the higher concentrations
of $OH and other reactive species produced at higher [AN]/[CA]
concentration ratios. Comparisons of the kobs values from direct
photolysis vs. photooxidation initiated by the photolysis of 250
mM indicated that only the difference in kobs values at pH 2 was
statistically signicant (p < 0.01). However, differences in the
kobs values from direct photolysis vs. photooxidation initiated by
the photolysis of 1250 mMwere statistically signicant (p < 0.01)
for all four pH conditions. Nevertheless, comparisons of kobs
values for PA direct photolysis vs. nitrate-mediated
Fig. 7 Calculated first-order rate constants and corresponding lifetimes
the atmosphere. The blue portions in the gas + aerosol conditions and
reactions. The y axis is presented in a logarithm scale to accommodate

This journal is © The Royal Society of Chemistry 2023
photooxidation indicated that PA direct photolysis was the
main sink of PA during nitrate-mediated photooxidation at pH
2 to 7.
3.3. Atmospheric lifetimes of FA, GA, and PA

Using the pH-dependent photodegradation rates of these
carboxylic acids calculated in this study, we examined how the
partitioning of these carboxylic acids to the aqueous phase will
affect their atmospheric lifetimes against reaction with $OH (for
FA and GA) and direct photolysis (for PA). Since these carboxylic
acids can react both in the gas phase and aqueous phase, we
of FA, GA, and PA against $OH (FA and GA) and direct photolysis (PA) in
gas + cloud conditions represent the contributions from gas phase

the drastically different first-order constants.
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used a simulation methodology similar to the one employed by
Yang et al. (2021).28 Three scenarios were simulated: (1) gas
phase only, (2) gas + aerosol, and (3) gas + cloud water. For FA
and GA, we used kII values derived from nitrate-mediated (250
mM AN) photooxidation experiments (Fig. S3†). Similar to Yang
et al. (2021),28 the $OH concentrations were set to 1 × 106

molecules cm−3, 5 × 10−13 M, and 5 × 10−14 M for the gas
phase, aerosols, and clouds, respectively, in our simulations.
However, it should be noted that the $OH concentrations in
aqueous aerosols and cloud droplets depend on the environ-
ment (e.g., urban vs. rural vs. maritime) and span 4 orders of
magnitude (10−16 M to 10−12 M).9 For PA, we used kobs values
from direct photolysis experiments since direct photolysis is the
dominant sink of PA. It should be noted that the photon ux in
the photoreactor (Fig. S2†) is higher than the ambient photon
ux. For instance, the photon ux in the photoreactor at 310 nm
is about 10 times higher than the ambient ux at 310 nm for
a summer day in Hong Kong at noon.68 Hence, the calculated
rst-order rate constants of PA in aqueous aerosols and clouds
likely represent an upper limit. Details of the calculations per-
formed and the parameters used for these simulations can be
found in Section S2 and Table S5,† respectively. Our simula-
tions do not account for dynamic equilibrium that may occur as
the photodegradation of the carboxylic acid progresses, nor do
they restrict the reactions of FA and GA with $OH produced
solely from inorganic nitrate photolysis. Fig. 7 shows that the
photodegradation of FA and GA by reaction with $OH in
aqueous aerosols was estimated to be much faster than their
photodegradation in the gas phase. This suggested that parti-
tioning to aqueous aerosols will signicantly reduce the life-
times of FA and GA. While FA photodegradation in cloud water
was estimated to be competitive with photodegradation in the
gas phase, GA photodegradation was likely not important in
cloud water. PA photodegradation via direct photolysis in
aqueous aerosols was estimated to be competitive with its
photodegradation in the gas phase, but its photodegradation
was likely not important in cloud water.

4 Conclusion

In this study, we investigated the aqueous pH-dependent (pH 2
to 7) photooxidation of FA, GA, and PA initiated by AN photol-
ysis. The photodegradation rates of the three carboxylic acids
were controlled by the [AN]/[CA] concentration ratio. In general,
higher [AN]/[CA] concentration ratios resulted in faster photo-
degradation rates, which could be attributed to the higher
concentrations of $OH produced from the photolysis of higher
concentrations of AN. The photodegradation rates of the three
carboxylic acids strongly depended on the pH. The highest
photodegradation rate was observed at pH 4 for FA, whereas the
highest photodegradation rates were observed at pH 2 for GA
and PA. Our simulations revealed that the observed pH-
dependent photodegradation rates for FA and GA were
a result of pH controlling both the fraction of the carboxylic acid
present in HA and A− forms and $OH production from AN
photolysis. In contrast, the pH-dependent PA photodegradation
rates were due primarily to the pH-dependent decarboxylation
468 | Environ. Sci.: Processes Impacts, 2023, 25, 461–471
of PA initiated by light. Nitrate-mediated photooxidation played
a minor role in PA photodegradation, and direct photolysis was
PA's main sink during nitrate-mediated photooxidation. To
predict the fates of these carboxylic acids in the atmosphere, we
examined how partitioning to aqueous aerosols and cloud water
will affect their atmospheric lifetimes. Our simulations
demonstrated that partitioning to aqueous aerosols will reduce
the lifetimes of FA and GA against reactions with $OH. However,
GA photodegradation will likely not be important in cloud
water, whereas FA photodegradation in cloud water will likely
be competitive with gas-phase photodegradation. For PA, pho-
todegradation in aqueous aerosols will likely be competitive
with its photodegradation in the gas phase, but its photo-
degradation will likely not be important in cloud water.

Overall, our results highlight how the pH and inorganic
nitrate photolysis can combine to inuence the overall photo-
degradation rates of carboxylic acids in atmospheric aqueous
phases, which will be useful for modeling the reactive fates of
carboxylic acids in regions with inorganic nitrate-rich cloud
water and/or aqueous aerosols. This suggests that nitrate-
mediated photooxidation needs to be considered during
investigations of the atmospheric lifetimes of small carboxylic
acids in regions with high levels of particulate inorganic nitrate.
Further studies could be directed to elucidating the aqueous
pH-dependent photodegradation rates of other short chain (e.g.,
dicarboxylic acids such as oxalic acid) and long chain carboxylic
acids during nitrate-mediated photooxidation. In addition,
while this study builds on our understanding of how aqueous
nitrate-mediated photooxidation can contribute to the forma-
tion and aging of different aqSOA components, one caveat
should be noted. In our study, we used solutions containing AN
as the sole $OH photochemical source because our study's focus
was solely on nitrate-mediated photooxidation. However, H2O2

is believed to be the main photochemical source of $OH in
cloud water in most regions,6,23 and thus, inorganic nitrate and
H2O2 are likely co-present in cloud water in many regions. Our
preliminary work suggested that the overall $OH production
will depend on the concentrations of co-present inorganic
nitrate vs. H2O2, which could lead to pH-dependent photo-
degradation rate trends different from those observed for
nitrate-mediated photooxidation occurring in the absence of
H2O2. For instance, while GA photodegraded at faster rates at
pH 2 than at pH 7 during photooxidation initiated solely by AN
photolysis (Fig. 3), the converse was observed during photoox-
idation initiated by co-present AN and H2O2 (Fig. S4†). In
addition, the pH dependence of GA photodegradation rates
decreased noticeably at higher [AN]/[H2O2] concentration ratios.
Given the ubiquitous nature of inorganic nitrate and H2O2 as
$OH photochemical sources in cloud water, future investiga-
tions could focus on elucidating pH-dependent mechanisms
that drive the photodegradation of carboxylic acids in aqueous
phases containing both inorganic nitrate and H2O2. Under-
standing such mechanisms will enhance our knowledge of how
pH inuences the quantitative impact of inorganic nitrate on
the photodegradation of carboxylic acids during cloud
processing.
This journal is © The Royal Society of Chemistry 2023
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