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[1] To investigate the effect of photochemical aging on
the stable carbon isotopic ratio (6'°C) of oxalic acid
(OxA), a dominant organic species in atmospheric
aerosols, we conducted a laboratory photolysis of OxA
under H,0,-Fe’"(Fe*")-UV system in aqueous phase and
measured §'°C of remaining OxA. Our results showed that
a significant photolysis of OxA occurred with OH radical
but the isotopic fractionation of OxA was insignificant.
In contrast, in the presence of Fe** (Fe*"), we found
a significant enrichment of '*C in remaining OxA. We
also found that kinetic isotope effect (KIE) of OxA largely
depends on photochemical age (irradiation time) and
concentration ratios of OxA to iron; 3.20 £ 0.49%0 (2.18 £
1.18%0) and 21.62 £ 5.41% in 90 min and 180 min
irradiation, in which OxA and Fe** (Fe*") ratios were
50:1 and 200:1, respectively. The enrichment of '*C in
remaining OxA was more significant during the photolysis
catalyzed by Fe®" (7%o) than by Fe** (3%o) in 90 min
irradiation when OxA and iron ratios are the same (50:1).
This study provides a laboratory evidence for the
isotopic enrichment of '>C in OxA with photochemical
aging. This approach is useful for better interpretation of
atmospheric isotopic measurements in terms of the extent
of atmospheric processing of aerosols. Citation: Pavuluri,
C. M., and K. Kawamura (2012), Evidence for 13-carbon enrich-
ment in oxalic acid via iron catalyzed photolysis in aqueous
phase, Geophys. Res. Lett., 39, 103802, doi:10.1029/
2011GL050398.

1. Introduction

[2] Oxalic acid (OxA) is the most abundant species among
a series of dicarboxylic acids in atmospheric particles. Its
concentrations range from 10 ng m > to 70 ng m ° in
remote regions [Kawamura et al., 1996a, 1996b], and up to
1300 ng m ™ in urban air [Ho et al., 2007] and 2000 ng m >
in biomass burning impacted aerosols [Kundu et al., 2010].
Due to very water-soluble and hygroscopic properties of
OxA [Peng et al., 2001], its existence on the aerosol surface
alters the chemical and physical properties of the atmo-
spheric aerosols and enhances the capability of aerosols to
act as cloud condensation nuclei [Kawamura and Usukura,
1993; Saxena et al., 1995] and thus affect the climate and
hydrological cycle.

[3] Kawamura and Kaplan [1987] identified the automo-
bile exhaust as primary source of OxA. It has been hypoth-
esized that the oxalic acid is produced by photochemical
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oxidations of reactive organic precursors such as aromatic
hydrocarbons [Kawamura et al., 1996b], isoprene [Lim
et al., 2005] and acetylene/ethene [Warneck, 2003] in the
atmosphere. Laboratory experiments also demonstrated the
production of OxA by aqueous phase photochemical oxi-
dation of pyruvic acid [Carlton et al., 2006] and glyoxal
[Tan et al., 2009], which are proposed to form by the oxi-
dation of reactive organic precursors in gas phase
[Kawamura et al., 1996b; Lim et al., 2005; Warneck, 2003].
Further, it has also been proposed that the photochemical
oxidation of succinic and malonic acids produce OxA in the
atmosphere [Kawamura and Tkushima, 1993].

[4] Due to the low volatility, oxalic acid is predominantly
associated with aerosol particles in the atmosphere, which
are scavenged by precipitation typically within 6-12 days
[Balkanski et al., 1993]. On the other hand, it can also be
removed from the atmosphere by oxidation with OH and
NOj; radical attack in aqueous phase (atmospheric waters).
Further, it tends to form a complex with iron in aqueous
phase and then undergo decarboxylation reaction yielding
CO; in the presence of sunlight [Zuo and Hoigne, 1994].
Nonetheless, its life cycle and photochemical transforma-
tions in the atmosphere remain highly uncertain.

[5s] Stable carbon isotopic ratio (6"C) of specific organic
compound is useful to better understand its photochemical
processing in ambient air. Rudolph et al. [2003] found a sub-
stantial enrichment of '>C of isoprene, a precursor of oxalic
acid, in locations remote from isoprene emitting vegetation
compared to that in locations directly influenced by isoprene
emissions. Wang and Kawamura [2006] found an increase in
8"3C of OxA and a decrease in its concentration in remote
marine aerosols from midlatitudes toward the equator over the
western Pacific Ocean and Southern Ocean. Moreover, average
8"3C of OxA precursors such as glyoxylic, malonic, and suc-
cinic acids were reported to be lower than that of OxA in
atmospheric aerosols [Aggarwal and Kawamura, 2008;
Pavuluri et al., 2011; Wang and Kawamura, 2006]. Thus, § B3¢
of OxA seems to be controlled by its photochemical degrada-
tion and/or photochemical production from the photochemi-
cally aged precursor gases and intermediate compounds.

[6] In this study, we conducted a laboratory experiment
with H,0,-Fe-UV system in aqueous phase to better
understand the changes in §'°C of OxA with photochemical
aging in different type of environments. Here, we provide a
laboratory evidence for the isotopic fractionation of >C in
OxA that occurs during photochemical processes.

2. Materials and Methods

2.1. Irradiation Experiment of Oxalic Acid

[7] Batch experiments were conducted for photolysis
of authentic oxalic acid (OxA) ((COOH), - 2H,0; Wako,
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Table 1. Experimental Conditions of UV Irradiation for the Photolysis of Oxalic Acid in Aqueous Phase®

Experiment I

Experiment II OxA+Fe* *+H,0,+UV .
Experiment IIT

OxA+H,0,+UV a b c OxA+Fe* +H,0,+UV
Initial Concentration of OxA (M) 1000 200 1000 4000 1000
Initial Molar Concentration Ratios of OxA and Reagents 1:10 10:1:50 50:1:50 200:1:50 50:1:50
Duration of Experiment (min) 180 90 90 180 90
Control w/o UV Yes Yes No No No

?0xA = Oxalic acid. Initial pH of experimental solution = 3.5 ~ 3.7. Typical cloud/fog pH = 2-5.

Japan) in aqueous phase in 100 cc quartz reaction vessel
(cylinder) for 90 to 180 min. Hydrogen peroxide (H,O,,
Wako, Japan) was used to produce hydroxyl radical contin-
uously using low pressure mercury lamp (Ushio, UL0-6DQ)
that emits a UV with wavelength primarily at 254 nm in all
experiments. Iron-111 (Fe*™) (Ferric sulfate, Fe,(SO,);; Wako,
Japan) and iron-II (Fe*") (Ferrous sulfate, FeSO, - 7H,0;
Wako, Japan) species were used to catalyze the photolysis of
OxA in Experiments Ila-c and III, respectively (see Table 1
for the experimental system). Initial concentration of OxA
ranged from 200 uM to 4000 M depending on the experi-
mental system (see Table 1). The molar concentration ratio of
OxA and H,0; in experimental solution (50 ml) in Experi-
ment [ was 1:10. In Experiment Ila-c, the initial concentration
ratios of OxA, Fe*" and H,0, were 10:1:50, 50:1:50 and
200:1:50, respectively. In Experiment III, the initial concen-
tration ratio of OxA, Fe?" and H,0, was 50:1:50. All the
experiments were conducted at room temperature (26°C) and
the temperature variation in experimental chamber was found
to be < +2°C during the experiment. An aliquot (0.5 ml)
of sample was taken at different times in each experiment.
15-50 pul of catalase aqueous solution (Worthington, USA)
were added to each sample immediately after the experiment
to destroy the remaining H,O,. Batch samples were diluted
to about 20 ml each with Milli Q water and then the available
oxalic acid was derivatized to dibutyl oxalate on the same
day to measure its concentration and 6'°C, as described in
the following section.

[8] Two sets of control experiments that correspond to
Experiments I and Ila were also conducted by wrapping the
reaction vessel with aluminum foil in order to avoid any UV
light exposure (Table 1). Furthermore the experimental
solution prepared with (i) H,0,, (ii) Fe** + H,0,, (iii) Fe*" +
H,0, and (iv) authentic OxA were sampled from reaction
vessel and analyzed like samples to check a possible con-
tamination from the experimental protocol or the chemicals
including catalase. In addition, one more authentic OxA
sample was collected from reaction vessel and analyzed
without adding catalase for recovery and for its actual §'°C
value measurement.

2.2. Measurement of Oxalic Acid Concentration
and Its Stable Carbon Isotopic Ratio

[¢9] Concentration of oxalic acid (OxA) was determined
using a method reported elsewhere [Kawamura and
Tkushima, 1993]. Briefly, the sample was concentrated to
near dryness using a rotary evaporator under vacuum and
then derivatized to dibutyl oxalate with 14% BF;/n-butanol
at 100°C. The dibutyl oxalate was extracted with n-hexane
and then analyzed using a capillary GC-FID (HP 6890). The
recovery of authentic oxalic acid was 79% and the analytical

error in duplicate analysis was within 9%. The concentra-
tions reported here are not corrected for the recovery.

[10] Stable carbon isotopic ratio (6'>C) of OXA was mea-
sured using a method reported by Kawamura and Watanabe
[2004]. Briefly, an appropriate amount of internal standard
(n-C,3 alkane) was spiked to the part of derivatized fraction
of the sample following the amount of oxalic acid dibutyl
ester and then injected to GC (HP6890)/isotope ratio mass
spectrometry (GC/irMS) (Finnigan MAT Delta Plus) for the
measurement of §'°C value of the dibutyl oxalate. The §'°C
value of oxalic acid in the sample was then calculated using
an isotopic mass balance equation based on the measured
8'3C value of the oxalate and derivatizing agent (1-butanol)
[Kawamura and Watanabe, 2004]. Difference in §"°C of
free acid for duplicate analysis was generally below 1%o.

2.3. Validation of the Method

[11] Procedural blanks for OxA in (i) H,O,, (ii) Fe** +
H,0, and (iii) Fe** + H,O, were checked and the amounts of
OxA were found to be negligible (0-0.37 uM). The addition
of catalase to authentic OxA sample also did not cause any
contamination of OxA, and the recovery (81%) of OxA in the
presence of catalase was comparable to that (79%) of
authentic OxA. These results indicate that the methodology
adopted for this experiment is satisfactory. Stable carbon
isotopic ratio (6'*C) of authentic OxA was found to be
—21.65%0, which is comparable to that (—22.25 + 0.48%o)
reported previously for the authentic OxA obtained from the
same source (Wako, Japan) [Kawamura and Watanabe,
2004]. The 6"*C value of OxA in experimental sample col-
lected right at the beginning of experiments was found to be
—24.65%0 in Experiment I, —24.90%o in Experiment II and
—16.90%0 in Experiment III. Unfortunately, the mechanisms
involved in de]pletion of >C in Experiment I and II and
enrichment of C in Experiment III cannot be explained at
this moment. However, a trend of *C enrichment was found
in the remaining OxA for each experiment as discussed
below. Thus, we consider that the trends of 6 13C of OxA with
photochemical aging are meaningful.

2.4. Calculation of the Kinetic Isotope Effect

[12] The kinetic isotope effect (KIE), defined as the ratio of
the rate constants for the species containing only '>C atoms
and those containing a 3C atom (k1o/k13), was calculated
following the technique described by Anderson et al. [2003].
The ky,/k3 ratio can be obtained from the slope of the linear
least-square fit of the relationship between concentration and
stable carbon isotopic ratios (§'°C) of the studied compound.
This relationship can be described by the following equation:

In(C,/Co) = kia/ki3/(1 — ki /kaz) In[(PC,/12C,) /(P Cy /12Cy)]
(1)
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Figure 1. Changes in the concentration and stable carbon
isotopic ratio (6'°C) of oxalic acid (OxA) with photochemi-
cal aging (irradiation time) under H,O,-UV system in aque-
ous phase at molar concentration ratios of OxA:H,O, =
1:10. Bars represent the analytical error in concentration
and difference in §'*C measurements in duplicate analysis.

where C; and C, correspond to the concentration and
13¢/"?C,and Cy/'?C, correspond to the 813C of the studied
compound (OxA) at time t and zero, respectively. The
experimental uncertainty for an individual experiment can be
determined from the uncertainty in the slope.

[13] Isotopic fractionation effects are often very small and
therefore they can be expressed as a relative difference of the
reaction rate constants in epsilon (&) notation as per mil
values, similar to using 6'>C values to express stable carbon
isotopic ratios, for the sake of convenience [4nderson et al.,
2003]:

5(%0) = (klz — k13)/k12 x 1000 = (klz/kB — 1) x 1000 (2)

3. Results and Discussion

3.1. Decomposition of Oxalic Acid in H,O0,-UV System

[14] Figure 1 shows changes in the concentration and
813C of oxalic acid (OxA) as a function of photochemical
aging (that is, irradiation time) in the H,0O,-UV system
(Experiment I). The concentration of OxA gradually
decreased to 67% of the initial concentration in 180 min
period of irradiation (Figure 1), but it was not significant in
the control experiment without irradiation (see Figure 1),
indicating that the photochemical degradation of OxA by OH
radical attack and/or UV photolysis is significant (see
Table 2). This experimental evidence may imply a photo-
chemical oxidation of OxA to CO, by OH radical in the
atmosphere, as has been proposed in model studies [Lim
et al., 2005; Warneck, 2003).

[15] Surprisingly, the results did not show any significant
change in §'°C of OxA with photochemical aging under the
conditions of OH radical attack (Figure 1). Further, as can be
seen from Figure 2, the linear dependence between concen-
tration and 6'3C of OxA according to equation (1) was found
to be negligible, indicating that the isotopic fractionation is
insignificant. However, we do not preclude the significant
isotopic fractionation on prolonged aging, because unidi-
rectional chemical reactions generally show an enrichment
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Table 2. Kinetic Isotope Effects (KIE) for the Photolysis of Oxalic
Acid in Different Experiments under H,0,-Fe**(Fe®")-UV System
in Aqueous Phase®

Experiment KIE =+ SD (%o) R? k(L mole ' s
I 0.054
Ila 205.7
IIb 3.20 + 0.49 0.94 1.149
Ilc 21.62 £ 5.41 0.95 0.007
1 2.18 £ 1.18 0.73 0.385

#SD = Standard deviation, estimated from the uncertainty of the slope of
the linear regression according to equation (1).

of '*C in reaction products with the remaining reactants being
isotopically heavier [Hoefs, 1997; Rudolph et al., 2000] and
the observed decomposition rates; 10 nM s~ ', 26 nM s ! and
27 nM s~ ! at 60 min, 120 min and 180 min, respectively,
indicate that the photochemical degradation under OH radical
attack may become more effective at lower levels of OxA that
may lead to significant enrichment of '*C in the remaining
OxA.

3.2. Photolysis of Oxalic Acid in the Presence of Fe®*

[16] Figure 3a—3c shows changes in the concentration and
813C of OxA with photochemical aging in the presence of
Fe>* (Experiment II). The photochemical degradation of
OxA was found to be very fast when the initial molar con-
centration ratio of OxA and Fe*" was 10:1 (Experiment Ila;
Figure 3a), however it became slow with an increase in
the initial concentration ratios to 50:1 (Experiment IIb;
Figure 3b) and 200:1 (Experiment Ilc; Figure 3c), because
the initial decomposition rates of OxA in Experiment Ila-c
(453 nM s~ ' and 382 nM s~ ' at 5 min and 420 nM s~ at
15 min, respectively) were comparable although the over-all
rates (30nM s~ ' and 129 nM s~ ' in 90 min and 82 nM s~ ' in
180 min; Table 2) were different. Zuo and Hoigne [1994]
also reported that OxA undergo fast photochemical

0.5
0.0 >
-0.54
-1.04

-1.54

In[(OXA){/(OxA)]

-2.04

-2.54 : : ;
0.000 0.004 0.008

In[(8' "C¢+1000)/(3' "Co+1000)]

Figure 2. A plot of linear least squares fit of the data from
Experiment I (open circles), Experiment IIb (solid circles)
and Ilc (solid squares), and III (solid triangles) according
to equation (1) for the photolysis of oxalic acid (OxA)
under H,0,-Fe**(Fe*")-UV system in aqueous phase.
1n£(613C+1000)/(61 C+1000)] is equivalent to In[('*Cy/"*Cy)/
(13Cy/'?Cy)]. Two data points (open squares) in Experiment
IIc, which were found to be the outliers, are omitted for
linear fit.

30f6



L03802

200 = --16
(a) OxA:Fe™ :H,0, = 10:1:50
= --18
23 150
S L 20
T 100-
c --22
g
o 504
o —e— uM; —8—%o (sample) -24
] ——uM; O %o (control)
0 --26
4000+ - --14
(c) OxA:Fe :H,0, = 200:1:50
— --16
3 3000+
= --18
S
® 2000+ --20
-
o --22
S 1000
Q L 24
0_I T T T T _-26
0 40 80 120 160

Photochemical age (min)

PAVULURI AND KAWAMURA: THE *C ENRICHMENT IN OXALIC ACID WITH AGING

L03802

1000 1 5 --16
(b) OxA:Fe™ :H,0, = 50:1:50
800+ --18
m-l
1 L 50 ©
600 20
o
c
400 --22 @
8\0
200+ --24
0-I T T T T --26
0 20 40 60 80
1000 5% --12
(d) OxA:Fe  :H,O, = 50:1:50
800+ =18
14 2
] T o7
600 <
F-15 &
4004 o
--16 R
200+ L 17
04 F-18

0 20 40 60 80
Photochemical age (min)

Figure 3. Changes in the concentration and stable carbon isotopic ratio (6'°C) of oxalic acid (OxA) with photochemical
aging (irradiation time) under H,0,-Fe**(Fe*")-UV system in aqueous phase at different molar concentration ratios of
(a) OxA:Fe*":H,0, = 10:1:50, (b) OxA:Fe*":H,0, = 50:1:50 and (c) OxA:Fe*":H,0, = 200:1:50 and (d) OxA:Fe*":
H,0, = 50:1:50. Bars represent the analytical error in concentration and difference in §'°C measurements in duplicate

analysis.

decomposition (10 + 1 nM s ') in the presence of Fe** in
atmospheric waters and the rate depends on the concentration
of Fe’" species, reaching to the maximum at 1:1 ratio of OxA
and Fe'".

[17] It is well documented that OxA tends to form a
complex with Fe*" by acting as ligand in aqueous phase and
then produces Fe?" and oxalate radical (C,Oy) by electron
transfer to the Fe’" upon the absorption of sunlight [Zuo and
Hoigne, 1994]. The formed C,04 radical may undergo a
decarboxylation reaction yielding CO, and CO; radical, a
strong reductant that can reduce a molecular O, or an addi-
tional Fe**-oxalato complex. Thus, Fe** acts as a catalyst for
the photolysis of OxA, which significantly depends on light
intensity, pH and concentrations [Zuo and Hoigne, 1994],
and could cause the isotopic fractionation in OXA.

[18] In fact, the OxA decomposition rates obtained in first
5-15 min in H,0,-Fe’*-UV system in this study were higher
by a factor of ca. 25~40 than that reported for Fe’*-UV
system (10 nM s~ ') [Zuo and Hoigne, 1994]. It is also of
noteworthy that the OxA has degraded to some extent in
control experiment (by 17% in 90 min; Figure 3a), in which
the concentration of Fe’* was high (OxA: Fe*" = 10:1).
These indicate that the photolysis of OxA catalyzed by Fe3*
1s more effective in OH radical-enriched environment, and is
also possible for some extent even in the absence of UV.

[19] 6"3C values of OxA were found to increase with
photochemical processing due to photochemical decompo-
sition of OxA catalyzed by Fe*" (Figures 3a—3c). In Exper-
iment Ila, 6'°C has been measured in only first three samples

collected right at the beginning and at 5 min and 6 min,
because the available amount of OxA was insufficient for
the §'°C measurement in most of the samples. Although
81% of OxA has been degraded in 5 min of irradiation, the
enrichment of '°C in the remained OxA was found to be
only 1.5%o in Experiment Ila (Figure 3a). On the other hand,
the enrichment of '*C in irradiated OxA samples was very
high in Experiments IIb (ca. 7%o in 90 min) and Ilc (ca. 8%o
in 180 min), in which 84% and 26% of OxA have been
decomposed, respectively. Further they showed an enhanced
enrichment of '*C in the remaining OxA with photochemical
aging (Figure 3b and 3c).

[20] A linear dependence between concentration and 6'>C
of OxA according to equation (1) has been found in Exper-
iment IIb and c¢ (Figure 2). In fact, the data points of con-
centration and 6'>C of OxA in sample 3 and 4 in Experiment
Ilc, respectively, were found to be the outliers and hence
those data points were excluded from linear fit (Figure 2) in
order to avoid an adverse effect on the overall quality of the
fit. The kinetic isotope effect (KIE) of OxA was found to be
3.2 + 0.49%o in Experiment IIb and 21.62 £ 5.41%0 in
Experiment Ilc. Unfortunately, the KIE could not be esti-
mated in Experiment Ila due to insufficient number of
observations available for §'*C. Interestingly, the KIE of
OxA found in Experiment Ilc is comparable to that (18.85 £+
2.80%0) of ethene, a precursor for OxA [Warneck, 2003],
during its reaction with ozone [lannone et al., 2003]. Thus,
the results from Experiment Ila-c clearly imply that the
isotopic fractionation in OxA during its photolysis catalyzed
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by Fe’" is enhanced with an increase in the initial concen-
tration ratios of OxA to Fe’" and photochemical agmg
Further the role of percent degradation of OxA in the given
photochemical age rather insignificant.

3. 3 Photolysis of Oxalic Acid Under
Fe? *_H,0,-UV System

[21] Changes in the concentration of OxA and its 6 B¢ as a
function of photochemical aglng in the presence of Fe*"
(Experiment III) are shown in Figure 3d. The OxA con-
centrations decreased with aging (Figure 3d), indicating that
photolysis of OxA catalyzed by Fe*" is also significant. This
trend is similar to that obtained in Experiment Ila (catalyzed
by Fe*'; Figure 3a) in which the concentration ratios of
OxA and iron species were same as in Experiment III (50:1).
However, the degradation rates of OxA were found to be
always lower in Experiment III (65% in 90 min) than in
Experiment Ila (84% in 90 min) (Table 2) at a given pho-
tochemical age (irradiation time). In fact, the Fe’ —oxalato
complex undergoes a charge transfer from the Fe** to the
surrounding solvent molecule upon the absorption of UV
light, forming Fe’*-oxalato complex [Zuo and Deng, 1997].
Thus, the initial photochemical reaction of Fe®'-oxalato
complexes does not directly lead to the decomposition, but
leads to an 1nduct10n period in photooxidation of OxA cat-
alyzed by Fe** [Zuo and Deng, 1997].

[22] 6"3C values of the remaining OxA also increased with
photochemical aging in Experiment III (Figure 3d) and
showed a linear dependence between concentration and 6'°C
according to equation (1) (Flgure 2). However, the enrich-
ment of >C (ca. 3%o0) in 90 min period of irradiation in
Experiment IIT was lower than that (ca. 7%o) in Experiment
IIb, in which the concentration ratios of OxA to iron were
the same (50:1). In fact, the KIE in experiment IIT (2.18 £+
1.18%o0) was comparable to that in Experiment IIb (3.2 +
0.49%o0). However, the high uncertainty associated with
KIE in Experiment Il compared to that in Experiment IIb
suggests that the isotopic fractionation was relatively lower
in the former than that 1n the latter. Although the reason
behind this difference in '*C enrichment of OxA is not clear,
we presume that '>C may be more efﬁ01ently involved in
subsequent photochemical reactions of Fe*"-oxalato com-
plexes than in those of Fe*'-oxalato complexes because
Fe®"-oxalato complexes absorb the UV light more efficiently
than Fe*"-oxalato complexes do [Zuo and Deng, 1997].

4. Conclusions

[23] Based on the results obtained from the batch experi-
ments on laboratory photolysis of OxA under H,0,-UV
system in aqueous phase, we found that the OH radical
attack decomposes the OxA significantly but has no signif-
icant effect on its stable carbon isotopic composition (§'3C).
However, the isotopic fractionation may become significant
on prolonged aging and/or at low levels of OxA. In contrast,
under HZOZ-Fe UV system, photochemlcal decomposition
of OxA in the jpresence of Fe’" showed a significant
enrichment of '°C in the remaining OxA that strongly
depends on concentration ratios of OxA and Fe** 1n a glven
environment and photochemical aging. Fe*' species
also catalyze the photolysis of OxA being similar to that
of Fe** although the enrichment of 13C is smaller. These
results support an increase in §'°C values of OxA that
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has been observed in the remote marine aerosols [Wang and
Kawamura, 2006], and useful to assess the photochemical
processes of aerosols through atmospheric isotopic
measurements.
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