
13C Probing of Ambient Photo-Fenton Reactions Involving Iron and
Oxalic Acid: Implications for Oceanic Biogeochemistry
Srinivas Bikkina,* Kimitaka Kawamura,* Manmohan Sarin,* and Eri Tachibana

Cite This: ACS Earth Space Chem. 2020, 4, 964−976 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The atmospheric abundance of oxalic acid significantly influences the
supply of soluble iron (Fews), an essential micronutrient for the phytoplankton growth,
to the ocean surface. We used the linear relationship between stable carbon isotopic
composition of oxalic acid (δ13Coxalic) and Fews in marine aerosols collected from a
coastal ocean, the Bay of Bengal (BoB), to probe the likely photochemical cycling of
total aerosol iron (FeTot). In winter, the BoB is influenced by continental pollution from
the Indo-Gangetic Plain (IGP) and Southeast Asia (SEA). Despite higher levels of
oxalic acid, anthropogenic SO4

2−, and FeTot in IGP outflow, we observe higher fractional
solubility of aerosol iron [Fews (%) = Fews/FeTot × 100] in the SEA outflow (11.4−
49.7%). Coincidently, we observe an inverse linear relationship between δ13Coxalic (from −18.4 to −8.8‰) and Fews (3.5−38.0 ng
m−3) in the SEA outflow (slope = −0.18; R2 = 0.42; p < 0.05) but not in the IGP outflow. This relationship indicates the catalytic
behavior of FeTot in the oxidation of precursor water-soluble organics to oxalic acid, yielding Fews. Unlike the IGP outflow, SEA
outflow aerosols (i.e., having excess free inorganic acidity and low aerosol pH) are more acidic and experience higher solar influx
over the remote BoB. These findings emphasize the concept that oxalic acid formation from the precursor organics in deliquescent
aerosols is catalyzed by FeTot, contributing to an overall increase of Fews (%).

KEYWORDS: iron solubility, Indo-Gangetic Plain, Bay of Bengal, oxalic acid, stable carbon isotopes, aerosols, biomass burning,
Southeast Asia

■ INTRODUCTION

Atmospheric supply is a dominant source of soluble iron, an
essential micronutrient for photosynthetic carbon fixation by
marine phytoplankton,1,2 to the open ocean in the contempo-
rary2,3 and glacial periods.4,5 Over the last 2 decades, both
oceanographic and atmospheric studies have considerably
advanced our understanding on the strong interlink between
bioavailable iron supply through dust/combustion sources6−9

and C/N fixation in the surface waters.10−13 For instance,
whether the atmospheric supply of soluble iron affects the
concentration in the surface ocean or not depends upon
various environmental factors in the water column. Those
factors include abundance and type of sedirophores,14−19 the
existence of a sea-surface microlayer,20 the presence of certain
cyanobacterium spp., such as Trichodesmium colonies,26,27

concentration levels of superoxide formed in situ via the
interaction of light with the colored dissolved organic
matter,21,22 and the size distribution of deposited par-
ticles.23−25 All of these studies have emphasized that
environmental changes in the iron supply are highly uncertain
but have a significant impact on the biogeochemistry of surface
waters.
Mineral dust from desert regions is often characterized by

higher concentrations of total aerosol Fe (∼3.5% in the Upper
Continental Crust26) but with poor solubility (∼0.01−
0.1%).27 On the contrary, fine alluvium from the river

banks/canals contributes to a significant increase in fractional
solubility of aerosol iron.28 Several factors influence the
solubility of aerosol iron during long-range atmospheric
transport to the open ocean, viz., acid processing,28−30 particle
size,31,32 mineralogy,33 and organic complexation.34,35 Besides,
recent studies have emphasized anthropogenic combustions
(e.g., biomass burning and coal fly ash) as a more significant
source of soluble Fe to the surface waters than mineral
dust.6,9,36−39 Among the known factors, organic complexation
of aerosol iron followed by a photoreductive dissolution during
atmospheric transport is the least understood pathway as a
result of a lack of substantial field-based evidence.35,40−42

There is a lack of data in the literature about how water-
soluble dicarboxylic acids, in particular, oxalic acid, would
influence the fractional solubility of aerosol iron in the
continental outflow to the coastal and remote ocean. Here,
we have examined the relevance of oxalic acid in modulating
the fractional solubility of aerosol Fe over the Bay of Bengal
(BoB), located downwind of pollution sources. The major
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objective of our study is to better constrain the relative
significance of water-soluble dicarboxylic acids and related
compounds in influencing the fractional solubility of aerosol Fe
over the BoB using their diagnostic mass ratios and stable
carbon isotopic composition of oxalic acid.

■ MATERIALS AND METHODS
Site Description and Aerosol Collection. The BoB is

located in the northeastern side of the Indian Ocean and
bordered by the landmasses in South Asia (India and
Bangladesh) and Southeast Asia (SEA, e.g., Myanmar,
Vietnam, Singapore, and Indonesia). Although this basin
receives a large freshwater influx from the mighty rivers, such
as Ganga and Brahmaputra, during the southwest monsoon,43

the high turbidity accompanied by poor ventilation and water-
column stratification is a prime factor for the low productivity
in the BoB.43,44 In contrast, this ocean is more productive
during the northeast monsoon because of the frequent
occurrence of cyclonic eddies that pump nutrients up in the
surface waters.45,46 Coincidently, atmospheric abundances of
nutrients and other airborne particulates in the south and
southeast Asian outflows significantly influence the chemical
composition in the marine atmospheric boundary layer during
the northeast monsoon (December−April).47,48 However, the
impact of atmospheric deposition is more pronounced in
winter (December−February) than spring (March−May)
intermonsoon.28,49

For this study, particulate matter with a diameter of less than
2.5 μm (PM2.5) samples (n = 31) were collected on 8 in. × 10
in. precombusted tissuquartz filters (PALLFLEX) using a high
volume air sampler (Thermo Andersson, Inc.), which was set
up onboard Ocean Research Vessel (ORV) Sagara Kanya
during the SK-254 cruise (from December 27, 2008 to January
26, 2009). The air sampler was installed on the front deck of
the navigation room of the ship and was operated when the
ship was cruising at a speed of 10−12 knots/h. All of the PM2.5
samples were collected for ∼20 h (except for three samples),
with an averaged air volume of ∼1404 ± 32 m3. Detailed
collection procedures and meteorological conditions were
described in our previous publications.47,50−52 Seven proce-
dural field blanks were also collected and analyzed for the
chemical composition. After the collection, aerosol samples
were stored at −20 °C until chemical analysis. All of the
chemical compositions, except for dicarboxylic acids, were
measured within 4 months after the cruise at the Physical
Research Laboratory in India. The measurements of
dicarboxylic acids were conducted in 2014 at Hokkaido
University in Japan.
Determination of Total Aerosol Iron (FeTot) and

Water-Soluble Iron (Fews). For FeTot, a portion of the
aerosol sample was digested with 0.5 mL of HF, 3 mL of 8 N
HNO3 (both acids are Teflon-distilled), and 5 mL of Milli-Q
in a microwave digestion system (Milestone model; pressure,
∼100 bar; temperature, 210 °C; cycle time, 1 h; and power,
1000 W). After digestion, the resulting solution was suitably
made up to ∼28.5 mL using Milli-Q water (∼1 N background)
and analyzed for FeTot on inductively coupled plasma atomic
emission spectrometry (ICP−AES, Horiba, Jobin Yvon
ULTIMA 2). Unlike for FeTot, the extraction procedures of
Fews significantly vary across the research groups.53 The choice
of extraction technique can introduce significant variability for
the determination of the soluble iron content in ambient
aerosols.54 We have not analyzed the reference material, such

as Arizona test dust, for assessing the extraction efficiency as a
result of the non-availability in our lab. Instead, the optimal
leaching time for Fews in this study was ascertained by
extracting a compositionally similar PM2.5 sample from the
Indo-Gangetic Plain (IGP; Table S1 of the Supporting
Information) containing a high concentration of FeTot at
different time periods (10, 20, 30, and 60 min; see the
supplementary figure in ref 28). Furthermore, the reproduci-
bility of Fews concentrations from our method was also
ascertained by the repeated extractions of randomly selected
aerosol samples (n = 15) from a batch of 52 samples collected
at a coastal site in southern India. The results show an overall
agreement within 14.9% (range, 2−14.2%; average, 7.1 ±
3.5%).
For Fews, ∼31.4 cm2 of filter sample was extracted with 10

mL of Milli-Q water by ultrasonic agitation for ∼10 min. The
extracts were subsequently filtered through a 0.45 μm
polytetrafluoroethylene (PTFE) filter and acidified to pH ∼
2 with HNO3. The whole extraction procedure was completed
in 20 min. The water extracts were analyzed for Fews on a
graphite furnace atomic absorption spectrophotometer (GF−
AAS, PerkinElmer model) equipped with an autosampler
(AAnalyst-100) and heated graphite furnace atomic analyzer
(HGA-800). The GF−AAS has an inbuilt correction for the
absorption caused by the matrix effects in a sample by the
simultaneous use of a deuterium arc lamp and Fe-specific
hollow cathode lamps. Additionally, spiking the known
concentration of iron to the water extracts of randomly
selected samples yielded an overall external precision of 10%.
GF−AAS and ICP−AES instruments were calibrated with
commercially available high-purity 23 element trace metal
standard (Merck). The analytical accuracy was ascertained by
analyzing the Fe content in the acid-digested United States
Geological Survey (USGS) rock standard (W1 basalt), which
showed an agreement within 3% difference.47 The repeated
extraction of aerosol filters has yielded an overall coefficient
variation of ∼8.7% for Fe.47 In this study, we defined the
solubility of aerosol iron [Fews (%)] as the percentage fraction
of Fews in FeTot over the BoB,28,50,55 and the analytical
uncertainties were determined on the basis of the Monte Carlo
simulations using the open-source statistical software package
in R56,57 (Table S2 of the Supporting Information).

Carbonaceous Components and Water-Soluble In-
organic Species. A 1.5 cm2 punch of the PM2.5 was analyzed
for the mass concentrations of elemental carbon (EC) and
organic carbon (OC) on a Sunset Lab carbon analyzer using
the National Institute of Occupational Safety and Health
(NIOSH-504058) protocol.59 One-fourth of the PM2.5 sample
was extracted with Milli-Q water and analyzed for inorganic
ions (Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Ca2+, and Mg2+) on a
Dionex-500 ion chromatograph equipped with a suppressed
conductivity detector (ED-50). The ion chromatograph is
calibrated with gravimetrically prepared working standard
solutions. On the basis of the repeat number of samples,
standards, and blanks, the overall analytical precision is better
than 10% for water-soluble anions and cations. The SO4

2− and
K+ concentrations were corrected for their contribution from
sea salt aerosols over the BoB using measured Na+.60 Likewise,
the aqueous extract of an aerosol filter was passed through a
0.7 μm filter (Whatman GF/F) and analyzed for water-soluble
organic carbon (WSOC) on a total organic carbon (TOC)
analyzer (TOC-5000a, Shimadzu).61 The TOC instrument
was calibrated with potassium hydrogen phthalate standard
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solutions. Replicate analyses of working standards and samples
yielded an external precision of ∼10% for WSOC.52

Dicarboxylic Acids and Related Water-Soluble Com-
pounds. Aqueous extracts of aerosol samples were adjusted
for pH (∼8.5−9) and preconcentrated to near dryness using a
rotary evaporator. These dried residues were reacted with
∼100 μL of 14% BF3/n-butanol at 100 °C for 1 h in a hot
water bath. This step converts dicarboxylic acids into their
dibutyl esters and aldehyde or keto groups to their dibutoxy
acetals. Thereafter, these derivatives were back-extracted in n-
hexane and injected to a gas chromatograph equipped with a
flame ionization detector (FID). Authentic dibutyl esters were
used as external standards for the determination of dicarboxylic
acids and related compounds on gas chromatography (GC)−

FID. The concentrations of analytes in unknown samples were
assessed by comparing the retention time and peak area of
corresponding authentic standards. We also ascertained the
recoveries of whole extraction procedure by analyzing
authentic dicarboxylic acids spiked on the precombusted
blank quartz filters similarly to that of a real sample. This
procedure yielded recoveries of >80% for oxalic acid and >85%
for other dicarboxylic acids.51 No detectable signals were found
for the majority of target compounds in procedural field blank
filters, and the oxalic acid concentration in blank filters is found
to be less than 3% of the minimum signal observed for the
samples.

Stable Carbon Isotopic Composition of Oxalic Acid
(δ13Coxalic). The stable carbon isotopic composition of oxalic

Figure 1. Spatial variability of (a) total aerosol iron (FeTot), (b) water-soluble iron (Fews), (c) aerosol liquid water content (ALWC), (d) free
inorganic acidity (FIA, [nss-SO4

2− + NO3
− − NH4

+]equivalents), (e) malonic acid/succinic acid (C3/C4), mass ratios of (f) oxalic acid/glyoxylic acid
(C2/ωC2), (g) oxalic acid to pyruvic acid (C2/Pyr), (h) oxalic acid to methylglyoxal (C2/MeGly), and (i) molar ratio of oxalic acid/FeTot in PM2.5
samples collected onboard ORV Sagar Kanya during the SK-254 cruise (from December 27, 2008 to January 26, 2009) in the BoB. These spatial
contours were produced by the weighted average gridding interpolation of the concentrations of measured parameters (i.e., only influenced by the
neighboring data points) at different latitudes and longitudes using the ocean data view software (see manual for more details). The dots
correspond to the midpoint of sampling tracks used for the aerosol collection in the BoB.
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acid (δ13Coxalic) relative to Pee Dee belemnite (PDB) was
determined according to the analytical protocol described in
Kawamura and Watanabe.62 First, oxalic acid was extracted
from the samples and derivatized to dibutyl esters using 14%
BF3/n-butanol.

63 A known amount of C13 n-alkane (tridecane)
was added to the dibutyl ester fraction of oxalic acid as an
internal standard and injected into a capillary gas chromato-
graph equipped with a combustion furnace connected online
with an isotope ratio mass spectrometer (GC−IRMS, Thermo
Delta V) for the measurement of stable carbon isotopic
composition (i.e., δ13CdiBE−oxalic). The butyl esters and internal
standard were separated on a GC column (CIP-Sil 8CB, 0.32
mm inner diameter × 60 m long × 0.25 μm film thickness) and
transferred to a combustion furnace and were oxidized to CO2
at 850 °C. The evolved CO2 gas was measured for δ13C
relative to PDB by IRMS (eq 1). Using isotopic mass balance
(eq 2), we calculated δ13Coxalic from δ13CdiBE−oxalic and the
independently measured δ13C of derivatizing reagent (i.e.,
δ13Cn‑BuOH = − 29.7 ± 0.19‰; n = 5) on an elemental
analyzer−IRMS.62

δ = − ×

=
− −R R

R

C (‰) ( / 1) 1000;

C/ C

13
diBE oxalic diBE oxalic PDB

13 12 (1)

δ

δ δ

×

= × + ×
− −

‐ ‐

n

n n

C C

C C C Cn n

diBE oxalic
13

diBE oxalic

oxalic
13

oxalic BuOH
13

BuOH (2)

Here, nCdiBE−oxalic, nCoxalic, and nCn‑BuOH correspond to the
number of carbon atoms in the dibutyl ester derivative of oxalic
acid, free oxalic acid, and n-butanol, respectively. For a more
detailed analytical description, reference is made to our earlier
publications.42,64,65 The mass concentrations of dicarboxylic
acids and related compounds in PM2.5 from the BoB during a
winter cruise51 were used together with the stable carbon
isotopic composition of oxalic acid (δ13Coxalic) to re-examine
their role on the fractional solubility of aerosol iron by
combining with the existing Fe solubility data.50

■ RESULTS AND DISCUSSION
Geographical Sources of Aerosol Fe and Oxalic Acid.

The 7 day isentropic air mass back trajectories (BTs) were
computed for the sampling days over the BoB using hybrid
single particle Lagrangian integrated trajectory (HYS-
PLIT66,67) model and National Oceanic and Atmospheric
Administration (NOAA) reanalysis archived meteorological
data sets. The results showed their origin from IGP and
SEA.50,68 Accordingly, we have classified the PM2.5 samples
into two types as IGP outflow (from December 27, 2008 to
January 10, 2009) and SEA outflow (January 11−26,
2009).50,53 Over the IGP, sources of FeTot include mineral
aerosols from the fine alluvium, fly ash from coal-fired power
plants, and biomass burning emissions (BBEs) in the winter
season.28 Consequently, all of these source emissions
contribute to the supply of Fews in the IGP outflow to the
BoB during the winter cruise (Table S1 of the Supporting
Information).28,50,55 It is worth noting that the mass ratios of
crustal elements (Fe/Al, Ca/Al, and Mg/Al) of the IGP
outflow samples from the BoB showed consistency with those
ambient aerosols and alluvium from the IGP as well as the
Chinese loess sediments. However, these elemental ratios from
the BoB are different from those documented for fine mode
aerosols from Thar and Taklimakan Desert dust episodes

(Table S1 of the Supporting Information). On the contrary,
the forest fires in SEA, including Thailand, Myanmar, Vietnam,
and Indonesia, are a major source of soluble Fe in the SEA
outflow. This is assessed on the basis of the moderate
resolution imaging spectroradiometer (MODIS) fire count
data, air mass BTs (Figure S1 of the Supporting Information),
and diagnostic mass ratios (e.g., nss-K+/EC and nss-K+/OC)
in PM2.5 sampled over the BoB.28,50,55

Spatial Variability of Fews and Diagnostic Ratios of
Oxalic Acid. The concentrations of FeTot and Fews showed
distinct spatial variability over the BoB during the winter
cruise. Here, the IGP outflow samples exhibited higher
loadings of FeTot than the SEA outflow. In contrast, no such
spatial gradients were observed for the mass concentration of
Fews (Figure 1b). Numerous studies have proposed that oxalic
acid promotes the dissolution of FeTot by forming a light-
sensitive coordinate complex, and subsequent photoreduction
processes influence the abundances of Fews in atmospheric
waters.69−75 However, the aerosol liquid water content
(ALWC) and acidity of ambient aerosols are the crucial
factors for the formation of this dicarboxylic acid and its
precursors.51,79−81 Therefore, the ALWC was estimated using
the mass concentrations of water-soluble inorganic ions and a
thermodynamic equilibrium inorganic ion model (E-AIM-
II).76,77 Likewise, the “free inorganic aerosol acidity (FIA)” was
estimated as the excess equivalent amount of major acidic ions
(i.e., nss-SO4

2− + NO3
−) over alkaline species (NH4

+) in the
PM2.5 samples. Interestingly, the spatial variability of ALWC
and FIA was similar to that of Fews concentrations over the
BoB (panels c and d of Figure 1), suggesting their profound
influence on the fractional solubility of aerosol Fe.
Oxalic acid and related polar compounds (e.g., malonic acid,

C3; succinic acid, C4; pyruvic acid, Pyr; glyoxylic acid, ωC2;
and methylglyoxal, MeGly) are widely studied as secondary
organic aerosols (SOAs).78 The temporal variability of oxalic
acid over the BoB is mimicking that of other SOA tracers
(Figure S2 of the Supporting Information). Furthermore,
oxalic acid concentrations were strongly correlated with these
precursor organics in both the IGP and SEA outflows (Figure
S2 of the Supporting Information). These two observations
further complement the findings of earlier laboratory photo-
chemical experiments focusing on the formation of oxalic acid
from other SOA compounds studied here.79,80 For instance,
the photooxidation of methylglyoxal produces pyruvic
acid,80,81 which is further oxidized to form initially glyoxylic
acid and then oxalic acid and other successive higher
homologues (e.g., malonic and succinic acids) in the
ALWC.77,82−84 All of these results suggest that oxalic acid is
produced in series from its higher homologues (e.g., succinic,
adipic, and azelaic acids)79 and α-dicarbonyls (e.g., methyl-
glyoxal) through gas/aqueous phase chemistry.78,85,86 We,
thus, examined the spatial variability of diagnostic mass ratios
of dicarboxylic acids (C3/C4, C2/ωC2, C2/Pyr, and C2/
MeGly) over the BoB (panels e−h of Figure 1). These mass
ratios showed higher values in the SEA outflow than the IGP
outflow (Table S2 of the Supporting Information), which is in
synchronous with that of ALWC and FIA.
Biomass burning in the IGP/SEA outflow emits large

quantities of water-soluble organic compounds that constitute
WSOC.52 We found that FeTot was strongly correlated with
WSOC in both IGP/SEA outflows (Figure S3 of the
Supporting Information), possibly because of the long-range
transport-induced mixing during the winter cruise. In such a
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scenario, FeTot not only facilitates the oxidation of water-
soluble organic compounds to form oxalic acid but also causes
its annihilation in the ALWC.69,87,88 Accordingly, we found a
lower correlation coefficient of oxalic acid with FeTot in the
IGP/SEA outflows compared to other SOA tracers (Figure S3
of the Supporting Information). Furthermore, FeTot was
inversely correlated with the relative abundance of oxalic
acid C in WSOC for the SEA outflow (Figure S4 of the
Supporting Information) but not for the IGP outflow.
Coincidently, SEA outflow samples are characterized by higher
Fews (%), FIA, ALWC, and solar flux (i.e., obtained from the
HYSPLIT model) than IGP outflow samples (panels a−d of
Figure 2). Therefore, the prevailing inverse relationships in the
SEA outflow are likely due to the increase in acidic character
and particle-bound water content available for the photo-
chemical reactions occurring between FeTot and oxalic acid.
On a global scale, oxalic acid is 2−3 orders of magnitude

more abundant in the atmosphere compared to other Fe-
binding organic compounds, such as malic, citric, and tartaric
acids.78,89−91 Chen and Grassian70 reported higher Fews (%) in
the presence of oxalic acid compared to sulfuric acid or acetic

acid as a result of the formation of the mononuclear bidentate
ligand−metal complex, which undergoes ambient photo-
chemical reactions to yield more soluble Fe.70 Accordingly,
significant linear relationship of Fews was observed with oxalic
acid in both the IGP/SEA outflows (Figure 2e) but not with
acetic acid92 over the BoB (Figure 2f). Moreover, the
regression slopes for the IGP/SEA outflow samples are
somewhat similar to those reported in the literature. Better
correlations of Fews with oxalic acid are, in particular, evident
for the SEA outflow (R2 = 0.68; slope = 2.87; p < 0.05). The
regression slope reported here is similar to that observed for
the long-term data sets of PM2.5 from Toronto (2.89), Ottawa
(4.2), Simcoe (4.1), Windsor (1.3), Montreal (2.8), and St.
Anicet (4.6).71 This could be due to their common formation
pathways, such as catalytic oxidation of water-soluble organic
compounds to oxalic acid by FeTot, which is simultaneously
reduced to Fews. Given the larger proportion of oxalic acid
relative to FeTot (i.e., also containing Fews; Figure 1i), these
considerations hint a likely interplay over the coastal ocean.

Role of Aerosol pH and FIA on Fe Solubility. For acid
processing (i.e., the abundance of FIA) and/or complexation

Figure 2. Box−whisker plots of (a) fractional solubility of aerosol Fe (Fews/FeTot × 100, where Fews = water-soluble iron and FeTot = total aerosol
iron), (b) free inorganic acidity (FIA ≈ [nss-SO4

2− + NO3
− − NH4

+]equivalents), (c) aerosol liquid water content (ALWC) estimated by the extended
aerosol inorganic ion model (E-AIM-II), and (d) downward solar flux obtained from the hybrid single particle lagrangian integrated trajectory
(HYSPLIT) model in PM2.5 collected during the SK-254 cruise. Panel e and f correspond to linear regression analysis of molar mass concentrations
of Fews with oxalic and acetic acids, respectively.
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with oxalic acid followed by subsequent photoreductive
dissolution, both of these proposed schemes significantly
influence the fractional solubility of aerosol Fe.71,73,93,94 We
found that relatively high concentrations of oxalic acid (3.6 ±
2.1 nmol m−3) and nss-SO4

2− (123 ± 81 nmol m−3) are
associated with lower fractional solubility of aerosol Fe (14 ±
6%) in the IGP outflow. In contrast, we observed higher
fractional solubility of aerosol Fe in the SEA outflow (32 ±
11%), coinciding with lower mass concentrations of oxalic acid
(1.3 ± 0.7 nmol m−3) and nss-SO4

2− (72 ± 32 nmol m−3).
This means that absolute atmospheric abundances of oxalic
acid and nss-SO4

2− are not directly responsible for the
observed higher Fews (%) in the SEA outflow, underscoring
the role of another parameter/process. On the basis of the
prevailing large difference in the mass concentrations of SO4

2−

and oxalic acid in ambient aerosols, it has been often argued
that acid processing might alone control the atmospheric
abundances of Fews.

28,50,95,96 However, recent studies have
emphasized the role of atmospheric acidity (i.e., represented
here by the aerosol pH estimated using the E-AIM II model) in
forming SOA (e.g., oxalic acid).51,71,97−102 Accordingly, we
found significant linear relationships of aerosol pH with the
molar mass concentrations of oxalic acid and Fews in both the
continental outflows (IGP and SEA; Figure 3). Better
correlations were observed here for the SEA outflow samples,
suggesting that aerosol acidity over the remote oceans controls
both the formation of SOA (e.g., oxalic acid) and Fews.
Relationship between δ13Coxalic and Fews. FeTot not only

catalyzes the oxidation of precursor water-soluble organics (i.e.,
represented here by WSOC) to form oxalic acid in aerosols

(case i) but also facilitates further oxidation of oxalic acid to
yield CO2 (case ii).69,74,87,103

case i

+

→ +

+

+

WSOC Fe (catalyst; i.e., largely Fe )

oxalic acid Fe (i.e., Fe )
Tot

3

ws
2

case ii

+

→ +

+

+

oxalic acid Fe (catalyst; i.e., largely Fe )

CO Fe (i.e., Fe )
Tot

3

2 ws
2

Pavuluri and Kawamura42 conducted a laboratory ultraviolet
(UV) photolysis study of oxalic acid by reacting with a solution
containing only H2O2 and a mixture of H2O2 and Fe3+ (i.e.,
mostly insoluble Fe and an analogue of FeTot), followed by the
measurement of stable carbon isotopic composition of oxalic
acid (δ13Coxalic) in the solution.42 Although oxalic acid
underwent serious photolysis in both experiments, the
carbon isotope fractionation was found to be significant only
for the latter case (i.e., oxalic acid with the H2O2/Fe

3+

system).42 This observation emphasizes the atmospheric
significance of this micronutrient in affecting the SOA
formation/removal processes during long-range transport.
The relationship of δ13Coxalic with Fews in aerosols is useful
for tracing the plausible mechanism between these two case
scenarios. According to case i, we would anticipate a negative
linear relationship between δ13Coxalic and Fews. If FeTot oxidizes
WSOC to result in oxalic acid, this process depletes 13C of the
product as a result of the kinetic isotope effect (KIE). This
process, therefore, results in lower δ13Coxalic as the reaction

Figure 3. Linear regression analysis between estimated aerosol pH (pHaero) by the extended aerosol inorganic ion model (E-AIM-II) and oxalic
acid and water-soluble iron in the (a and c) IGP outflow and (b and d) SEA outflow in PM2.5 collected over the BoB during the SK-254 cruise.
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proceeds further, leading to its negative linear relationship with
Fews. In contrast, we should observe a positive linear
relationship between δ13Coxalic and Fews according to case ii.
This is because of KIE, resulting from the preferential
oxidation of lighter carbon (12C)-containing isotopologues of
oxalic acid, such as (12COOH)2, to yield CO2 than the 13C-
containing isotopologues. Therefore, we would expect 13C
enrichment of oxalic acid remaining in aerosols. This means
that, as the reaction proceeds in the forward direction, a higher
value of δ13Coxalic is associated with an increase in Fews
loadings.
We found a significant inverse linear relationship between

δ13Coxalic and Fews only for the SEA outflow samples but not for
the IGP outflow (panels a and b of Figure 4). Despite having
higher abundances of oxalic acid and FeTot, the absence of a
linear relationship between δ13Coxalic and Fews in the IGP
outflow (Figure 4a), thus, emphasizes the role of another
prime controlling factor. Coincidently, we found higher ALWC
and FIA as well as lower pHaero in the SEA outflow than the
IGP outflow. Therefore, the negative linear relationship
between δ13Coxalic and Fews is, thus, pointing toward the case
i scenario, by which FeTot promotes the oxidation of WSOC to
form oxalic acid and, in turn, produce Fews. Calculated pHaero is
low enough to maintain the Fews pool for further oxidation to
form FeTot in the SEA outflow. Before making conclusive
assertions on the formation of Fews here, we need to consider
the possibility of other fundamental and likely interactions that
could happen between FeTot and oxalic acid in the ALWC.
The solubility of aerosol Fe is significantly influenced by the

presence of oxalic acid through Fe(III)−oxalate complexes,
which undergo photolysis in the ALWC to yield an oxalate
radical (C2O4

− •) and Fe(II).69,72,104 Among these reactions,
the Fe(III)−oxalate formation step is a rate-determining step
and follows a first-order kinetics.69,72 The reaction of oxalic
acid with FeTot introduces a KIE because of the preferential
complexation of the 12C-containing isotopologue of oxalic acid

with Fe(III) over 13C-containing oxalic acid. Because of KIE,
the unreacted/remaining pool of oxalic acid in the ALWC is
enriched in 13C, leading to a positive linear relationship
between δ13Coxalic and concentrations of Fews (i.e., similar to
the case ii scenario or Figure 4a; p > 0.05). In contrast, we
documented the negative linear relationship between δ13Coxalic
and Fews loadings in PM2.5 sampled from the SEA outflow
(Figure 4b). Therefore, our field result supports the oxidation
of WSOC to form oxalic acid in the presence of FeTot in the
remote marine aerosols that are characterized by higher aerosol
acidity (i.e., higher FIA and lower pHaero) and solar radiation
flux.
The photochemistry of oxalic acid with iron in solution is

expected to be more favored than reactions occurring on the
mineral aerosol surface. To claim any effects of acid processing
(inorganic/organic) of mineral aerosols in the ambient
atmosphere of the BoB, we, thus, need information on the
mixing state of FeTot with other chemical compositions. In our
study, the design of aerosol collection and analysis of the
chemical composition of organic compounds (e.g., oxalic acid
and precursors) and water-soluble inorganic species (e.g., nss-
SO4

2−) is similar to most field studies reported in the
literature.9 In contrast, Li et al.95 have recently used the
nanoscale secondary ion mass spectrometry and scanning
transmission electron microscope images of individual aerosol
particles from the East China Sea to unveil various Fe-bearing
fractions (i.e., associated with SO4

2−, organic matter, mineral
dust, and soot). This knowledge gap from the northern Indian
Ocean, therefore, calls for single-particle measurements in the
future to understand the relative role of oxalic acid (or organic
matter) and/or sulfate processing of aerosol Fe.
The internal mixing of oxalic acid and FeTot in the

continental outflows to the BoB can be justified indirectly
based on the following arguments. First, the shallow
atmospheric boundary layer height (∼300 m) in winter and
the prevailing NE monsoon makes the IGP outflow like a

Figure 4. Linear regression analysis between the mass concentration of water-soluble iron (Fews, ng m−3) and the stable carbon isotopic
composition of oxalic acid (δ13Coxalic) in PM2.5 sampled over the BoB from (a) IGP outflow and (b) SEA outflow. Panels b and c refer to the linear
regression analysis between δ13Coxalic and FeTot for the IGP and SEA outflow samples, respectively. Here, the size of the circle corresponds to the
percentage fraction of Fews in total aerosol iron (FeTot). Additionally, the pie charts in each circle refer to the composition of water-soluble
inorganic ions, in which the non-sea salt fraction dominates (>99% of the total) for K+, SO4

2−, Mg2+, and Ca2+.
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conduit of haze pollution to the BoB. As a result, the chemical
composition of PM2.5 over the BoB from our winter cruise
resembles that of an internal mixture type of particles (i.e.,
away from source emissions). Second, if oxalic acid (0.3−7.3
nmol m−3) mixed externally with FeTot (0.3−10.9 nmol m−3),
this would disproportionately affect the concentration of Fews
during the extraction process because of the plausible reactions
in solution. In such a case, we do not expect the prevailing
linear relationships between δ13Coxalic and Fews over the BoB.
Although oxalic acid promotes the dissolution of FeTot (i.e.,

FeTot + oxalic acid → Fews), excess addition of this organic
compound causes “saturation effect (suppression)” on the
concentration of Fews in acidic aerosols.

39 Therefore, the extent
of oxalic acid reaction with FeTot in acidic aerosols is also an
important factor to understand the spatial variability of Fews
(%) over the BoB. Zuo and Hoigne ́69 reported that the
photolysis of oxalic acid in the presence of Fe3+ increases when
their molar proportions were comparable (i.e., oxalic acid/
FeTot ∼ 1.0). Similar results were obtained by Pavuluri and
Kawamura,42 in which the photochemical oxidation of oxalic
acid was somewhat enhanced when the initial molar
concentration ratio of oxalic acid/FeTot was ∼10 compared
to molar ratios of 50 and 200. Besides, Ito et al.38 observed that
increase in oxalic acid levels (e.g., 0.2, 2.0, and 12 mM) do not
linearly contribute to Fews concentrations (0.6, 1.2 and ∼1.6
mM). In another words, the ratio of change in molar
concentration of oxalic acid to that of Fews varies significantly,
∼ 3 and ∼25 (i.e., deduced from Ito et al.38). These results
from Ito et al.38 can be compared to our data from the BoB to
understand the relative importance (i.e., whether high or low)
of oxalate-promoted dissolution of FeTot.
We, therefore, examined the spatial variability of molar ratios

of oxalic acid/FeTot (Figure 1i) and oxalic acid/Fews (Figure S5
of the Supporting Information) over the BoB. These spatial
variabilities revealed contrasting features of both diagnostic
molar ratios. Lower molar ratios of oxalic acid/FeTot were
found in the SEA outflow (i.e., average of 1.29 ± 0.49)
compared to the IGP outflow (average of 1.83 ± 0.82).
Furthermore, the SEA outflow ratios are similar to the optimal

values suggested by Zuo and Hoigne,́69 emphasizing the likely
photochemical reaction between FeTot and oxalic acid.
Likewise, the molar ratios of oxalic acid/Fews in the SEA
outflow (4.3 ± 1.7) are comparable to those deduced from the
kinetic data of Ito et al.38 (∼3); however, these values are
higher than those observed in the IGP outflow samples (14.1
± 6.5; t = 4.87; df = 29; and p < 0.01). Hence, these
observations emphasize the significance of oxalic acid on the
atmospheric abundance of soluble iron in the outflow from
SEA.
Mao et al.104 suggested that the overall effect of oxalic acid

on photochemical cycling of FeTot becomes smaller as a result
of a loss of oxalic acid (i.e., within a few minutes)69,105 by the
complexation with other metals (e.g., Ca, Zn, and Mg) in
ambient aerosols.106 Therefore, another large source influx of
oxalic acid is needed (i.e., ∼1 mM),104 which is way too higher
than those predicted for the deliquescent aerosols, to become
available for the photoreduction of Fe(III).3 Alternatively, Mao
et al.104 suggested that uptake of gaseous phase hydroperoxy
radicals (HO2

•) into the deliquescent aerosols followed by
redox cycling of Cu−Fe [i.e., Cu(II) + HO2

• → Cu(I) + O2 +
H+; Cu(I) + Fe(III) → Cu(II) + Fe(II)] could better explain
the nighttime high Fe solubility, which is not explained by the
Fe(III)−oxalate photochemistry. However, there exists no
covariability between Fews (%) and Cu/Fe in ambient aerosols
collected over the BoB (Figure S6 of the Supporting
Information). Furthermore, if there were no interactions
between oxalic acid and FeTot over the BoB, we would not
have observed the inverse linear relationship between δ13Coxalic
and Fews levels (Figure 4b). Therefore, this study underscores
the significance of oxalate-promoted photochemistry of iron in
marine aerosols over the coastal ocean.
To assess the relative significance of source emissions and/

or other processing effects on the abundance of Fews over the
BoB, we further examined three diagnostic mass ratios (nss-
K+/EC, a tracer for BBEs; nss-SO4

2−/oxalic acid, dominant
inorganic acidic species versus organic constituent; and Cu/Fe,
redox-sensitive trace metal pair) along with their Fews (%). No
clear pattern was evident from Figure 5a, but in general, both

Figure 5. Scatter plot of diagnostic mass ratios of (a) nss-K+/EC, nss-SO4
2−/oxalic acid, and Cu/Fe and (b) oxalic to succinic acid, oxalic to

glyoxylic acid, and oxalic to pyruvic acid according to their fractional solubility of aerosol Fe over the BoB.
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the IGP and SEA outflow samples had similar Cu/Fe ratios.
However, nss-K+/EC and nss-SO4

2−/oxalic acid mass ratios are
somewhat higher for the SEA outflow samples as a result of the
combined effect of contribution from forest fires in SEA as well
as the relatively aged nature of air parcels sampled over the
southern BoB. Further, the scatter is reduced when Fews (%)
plotted against the diagnostic mass ratios of organic acids (i.e.,
oxalic to succinic and glyoxylic acids and methylglyoxal; Figure
5b). Also, we observed an apparent inverse trend between Fews
(%) and the diagnostic mass ratios of oxalic acid (Figure S5 of
the Supporting Information). Therefore, our finding clearly
emphasizes the control of oxalic acid formed from the
precursor water-soluble organics, such as succinic acid,
glyoxylic acid, and methylglyoxal, on the fractional solubility
of aerosol Fe.
Air−Sea Deposition Impact on Ocean Biogeochem-

istry. There exists a common perception among scientific
peers that 0.45 μm PTFE-filtered solution here (i.e., water-
soluble Fe, Fews) may comprise additional contributions from
colloidal and nanoparticle-bound Fe apart from truly dissolved
Fe. However, these fractions continuously exchange from one
pool to another as a result of various environmental processes
occurring in the water column (i.e., colloidal ↔ truly dissolved
Fe).17 For instance, culture studies have demonstrated the
ability to uptake colloidal iron from the water column by a
certain type of cyanobacterium spp. and reduce it to Fews
through a cell-surface reduction process and, thereby, can fulfill
the requirement for N2 fixation.107−109 Likewise, in situ
photoreduction processes of colloidal/nanoparticle Fe in the
sunlit surface waters can contribute to dissolved iron pool.110

Therefore, the atmospheric input of Fews in the continental
outflows significantly contributes to the bioavailable pool of
this micronutrient in surface waters. Before commenting on
the necessity for incorporating the proposed role of oxalic acid
on Fews (%) into the biogeochemistry models, it is also vital to
ascertain whether the impact of atmospheric deposition of
soluble Fe to the BoB could influence the abundance of
dissolved Fe in surface waters.
The dissolved Al and Fe concentrations in the surface waters

of the BoB from the CLIVAR-I09N expedition (i.e., during the
impact of continental outflows) have emphasized the
significance of fluvial inputs and eddy pumping in the north
and atmospheric inputs in the south.111 Additionally, there
exists a reasonable agreement between estimated deposition
fluxes of aerosol soluble Fe based on the seawater-dissolved Fe
data from the southern BoB (290 ± 70 μmol m−2 year−1) and
those estimated from the fractional solubility of aerosol iron for
the winter cruise (<183 μmol m−2 year−1).47,53 Grand et al.111

normalized this flux of aerosol soluble Fe with column-
integrated dissolved Fe flux (9.2 ± 3.5 μmol m−2) for the
mixed layer depth of 25 m to constrain the residence time of
this micronutrient (i.e., 12 ± 5 days). This means that
atmospheric input has a substantial impact on the dissolved
iron concentration in the BoB on a short time scale during the
continental outflows. Therefore, the persistent inverse linear
relationship between δ13Coxalic and Fews in the SEA outflow
samples from the southern BoB points out the significance of
oxalic acid in deliquescent remote marine aerosols, which are
characterized by the high inorganic acidity.
Laboratory studies have mostly focused on the reaction

kinetics of dissolved Fe(III) in solutions containing some
specific organic acids (e.g., oxalic, malic, citric, and tartaric
acids) under controlled conditions.34,70,72,93,94,112,113 However,

our data from the ambient aerosols collected from the coastal
ocean (i.e., BoB), influenced by pollution sources in winter
shed some light on what fraction of other chemical species
would contribute to the continental outflows and how their
interactions could affect the atmospheric abundances of Fews.
Our study also underscores a lack of correlation between Cu/
Fe and Fews (%), which is contrary to the proposed mechanism
by Mao et al.104 Instead, the observed prevailing relationship
between Fews and δ13Coxalic in the remote oceanic aerosols,
which are characterized by more acidity and exposure to
relatively high levels of solar radiation, emphasizes their
photochemical cycling effects on the fractional solubility of
aerosol iron in the continental outflows.
The implementation of the photochemical reduction scheme

of Fe(III)−oxalate complexes in a three-dimensional chemical
transport model (GEOS-Chem) by Johnson and Meskhidze114

has yielded a ∼75% increase in air−sea deposition of soluble/
dissolved iron to the world oceans. Along this line, our field-
based evidence demonstrates the real-time significance of
water-soluble organic compounds, particularly oxalic acid, in
promoting the dissolution of FeTot over the coastal ocean (i.e.,
BoB), which is heavily influenced by the pollution sources. We,
thus, emphasize the need for improved model estimates of dust
dissolution by including not only inorganic acids but also
abundant organic acids to improve the accuracy of the climate
forces and biogeochemical feedbacks associated with the
atmospheric inputs of trace metals.
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