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ABSTRACT: Fe(III)−oxalate complexes are likely abundant in clouds, fogs
and aerosol water. They are photoreactive and can act as an important source
of reactive oxygen species (·OH, H2O2 and HO2·) in tropospheric aqueous
phases. Although the mechanisms involved in ferrioxalate photolysis have been
investigated extensively, few kinetic and mechanistic information is available
on the aging of dissolved organic compounds by this photochemical system. In
this work, the Fe(III)−oxalate mediated photooxidation of guaiacol (GUA), a
model for phenolic compounds emitted from biomass burning, was
investigated under typical pH conditions of the atmospheric water. The
effect of Fe(III) concentration, oxalate concentration and pH on the
photooxidation of GUA was studied in detail. Our results revealed that
oxalate can inhibit the oxidation of GUA by Fe(III) under the dark condition.
However, the iron-catalyzed photooxidation of GUA can be strongly
promoted in the presence of oxalate due to the formation of photoactive
Fe(III)−oxalate complexes. GUA was rapidly oxidized to form a number of polymeric, functionalized and open-ring products
with low volatility. Detailed reaction pathways for the photooxidation of GUA by Fe(III)−oxalate complexes were proposed
based on the results of high-resolution mass spectrometry. This work suggests that ferrioxalate photochemistry can play an
important role in the transformation of dissolved organics in atmospheric aqueous phases.

1. INTRODUCTION

Transition metals play an important role in the aging and
transformation of inorganic and organic contents in atmos-
pheric liquid phase.1,2 Iron, the most abundant transition metal
in the Earth’s crust, has been identified as an important
component in cloud and fog droplets.1,3 The concentration of
iron can range from micromolar to millimolar in cloud droplets
and micromolar to tens of micromolar in fog waters, which is
much higher than the concentrations of other transition
metals.1 Due to its significant concentrations and reactivity,
iron can play a crucial role in chemical transformations of
dissolved organics in atmospheric aqueous phases.4,5 Several
studies have reported the degradation of soluble organics via
the photolysis of iron hydroxy complexes or through the
Fenton reactions in atmospheric waters.4,6,7 The iron hydroxy
complexes can undergo efficient photodissociation to form
Fe(II) and ·OH under atmospherically relevant pH conditions
(reactions 1 and 2), since they absorb in the near-UV region
(290−400 nm).8 The redox reaction of Fe(II) with H2O2

(Fenton reaction) can produce aqueous ·OH in the dark
(reaction 3).

+ → [ ++ +Fe(III) H O Fe(III)(OH) H2
2

(1)

ν[ ] + → + · =+ −Fe(III)(OH) h Fe(II) OH k 0.0012 s2 1

(2)

ref9

+ → + · +

=

−

− −

Fe(II) H O Fe(III) OH OH k

76 M s
2 2

1 1 (3)

ref10

In addition to hydroxy complexes, iron can form organic
complexes that are photochemically reactive and can initiate
radical chain reactions. For example, a recent study has shown
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that the iron-carboxylato complexes formed between iron and
low-molecular-weight carboxylates can have a profound impact
on the iron-catalyzed photooxidation of soluble organic
pollutants in atmospheric waters.11 Carboxylates are often
found in significant concentrations in atmospheric waters and
tend to dominate the complexation of Fe(III) ions due to the
large stability constants of such complexes.12 Oxalate, one of
the most abundant low-molecular-weight carboxylates in
atmospheric waters, forms chelate complexes with Fe(III)
efficiently. Zuo et al. found that Fe(III)−oxalate complexes can
be the dominant species of dissolved Fe(III) in many
atmospheric water samples because oxalate has a stronger
affinity for Fe(III) than most of other organic ligands typically
present in atmospheric droplets.13,14 Fe(III)−oxalate com-
plexes are typically more photoactive than “unchelated” Fe(III)
ions because complexation yields a stronger absorbing
chromophore, which is derived from electron transfer from
oxalate ligand to iron(III).15 The photoreactions of Fe(III)−
oxalate complexes have significant implications for iron redox
cycle and are potentially an important source of oxidative
species in the atmosphere.
The proposed mechanisms for the photochemical/chemical

generation of oxidative species from Fe(III)−oxalate com-
plexes are shown in reactions 4−9 below.

ν[ ] + → [ ] +

=

− − ·−

−

Fe(III)(C O ) h Fe(II)(C O ) C O

k 0.04 s
2 4 3

3
2 4 2

2
2 4

1 (4)

ref9
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ref16
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ref17
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ref19

Depending on the pH and the Fe(III)/oxalate ratio, oxalate
forms three kinds of complex with Fe(III): [Fe(III)(C2O4)]

+,
[Fe(III)(C2O4)2]

− and [Fe(III)(C2O4)3]
3−, simultaneously in

different proportions in solution.20 [Fe(III)(C2O4)2]
− and

[Fe(III)(C2O4)3]
3− are known to have a higher photochemical

reactivity than [Fe(III)(C2O4)]
+.21 Among Fe(III)−oxalate

complexes, the photodissociation of [Fe(C2O4)3]
3− is of most

intense interest and has been investigated in detail. The
primary photochemical process following the excitation of
[Fe(C2O4)3]

3− involves intramolecular electron transfer from
oxalate to Fe(III) with formation of a primary intermediate
C2O4

·− (reaction 4), the C2O4
·− radical will then dissociate to

form carbon dioxide anion radical (CO2
·−) and CO2 instantly

(reaction 5).22−24 The mechanism of photolysis of [Fe(III)-
(C2O4)2]

− and [Fe(III)(C2O4)]
+ has not been studied

extensively but the reactions are assumed to produce Fe(II)

and CO2
·− eventually.17 The subsequent reaction of CO2

·−

with O2 leads to the formation of the intermediate superoxide
ion and the hydroperoxyl radical (denoted as O2

·−/ HO2·),
which reacts with Fe(II) to produce H2O2 in the acidic pH
range (reactions 6−8). Finally, H2O2 will interact with Fe(II)
(reaction 3) or with [Fe(II)C2O4] (reaction 9) to yield ·OH.
Although the photochemistry of ferrioxalate complexes has

been studied extensively, their role in the aging of atmospheri-
cally relevant species in aqueous phase is still in its infancy.11

Thomas et al. investigated the reactive uptake and photo-
oxidation of gas-phase glycolaldehyde on aqueous seed aerosol
containing Fe(III)−oxalate complexes.11 They found that the
presence of Fe(III)−oxalate in seed aerosol inhibited the
aerosol growth, which suggests that iron(III) oxalate-mediated
photooxidation of glycolaldehyde leads to the formation of
volatile oxidation products. Zuo et al. studied the Fe(III)-
catalyzed photochemical oxidation of dissolved sulfur dioxide
(SO2) in the presence of oxalate under atmospherically
relevant conditions.25 Their results show that the presence of
oxalate strongly inhibits Fe(III)-catalyzed oxidation of SO2
both in the dark and under UV−visible light due to the
formation of Fe(III)−oxalate complexes. These works alluded
to the potential importance of ferrioxalate photochemistry in
atmospheric waters, but more studies are needed to better
understand the role that Fe(III)−oxalate complexes may play
in the evolution of dissolved organics.
This study explores the photochemical oxidation of guaiacol

(GUA) in the presence of Fe(III)−oxalate under acidic
conditions typical for atmospheric water. Guaiacol is chosen as
a model compound of phenols, which are emitted in large
quantities from biomass burning.26 This work is the first to
present comprehensive mechanistic and kinetic information on
the photooxidation of guaiacol by Fe(III)−oxalate complexes
under conditions relevant to atmospheric water. The effects of
pH, Fe(III) concentration, oxalate concentration, and
dissolved oxygen on the photooxidation of guaiacol were
investigated. The photodegradation mechanism and the
possible oxidative products were studied by high-resolution
mass spectrometry (HRMS) combined with high performance
liquid chromatography (HPLC). The results obtained in this
study will provide a reference for predicting the photooxidation
behavior of phenolic compounds in the presence of Fe(III)−
carboxylato complexes in atmospheric water.

2. EXPERIMENTAL SECTION
All photochemical experiments were conducted in a 200 mL,
airtight square quartz vessel (8 cm in length, containing 100
mL solution) equipped with magnetic agitation and a bubble
tube for feeding high-purity air or nitrogen. For the deaeration
experiment, the solution was continuously bubbled with high-
purity N2 starting from 15 min before the reaction until the
end of the photoreaction. A 500W Xe lamp was used as
irradiation source to simulate sunlight outside the reactor at 4
cm distance from the reactor walls. The Xe lamp with a
polychromatic spectrum of λ ≥ 350 nm was selected in order
to avoid the direct photolysis of GUA. The irradiance at the
surface of the solutions was measured at approximately 980 W
m−2, which is equivalent to sunlight intensity at midlatitude
summer noon, as estimated by ferrioxalate actinometry.9,27 The
solution temperature of the reaction vessel was kept at 25 ± 2
°C by means of a cooling fan during the experiment. NaCl
(2.58 × 10−3 M) was added to keep the ionic strength constant
throughout each experiment. The materials, reagents and
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additional experimental details are provided in the Supporting
Information (SI).
The concentrations of GUA and nitrobenzene were

determined by HPLC.28 The experimental error in the
HPLC analytical measurements is <2% on the basis of
triplicate runs. The oxidation products of GUA were analyzed
and formula-assigned by an Orbitrap HRMS (mass resolution
m/Δm = 140 000) equipped with HPLC. As a control
experiment, 1 mM GUA (pH 3.0) was directly infused into
HRMS to investigate if autoxidation of GUA occurs in the ESI
source. According to the study of Slikboer et al.,5 catechol can
be oxidized to formed hydroxylated quinone species
(autoxidation product) under electrospray ionization con-
ditions in the presence of O2(aq). However, no autoxidation
product of GUA was observed in our system. The reason may
be that GUA is less susceptible to oxidation in the ESI source
compared to catechol. The light absorptivity of the solution
and the concentration of H2O2 were measured by UV−vis
spectroscopy. In addition, gas chromatography/mass spec-
trometry (GC−MS) was applied to detect the low-molecular-
weight products of reactions (e.g., methanol). All speciation
calculations in this work were carried out with a chemical
equilibrium calculation program, Visual MINTEQ (developed
by KTH, SEED, Stockholm, Sweden). Details on the analytical
procedures are given in the SI.

3. RESULTS AND DISCUSSION
3.1. Effects of Oxalate on the Dark Iron-Oxidation of

GUA in Aqueous Solutions. Recently, several studies have
reported that the dark reaction of Fe(III) with GUA can result
in the formation of light-absorbing insoluble and soluble
secondary organics in aqueous solution at pH 3 under
experimental conditions representative of atmospheric
water.5,29 Figure 1 and SI Figure S1a show the UV−vis
absorption spectra of the solution resulting from the dark
reaction of GUA with Fe(III) at pH 3 in the presence of air.
The development of a wide absorption band extending from
the UV region (350 nm) to the visible region (600 nm) in the
dark solution of GUA + Fe(III) is attributed to the formation
of conjugated oligomer products of GUA (such as compound

II in SI Figure S2).5 The proposed reaction mechanism
involves the oxidation of GUA by Fe(III) to form the
corresponding phenoxy radical, which proceeds through
carbon−carbon radical coupling to form guaiacol dimer and
the respective diphenoquinone (SI Figure S2). Interestingly,
the formation of insoluble secondary organics was not
observed in the dark solution of GUA + Fe(III), maybe due
to the lower concentrations of Fe(III) and GUA used in this
study. However, when oxalate was mixed with the Fe(III) and
GUA at pH 3, the broad absorption peak between 350 and 600
nm did not appear in the UV−vis spectrum of the solution
after 2 h in the dark (Figure 1), indicating no formation of the
light absorbing oligomers. Instead, the UV−vis spectrum
shows an absorption tail extending into wavelength >400 nm,
so is the spectrum of the Fe(III) + oxalate solution (Figure 1).
This tail is attributed to the ligand-to-metal charge transfer of
the Fe(III)−oxalate complexes formed in both solutions.
These results revealed that the presence of oxalate inhibited
the dark reaction of GUA with Fe(III), likely through reducing
the concentration of available Fe(III) species due to the
formation of stable Fe(III)−oxalate complexes in the dark.
Significant concentrations of oxalate have been found in rain,

cloud and fog waters,13 for which the possible sources include
the dissolution of gas-phase oxalate due to its large Henry’s
coefficient and aqueous-phase oxidation of organic com-
pounds. In acidic atmospheric water, oxalate ligands readily
form strong chelate complexes with Fe(III) ions, thus inhibit
the dark Fe(III)−oxidation of dissolved organics (such as
phenols) in aqueous phase. Our results demonstrate that in the
presence of carboxylic acid ligands the dark Fe(III)−oxidation
pathway may be less important for the transformation of
phenolic compounds in atmospheric water.

3.2. Fe(III)−Oxalate Mediated Photooxidation of GUA
in Aqueous Solutions. 3.2.1. The Control Experiments.
Figure 2 shows the change of GUA concentration in aqueous

solutions during the course of illumination in the presence or
absence of Fe(III), and oxalate. No direct photooxidation of
GUA is observed under the simulated sunlight conditions of
this study (λ > 350 nm) because GUA in water does not
absorb above 350 nm. In the presence of Fe(III) ions, the
photooxidation of GUA occurred in the aqueous solution at
pH 3. This is because Fe(OH)2+ is the dominant Fe(III)
hydroxide complexes in the aqueous solution in the pH range
of 3−5 and its charge transfer band overlaps the solar UV
spectrum (290−400 nm).8 Thus, under the simulated sunlight
conditions, Fe(OH)2+ can be photolyzed to generate ·OH

Figure 1. Comparison of UV−vis absorption spectra of solution
containing 50 μM GUA, t = 0; solution containing 20 μM Fe(III), t =
0;solution containing 20 μM Fe(III) and 250 μM oxalate, t = 0;
solution containing 20 μM Fe(III) and 50 μM GUA, t = 120 min;and
solution containing 20 μM Fe(III), 250 μM oxalate and 50 M GUA, t
= 120 min at pH 3.0 ± 0.1 in dark conditions.

Figure 2. GUA concentration change vs time in the control
experiments [Fe(III)]0 = 20 μM, [Oxalate]0 = 250 μM, [GUA]0 =
50 μM, pH 3.0 ± 0.1, air saturated solution.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b04507
Environ. Sci. Technol. 2019, 53, 127−136

129

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04507/suppl_file/es8b04507_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b04507


radicals (reaction 2), which react with GUA via electrophilic
addition to form hydroxylated-oxidation products. Moreover,
the initial photooxidation of the GUA-Fe(III) solution can be
described using pseudo-first order kinetics with a rate constant
of 0.004 min−1 (SI Figure S3). Previous studies have
demonstrated that 3 is the optimum pH value for Fe(III)
hydroxide complexes to produce ·OH and oxidize the organic
compounds without the precipitation of Fe(III).30,31 As shown
in Figure 2, the photodegradation rate of GUA was further
enhanced by adding oxalate into the aqueous solution
containing GUA and Fe(III). The initial pseudo-first-order
rate constant of GUA decay increased to 0.026 min−1,
approximately 6.5 times the rate observed in the illuminated
GUA−Fe(III) solution (SI Figure S3). At the end of the
irradiation (100 min), nearly 80% of the GUA in the GUA−
Fe(III)−oxalate solution reacted compared to 17% in the
GUA-Fe(III) solution (Figure 2). These results indicate that
oxalate significantly promotes Fe-catalyzed photooxidation of
GUA. The reason is that oxalate outcompetes hydroxide for
complexation with Fe(III) in the acidic solution, which leads to
a higher abundance of Fe(III)−oxalate complexes than
Fe(III)−OH complexes in the solution and thereby alters
the photoreduction pathways of Fe(III) and concomitantly the
pathways of ·OH formation.24 Indeed, previous studies have
indicated that Fe(III)−oxalate complexes have a much
stronger light absorbance in the tropospheric solar UV−visible
region and are photochemically more reactive than inorganic
Fe(III) species such as Fe(OH)2+ in aqueous solution.9,21 The
photolysis of Fe(III)−oxalate complexes can efficiently
produce ·OH in the presence of dissolved oxygen via a series
of reactions (reactions 3−9), and the production rate is much
higher than that of the Fe(III)−OH complexes.31,32 The
steady-state concentrations of ·OH generated by photolysis of
Fe(III)−oxalate complexes and Fe(III)−OH complexes were
measured employing nitrobenzene (NB) as a ·OH trap.33 The
photodegradation of NB can be described using pseudo-first-
order kinetics in terms of [NB] and the concentration of ·OH
was estimated using the following equations:

[ ]
[ ]

= = [· ]kt k tln
NB
NB

OH
t

0
NB,OH

(10)

[· ] = k
k

OH
NB,OH (11)

Where [NB]0 is initial NB concentration, [NB]t is NB
concentration at irradiation time t, and k and kNB,OH (= 3 ×
109 M−1 s−1)34 are the pseudo-first-order and second-order
rate constants of NB reaction with ·OH, respectively.
Figure S4 shows the photodegradation of NB in the

presence of Fe(III)−oxalate complexes and in the presence
of Fe(III)−OH complexes. The degradation rate constant of
NB in Fe(III)−oxalate system was found to be 0.045 min−1,
based on eq 11, [·OH] was calculated to be 2.5 × 10−13 M.
Similarly, [·OH] was calculated to be 1.17 × 10−13 M in the
irradiated Fe(III)−OH system. Hence, a higher efficiency of
photooxidation of GUA was achieved in the aqueous solution
containing Fe(III)−oxalate complexes compared to that
containing the Fe(III)−OH complexes.
3.2.2. Effects of Oxalate Concentration on the Fe(III)−

oxalate Mediated Photooxidation of GUA in Aqueous
Solutions. The effect of oxalate concentration on the
photooxidation of GUA was investigated from 20 to 250 μM

at a constant Fe(III) concentration of 20 μM and pH 3.0
under the simulated sunlight conditions. The photooxidation
of GUA at different oxalate concentration is presented in
Figure 3a as a function of irradiation time. The results indicate

that an increasing concentration of oxalate, or molar ratio of
oxalate to Fe(III), leads to a significant increase of the
photooxidation efficiency of GUA. For example, the most
effective degradation was observed at an oxalate concentration
of 250 μM with a loss of ≈80% of GUA after 80 min of
illumination. The increase in degradation efficiency of GUA
was due to the formation of Fe(III)−oxalate complexes that
were photolyzed to yield oxalate radicals (C2O4

·−) triggering
·OH formation in the presence of dissolved oxygen (reactions
3, 5−9). Thus, increasing the concentration of oxalate
enhances the yield of ·OH and concomitantly the degradation
efficiency of GUA.
The initial photooxidation rate of GUA depended on the

oxalate/Fe(III) molar ratio as well, although not monotoni-
cally. As shown in SI Figure S5, the GUA photooxidation
followed pseudo-first order kinetics during the first 30 min of
illumination and the rate increased with the oxalate/Fe(III)
molar ratio between 1 and 9 but decreased from 9 to 12.5. This
can be explained by the dependence of the speciation of
Fe(III) complexes on oxalate concentration. As shown in SI
Figure S6, at lower oxalate/Fe(III) molar ratio (e.g., 1:1),
Fe(III) is mainly present as [Fe(C2O4)]

+ and [Fe(OH)]2+, but
the major Fe(III) complexes shift to [Fe(C2O4)2]

− and
[Fe(C2O4)3]

3− at a high oxalate/Fe(III) molar ratio of 9.
Since [Fe(C2O4)2]

− and [Fe(C2O4)3]
3− are much more

photoactive than [Fe(C2O4)]
+ and [Fe(OH)]2+, the formation

rate of ·OH, and therefore the photooxidation rate of GUA,
becomes faster at higher oxalate concentration. But a lower

Figure 3. (a). Effect of oxalate concentration on the Fe(III)−oxalate
mediated photooxidation of GUA. [Fe(III)]0 = 20 μM, [GUA]0 = 50
μM, pH 3.0 ± 0.1, air saturated solution; (b). Effect of Fe(III)
concentration on the Fe(III)−oxalate mediated photooxidation of
GUA. [Oxalate]0 = 250 μM, [GUA]0 = 50 μM, pH 3.0 ± 0.1, air
saturated solution; (c). Effect of solution pH on the Fe(III)−oxalate
mediated photooxidation of GUA. [Fe(III)]0 = 20 μM, [Oxalate]0 =
250 μM, [GUA]0 = 50 μM, air saturated solution; (d). Effect of the
presence of oxygen on the Fe(III)−oxalate mediated photooxidation
of GUA. [Fe(III)]0 = 20 μM, [Oxalate]0 = 250 μM, [GUA]0 = 50 μM,
pH 3.0 ± 0.1, air bubbling, nitrogen bubbling.
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initial degradation rate of GUA at oxalate concentration of 250
μM compared to 180 μM (SI Figure S5) suggests that excess
oxalate inhibits the degradation of GUA initially. The reason
may be that oxalate can also act as a scavenger of ·OH
produced in the Fenton reaction (reaction 3 or 9) and hence
competes with GUA for ·OH and significantly inhibits the
degradation of GUA at high oxalate concentration.9 However,
such inhibition effect declines with the consumption of oxalate.
3.2.3. Effects of Fe(III) Concentration on the Fe(III)−

oxalate Mediated Photooxidation of GUA. To investigate the
effect of Fe(III) concentration on the photooxidation of GUA,
solutions at pH 3.0 containing 5−30 μM Fe(III), 250 μM
oxalate, and 50 μM GUA were irradiated with simulated
sunlight. Figure 3b shows the time-variation of the
concentration of GUA at different Fe(III) concentration.
The photooxidation rate of GUA increased with Fe(III)
concentration from 5 to 30 μM during the first 30 min of
reaction and the pseudo-first order photooxidation rate
constant of GUA increased from 0.008 to 0.041 min−1 (SI
Figure S7). Since a single Fe(III) ion can complex a number of
oxalate ligand in the solution and oxalate was used in excess to
Fe(III) in our experiments, increasing Fe(III) concentration
enhances the concentration of Fe(III)−oxalate complexes,
which leads to a higher H2O2 and Fe(II) concentrations due to
ferrioxalate photolysis and concomitantly a higher ·OH
concentration resulting from the Fenton reaction. However,
when the reaction lasted for more than 1 h, the most effective
degradation was achieved at a Fe(III) concentration of 10 μM
rather than 30 μM (Figure 3b). The difference between the red
curve (10 uM) and the green curve (30uM) at 80 min was
statistically significant, which was unlikely the outcome of
experimental errors (<2%). The reason may be that the
competition reactions occurred between ferrioxalate and
dissolved O2 for CO2

·− when Fe(III) concentration was
relative high. At low concentration of ferrioxalate, CO2

·−

mainly reacted with dissolved O2, contributing to the
formation of H2O2 and ·OH, whereas at high concentration
of ferrioxalate, a majority of CO2

·− interacted with ferrioxalate,
resulting in the formation of Fe(II) and CO2 (reaction 12).35

Thus, with the increase in Fe(III) concentration, more CO2
·−

would reduce Fe(III) to Fe(II) rather than react with O2 to
form H2O2, which leads to a decrease in ·OH yield and
degradation efficiency of GUA.

[ ] + → [ ] + +− ·− − −Fe(III)(C O ) CO Fe(II)(C O ) CO C O2 4 3
3

2 2 4 2
2

2 2 4
2

(12)

3.2.4. Effects of Solution pH on the Fe(III)−oxalate
Mediated Photooxidation of GUA. The solution pH has a
profound effect on the speciation and reactivity of iron-
catalyzed oxidative processes. The pH value in acidic
atmospheric water typically ranges from 3 to 5.13 Therefore,
experiments were carried out on the air-bubbled solution
containing 20 μM Fe(III), 250 μM oxalate, and 50 μM GUA
with the pH adjusted from 3 to 5 to test the effects of pH on
the photooxidation of GUA under simulated sunlight
irradiation. As shown in Figure 3c, the photooxidation rate
of GUA increased with increasing pH between 3.0 and 5.0.
Besides, the photooxidation of GUA at different pH values
followed pseudo-first order reaction and the rate constants
increased from 0.026 to 0.099 min−1 with the increase of pH
value from 3 to 5 (SI Figure S8). The pH-dependence of GUA
degradation in the photo/ferrioxalate system can be explained
by the dependence of Fe(II) speciation on pH value, which

affects the rate of the Fenton reaction. Free Fe(II) ions, the
dominant Fe(II) species at low pH, reacts with H2O2 at a rate
constant of 76 M−1 s−1 (Reaction c in Table 1). With the

increase of solution pH, the concentration of [Fe(II)(C2O4)]
increases and [Fe(II)(C2O4)] is oxidized by H2O2 at a rate
constant of 3.1 × 104 M−1 s−1 (Reaction d in Table 1). Thus,
the Fenton reaction is much faster at higher pH value.
Furthermore, pH affects the reactions of active intermediates
O2

·−/HO2· with Fe(II), which represent a main source of
H2O2 in Fe(III)−oxalate system. Thus, pH value has an
important effect on the formation of H2O2. In addition, there
are several competitive reactions of O2

·−/HO2· with iron
species (Reactions e−h listed in Table 1). Among them, the
reactions between free Fe(III) ions and O2

·−/HO2· could be
ignored in spite of their high rate constants, since a 10-fold
(molar) excess of oxalate/Fe(III) used in this study ensured
that almost all of Fe(III) presented as Fe(III)−oxalate
complexes rather than free Fe(III) ions. Besides, the reactions
between Fe(III)−oxalate complexes and O2

·−/HO2· also
became negligible as the photoreduction of Fe(III)−oxalate
complexes took place at much faster rates than the reduction of
the Fe(III)−oxalate complexes by O2

·−/HO2·.
19 Thus, the

formation of H2O2 was mainly governed by the reactions of
O2

·−/HO2 · with Fe(II). In the lower pH range, HO2· was the
dominant species, while with the increase of pH value, O2

·−

became more important.13 The production of H2O2 through
the Fe(II) + O2

·− reaction is nearly an order of magnitude
faster than that through the Fe(II) + HO2· reaction (Reactions
a and b in Table 1). Therefore, the increase in pH value led to
faster ·OH generation and concomitantly greater GUA
degradation.

3.2.5. Effects of the Presence of Oxygen on the Fe(III)−
oxalate Mediated Photooxidation of GUA. In order to
determine the effect of dissolved oxygen on the Fe-catalyzed
photooxidation of GUA, photochemical experiments were
conducted on the air- or nitrogen-saturated solutions
containing 20 μM Fe(III), 250 μM oxalate, and 50 μM
GUA at pH 3.0. As shown in Figure 3d, only a slight decrease
of GUA concentration was observed in the solution saturated
with nitrogen after 100 min of simulated sunlight irradiation,
which suggests the Fenton reaction pathways were inactive. In
contrast, the concentration of GUA decreased significantly in
the presence of air, which means that the oxidation of GUA in
the irradiated ferrioxalate system needs the participation of
oxygen. In addition, as shown in SI Figure S9, the
concentration of H2O2 in the air-saturated solution increased

Table 1. Reactions and Reaction Rate Constants for Fe(II)/
Fe(III) with HO2·/O2

·− and H2O2 in Aqueous Phase

no. reaction k (M−1 s−1) ref

a Fe(II) + HO2· + H+ → Fe(III) + H2O2 1.2 × 106 18
b Fe(II) + O2

·− + H+ → Fe(III) + H2O2 1.0 × 107 18
c Fe(II) + H2O2 → Fe(III) + OH· + OH− 76 10
d [Fe(II)C2O4] + H2O2 → [Fe(III)C2O4]

+ + OH·
+ OH−

3.1 × 104 19

e Fe(III) + HO2· → Fe(II) + O2 + H+ <1 × 104 18
f Fe(III) + O2

·− → Fe(II) + O2 1.5 × 108 18
g [Fe(III)(C2O4)n]

3−2n + HO2· → [Fe(II)
(C2O4)n]

2−2n + O2 + H+
<1.2 × 105 19

h [Fe(III)(C2O4)n]
3−2n + O2

·− → [Fe(II)
(C2O4)n]

2−2n + O2

<1 × 106 19

i Fe(III) + H2O2 → Fe(II) + O2 + H+ very slow 10
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continuously during the first 50 min then dropped off from 50
to 100 min whereas H2O2 was below the detection limit (<0.1
μM) in the N2-saturated solution during the entire experiment.
These results stress the necessity of oxygen for the generation
of H2O2 and ·OH by photodissociation of Fe(III)−oxalate
complexes.
The photolysis of Fe(III)−oxalate complex resulted in the

reduction of Fe(III) to Fe(II) and the formation of CO2
·−,

which is a powerful reducing agent and could reduce another
Fe(III)−oxalate ion or the dissolved O2 depending on the
relative concentrations of ferrioxalate to oxygen in the
solution.35 In air-saturated solution, the concentration of
dissolved O2 was about 250 μM, much higher than the 20 μM
Fe(III) ion used in this study, thus CO2

·− would preferentially
reduce O2 to O2

·− rather than react with ferrioxalate to
produce Fe(II).25 The O2

·− and its conjugate acid (i.e., HO2·)
mainly reacted with Fe(II) to form H2O2 (reaction 8), which
subsequently interacted with Fe(II) (reaction 3) or [Fe(II)-
C2O4] (reaction 9) to produce ·OH. In the absence of oxygen,
CO2

·− can also react with GUA,36 which explains the slight
decline of GUA in the N2-bubbling experiment (Figure 3d).
3.3. The Photooxidation Pathways of GUA in the

Presence of Fe(III)−oxalate Complexes. Based on the
molecular information obtained through the Orbitrap HRMS
analysis, we elucidate the photooxidation mechanisms of GUA
in Fe(III)−oxalate mediated systems. In the irradiated
Fe(III)−oxalate system, attack by ·OH was the predominant
pathway for GUA degradation, whereas the other reactive
oxygen species (e.g., O2

·−/HO2·, H2O2) generated played an
insignificant role in GUA degradation due to their lower
reactivity toward phenols.37 Previous studies have demon-
strated that ·OH plays a vital role in the transformation of
dissolved organic pollutants in atmospheric water.2,38 In
general, ·OH reacts with aromatic compounds via three
channels: electron transfer, hydrogen atom abstraction and
electrophilic addition. These reactions result in the substantial
formation of low-volatility materials from GUA. For phenolic
compounds such as GUA, electrophilic addition of ·OH to the
aromatic ring usually prevails over the other two channels.36,39

H-abstraction from phenolic hydroxyl groups and methoxy
groups is typically slow and H-abstraction from the aromatic

ring is always a very minor reaction pathway. Electron transfer
is a less common pathway because it requires very electron-rich
matrices.39−41

Figure 4 shows the Orbitrap mass spectra of the oxidative
products formed in the GUA-Fe-oxalate solution after
irradiation for 100 min. Note that a majority of the smaller
and more oxidized ring-opening products are not included in
Figure 4 as the mass spectra were acquired only for the range
of m/z 90−500. The Van Krevelen diagram (SI Figure S10)
reveals the presence of a large number of molecules with
double bond equivalent (DBE) > 5, suggesting that they
contain at least one aromatic ring. SI Table S1 lists 40 key
molecules identified as the products of GUA photooxidation,
including hydroxylated species, aldehydes, acids, esters,
oligomers, epoxide, hydroperoxide, and quinone. For example,
the ions at m/z = 139.03976 (C7H7O3

−) and m/z = 261.07693
(C14H13O5

−) suggested the presence of hydroxylated GUA and
hydroxylated GUA dimer, respectively. Poly hydroxylated
products were also identified, as the ions at m/z =
171.02946 (C7H7O5

−) and m/z = 187.02462 (C7H7O6
−)

were assigned to the low-volatility products, that is, trihydroxy
and tetrahydroxy guaiacol, respectively. These results indicate
that hydroxylation was a significant reaction pathway that led
to the oxidation of GUA. Oligomerization was another reaction
channel that contributed to the transformation of GUA (SI
Table S1). The high abundance of ions at m/z = 245.08215
(C14H13O4

−) and m/z = 243.06636 (C14H11O4
−) in the

HRMS indicates the presence of guaiacol dimer and its
derivative (Figure 5, A16, A17, A18). However, ions representing
trimer and higher oligomer were not detected at significant
signal-to-noise ratios in the HRMS, implying that the products
were highly oxygenated in the irradiated Fe(III)−oxalate
system. According to the study of Yu et al.,42 the GUA
oligomers are intermediate products mainly formed in the
initial stage of OH- mediated reactions. As the reaction
proceeds, longer aging can lead to the fragmentation of
oligomers, forming more oxygenated and smaller products.42

The HRMS results revealed the ubiquitous formation of
acid, esters, epoxide, hydroperoxide, quinone from GUA as
well. For example, the noticeable peaks at m/z = 179.03482
(C9H7O4

−) and m/z = 195.02994 (C9H7O5
−) in the HRMS of

Figure 4. Orbitrap mass spectrum the oxidative products of GUA from the photo/ferrioxalate system: [Fe(III)]0 = 20 μM, [oxalate]0 = 250 μM,
[GUA]0 = 50 μM, pH 3.0 ± 0.1, air bubbling. The mass spectrum was acquired in negative electrospray ionization modes. The proposed chemical
structures for the compounds identified in Figure 4 are presented in SI Table S1.
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the products suggested the formation of two kinds of guaiacol
esters, 2-methoxy phenyl glyoxylate and 2-methoxy phenyl
oxalate. The peak at m/z = 205.03497 (C7H9O7

−) implied the
presence of highly oxidized species bicyclic hydroperoxide
(Figure 5, A6). The pronounced signal at m/z = 123.00863
(C6H3O3

−) was assigned to hydroxybenzoquinone, which was
likely a demethoxylated aromatic product of GUA oxidation.
Interestingly, demethoxylation of GUA by ·OH also led to the
formation of dihydroxybenzene (catechol), a marker for
biomass burning, corresponding to the strong signal at m/z
= 109.02923 (C6H5O2

−). The peak at m/z = 171.02946
(C7H7O5

−) represented a ring-cleavage epoxy product of GUA
oxidation (Figure 6, B5). Besides, a large number of low-
molecular-weight products (number of C atoms <6), such as
C4H3O4

− at m/z = 115.00338 and C5H5O4
− at m/z =

129.01919, were identified. These small organic acids were
highly oxygenated open-ring products of GUA.
Based on the above results, we proposed in Figure 5 the

main pathways of GUA oxidation through the reactions with
·OH. Briefly, the reactions with organic acids can lead to the

esterification of GUA.43 For example, the reaction between
GUA and oxalic acid produces a phenolic ester−methox-
yphenyl oxalate (A1). H-abstraction from the methoxy group of
GUA by ·OH, followed by ·OH addition to OCH2 radical
group, results in the formation of a hemiacetal (A2), which is a
minor route for GUA oxidation by ·OH.44 The electrophilic
ortho-addition of ·OH to the aromatic ring of GUA, followed
by O2 addition, leads to the formation of the primary peroxy
radical (A3), which can react with HO2 to form guaiacol
hydroperoxide (A4). The primary peroxy radical (A3) can also
isomerize to form bicyclic peroxy radical (A5), which will
proceed through H-abstraction from HO2 to form bicyclic
hydroperoxide (A6). The ortho-addition of ·OH to the ring,
followed by O2 addition and HO2 elimination, results in the
formation of 2-hydroxy-6-methoxy-3,5-cyclohexadienone (A7)
and monohydroxy guaiacol (A8). A8 can be further oxidized to
form 2-methoxy-o-quinone (A9) through H-abstraction from
hydroxyl groups by ·OH, O2 addition, then HO2 elimination.
In addition, H-abstraction from phenolic hydroxyl groups of
GUA by ·OH leads to the formation of phenoxy radical, which

Figure 5. Proposed mechanisms for the formation of hydroxylated species, dimers esters, quinones, ketones, hydroperoxide, and demethoxylated
products from aqueous reactions of GUA with OH radical generated by the photolysis of Fe(III)−oxalate complexes. All the species produced via
the reactions of GUA with OH may undergo further ring-opening processes to form ketones, aldehyde, epoxide, and carboxylic acids. Compounds
highlighted in blue boxes were detected by Orbitrap−MS.
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is known to undergo radical recombination via C−C or C−O
coupling in aqueous phase to form dimers (A16, A17 and A18).

45

Demethoxylation occurs through electrophilic ipso-addition of
·OH to ring positions occupied by methoxyl groups, followed
by elimination of a methanol molecule to yield semiquinone
radicals (A10).

46 A10 can directly interact with HO2 to form
dihydroxybenzene (A15)

44,47 or isomerize to form alkyl radical
(A11). A11 reacts rapidly with O2 to yield peroxy radical (A12),
which is then reduced to alkoxy radical (A13) by HO2. A13 will
further undergo H-abstraction by O2 to yield 2-hydroxy-p-
benzoquinone (A14). This demethoxy route eventually leads to
carbon loss from methoxyphenol system and converts methoxy
groups to hydroxyl or carbonyl groups. To further confirmed
the occurrence of the methoxy loss route, we employed GC−
MS to identify methanol in the photooxidation products of
GUA and unambiguously detected methanol in the products
(SI Figure S11). According to the study of Aihara et al.,44 ipso-
addition of ·OH is a more important route compared to ortho-
and para-addition of ·OH to the ring of methoxyphenol in
aqueous phase, so ipso-addition of ·OH may be a major route
that leads to the oxidation of GUA in current systems.
Furthermore, the reactants and products from all these

reaction pathways can further undergo ring opening and
fragmentation processes, resulting in the substantial formation
of aldehyde, ketone, epoxide and carboxylic acid. Since almost
all low-volatility small molecules (C number <6) in the
oxidative products of aromatics originate from the open-ring
processes, the ring-opening reactions initiated by ·OH play a
significant role in producing aromatic SOA in both gas phase

and liquid phase. The OH-mediated ring-opening oxidation
mechanisms for gas-phase aromatic organics have been
investigated extensively, but very little is known for the
liquid-phase reactions of aromatics. Figure 6 shows the ring-
opening oxidative mechanisms of GUA mediated by ·OH in
water. The addition of ·OH and O2 to the aromatic ring of
GUA leads to the formation of primary peroxy radical (B1),
which would preferably cyclize to the bicyclic allyl radical (B2)
since the allylically stabilized five-membered bicyclic radicals
are the lowest energy radicals formed.48,49 The bicyclic
intermediate B2 is the source for the reaction pathways that
lead to the formation of ring-opening products.50 B2 will go on
to react via two channels. One channel is to break the −O−
O− bond of B2 to form epoxy alkoxy radicals (B3). The
breakage of the aromatic ring on B3 produces epoxide-
containing radical product (B4), which undergoes H-
abstraction by O2 to yield the unsaturated epoxy-1,6-
dicarbonyl (B5) eventually.51 In the other channel, B2
combines with O2 to produce bicyclic peroxy radical (B6),
which is reduced to a bicyclic alkoxy radical (B7) by HO2. B7
subsequently undergoes two contrary processes: ring-breakage
or ring-closure. The β-scission of B7 gives the ring-open radical
product (B8), which breaks the −O-O- bond to form a radical
(B9). B9 then decomposes via the C−C scission to ultimately
form glyoxal and highly oxygenated unsaturated carboxylic acid
(B10). It is important to note that the scission occurs preferably
at the C−C bond between the carbon with the oxygen atom
attached to it and the saturated carbon center.49 The ring-
closure of B7 produces bicyclic epoxyl radical (B11), which then

Figure 6. Proposed ring-opening mechanisms for the reaction of GUA with OH radical generated by the photolysis of Fe(III)−oxalate complexes.
Compounds highlighted in blue boxes were detected by Orbitrap−MS.
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recombines with O2 to form bicyclic epoxyl peroxy radical
(B12). B12 would react with HO2 to form bicyclic epoxyl alkoxy
radical (B13), which is subject to C−C bond breakages and to
H-abstraction by O2 to eventually yield glyoxylic acid and
highly oxidized epoxy-1,4-dicarbonyl (B14).

52 These results
reveal that OH-mediated ring-opening reactions of GUA in
liquid phase may be a significant source of small-molecular
products such as glyoxal, glyoxylic acid as well as highly
oxidized species in the atmosphere. Note that the ring-opening
mechanisms mediated by ·OH are also applicable to other
oxidized products containing aromatic ring in current reaction
system.

4. ENVIRONMENTAL SIGNIFICANCE
We studied the importance of Fe and oxalate in the aqueous
aging of GUA. For the dark reaction, the presence of oxalate
inhibits the Fe(III)−oxidation of GUA. For the photoreaction,
the presence of oxalate can strongly promote the Fe-catalyzed
oxidation of GUA via the formation of photoactive Fe(III)−
oxalate complexes which can undergo efficient photodissoci-
ation to produce ·OH under simulated sunlight. The
photodegradation rate and efficiency of GUA increase with
the increase of pH value from 3 to 5. By using high resolution
mass spectrometry, a large number of products with different
degrees of oxidation (including dimers and their related
derivatives, ring-opening products, functionalized products)
were identified. The reaction mechanism is proposed in detail
based on the molecular analysis by HRMS.
It is expected that the formation of oxidants in atmospheric

water by photolysis of Fe(III)−oxalate complexes is con-
tinuous since oxalate are continuously replenished by gas-to-
liquid partitioning and in-cloud oxidation of other organic
matters. In addition to oxalate, other organic acids in
atmospheric water such as pyruvate and glyoxalate can form
complexes with Fe(III) and these Fe(III)−organic complexes
have been reported to generate reactive oxidative species such
as ·OH and H2O2.

13,53 Although we only focused on the role
that the Fe(III)−oxalate complexes play in the chemical
evolution of GUA, other Fe(III)−organic complexes may also
play a significant role in the degradation of GUA and other
soluble organics in atmospheric aqueous phase. Therefore, our
work implies that the Fe(III)−organic complexes are
potentially a powerful source of oxidants in atmospheric
condensed phases and play a significant role in the trans-
formation of the dissolved organic compounds in the
atmosphere.
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