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Abstract

An improved method was developed to determine gas-phase hydrogen peroxide (H,0,) and organic hydro-
peroxides (ROOH) in real-time. The analytical system for H,O, is based on formation of hydroxybenzoic
acid (OHBA), a strong fluorescent compound. OHBA is formed by a sequence of reactions, photoreduction
of Fe (IIN-EDTA to Fe (IN-EDTA, the Fenton reaction of Fe(I)-EDTA with H,0,, and hydroxylation of
benzoic acid. By use of this analytical method rather than a previous similar method, Fenton reaction time
was reduced from 2 min. to 30's. Air samples were collected by a surfaceless inlet to prevent inlet line losses.
With a special arrangement of the sampling apparatus, sample delivery time was drastically reduced from
~5min to ~20s. The automated system was found to be sensitive, capable of continuous monitoring, and
affordable to operate. A comparison of this method with a well-established one showed an excellent linear
correlation, validating applicability of this technique to H,O, determination. The system was applied to field
measurements conducted during summertime of 2004 in Gwangju, South Korea. H,0, was found to be a
predominant species of peroxides. The diurnal variation of H,0, displayed the maximum in early afternoon
and the broad minimum throughout night. H,0, was correlated positively with ozone, photochemical age, and
temperature, however, negatively with NO, and relative humidity.

Key words : Hydrogen peroxide, Organic hydroperoxides, Photo-Fenton reaction, Instrumentation,
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the atmospheric oxidation capacity, the power of

1. INTRODUCTION

Hydrogen peroxide (H,O,) and organic hydroper-
oxides (ROOH) play important roles in atmospheric
chemistry. These species are closely associated with
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“cleansing” pollutants in the atmosphere (Thomp-
son, 1992; Crutzen and Zimmermann, 1991). Gas-
phase peroxides are also intimately involved in the
cycling of odd-hydrogen (HO,) radicals. Depending
on the strength of production and loss processes,
peroxides can serve as reservoirs of HO, and regu-
late their concentrations (Kleinman, 1991; Kleinman,
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1986; Logan et al., 1981). Due to this close relation-
ship with HO, radicals, peroxides have been fre-
quently used as a tool for validating photochemical
models (Chang er al., 2004; Jacob et al., 1996).

H,0, is known as a primary oxidant in atmospher-
ic hydrometeors. Once dissolved in the droplets, it
converts SO, to sulfuric acid at pH<4.5 (Calvert et
al., 1985; Kunen et al., 1983; Martin and Damsch-
en, 1981), resulting in acidic precipitation and non-
seasalt sulfate formation.

In addition, due to the much higher solubility of
H,0, than that of CH;O0H, the ratio of H,0, to
CH,OO0H was utilized as a tracer to fingerprint re-
cent convection, accompanied with precipitation or
in-cloud reactions (Chang et al., 2004; O’Sullivan et
al., 1999; Heikes et al., 1996). Such a tracer was
found to be useful to define the efficacy of hetero-
geneous processes in atmospheric removal of soluble
gases (Chang et al., 2004; O’Sullivan et al., 1999;
Heikes et al., 1996).

Furthermore, H,0, has been frequently employed
as a key photochemical indicator species assessing
whether the ozone production is limited by NO, or
volatile organic compounds (VOCs) (Kleinman,
2000; Sillman, 1995). For instance, a very high ratio
of H,0, to HNO; indicates NO,-limited photochem-
ical environment.

A number of methods have been developed to
measure gaseous peroxides. Spectroscopic methods
have been used in several studies. However, the
majority of methods are based on collection of gase-
ous peroxides in aqueous solution, followed by vari-
ous types of chemical analyses (Lee ef al., 2000).
The authors provided a comprehensive review of
the sampling techniques as well as the analytical
methods (references therein). For the collection of
gas-phase peroxides, diverse sampling methods
have been developed by employing devices such as
impinger, cryogenic trap, membrane diffusion scrub-
ber, and scrubbing glass coil. Of theses methods, the
scrubbing glass coil (Lazrus et al., 1986) is preferred
particularly for in situ field sampling due to its high-
er collection efficiency, little interference, and short-
er collection time. The analytical determination of
peroxides includes colorimetric techniques, chemi-

luminescence methods using luminol or peroxyox-
alate, enzyme catalyzed fluorescence techniques
with high performance liquid chromatography
(HPLC), non-enzyme fluorescence techniques, and
Fenton method. These methods have their own
strengths and weaknesses as described in the earlier
works (Lee et al., 2000; Lee er al., 1994).

Motivation of this study was to implement the
weaknesses found in sampling and analytical meth-
ods in the previous studies and to develop an instru-
ment appropriate for continuous determination of
H,0, and ROOH in field studies.

Lee et al. (1991) pointed out that significant
amount of gaseous H,O, could be lost by surface
reactions occurring at the inlet part of the sampling
line. To accurately measure gaseous peroxides, there-
fore, it is of critical importance to avoid this hetero-
geneous loss of gas-phase peroxides in the long
sampling line. And thus, following Lee et al. (1991),
the surfaceless inlet, (an inlet port without using a
sampling tube) was implemented in the sampling
system.

For determination of H,0,, several previous stud-
ies (Weinstein-Lloyd et al., 1998; Lee et al., 1994,
Lee et al., 1991; Lee et al., 1990) utilized an analyt-
ical method, based on the Fenton reaction where
ferrous ion (Fe(Il)) reacts with H,0, to produce the
hydroxyl radical (OH) (R1). Benzoic acid (BA,
C4Hs;COOH), in turn, scavenges OH rapidly to yield
isomeric hydroxybenzoic acid (OHBA, C¢Hs(OH)
COOM), a strong fluorescence-emitting compound
(Klein er al., 1975) (R2). The two reactions are ex-
pressed as follows:

Fe (II) + H,0, — Fe (IlI) + OH™ + OH (R1)

OH +CH,COOH — C,H,(OH)COOH  (R2)

A reaction (R1) is slow with a rate constant of
57.8 M7! s7! (Lee et al., 1990). In contrast, (R2) is
extremely fast and almost diffusion controlled at 4.3
x10° M7 s7' (Lee et al., 1990). Therefore, the yields
of OH and OHBA, and the resulting fluorescence
intensity are limited by (R1). In order to enhance
the slow reaction rate of (R1) in the conventional
Fenton method, we developed an improved analyti-
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cal scheme on the basis of the fact that production
of hydroxyl radical could be significantly elevated
by photochemical reduction of Fe (III) to Fe (II)
(Bauer et al., 1999; Sun and Pignatello, 1993; Zepp
etal., 1992).

Fe (II)-EDTA +hv — Fe (II)-EDTA (R3)
Fe (I)-EDTA 4 H,0, — Fe (I1)-EDTA

+OH +OH (R4)
OH + C,H,COOH — C¢Hs (OH)COOH  (R2)

When Fe (ID-EDTA was used instead of Fe (II) in
combination with photocatalysis, as shown in (R3)
and (R4), the hydroxy! radical production rate was
found to be significantly increased owing to the
approximately 300 times faster rate constant of (R4)
(~2x 10* M~ s7!) than that of (R1) (Rush and Kop-
penol, 1986; Bull er al., 1983; Borggaard ef al.,
1971). Consequently, since more hydroxyl radical
and OHBA were produced over given time span by
the increased reaction rate, it was possible to reduce
retention time in the analytical system and to obtain
stronger signals over narrower wavelength band in
the fluorescence detector. In addition, for a reagent
of the Fenton reaction, the previous studies (Lee et
al., 1990) used ferrous sulfate solution that was
stable only below pH 2.5. In this study, however, we
used Fe (III)-EDTA solution that was stable in the
wider range of pH.

Compared to the conventional Fenton method
(Weinstein-Lloyd ef al., 1998; Lee et al., 1994; Lee
et al., 1991; Lee et al., 1990), another significant
improvement was made in terms of sample delivery
time. With a special arrangement of the sampling
apparatus, the sample delivery time was reduced
from~5 min. (Weinstein-Lloyd et al., 1998; Lee et
al., 1994; Lee et al., 1991; Lee et al., 1990; Lazrus
et al., 1986) to~20s by at least an order of magni-
tude. This shortened sample delivery time give rise
to the shorter time resolution of the instrument,
making it suitable for in-situ monitoring of gaseous
peroxides.

In this paper, first, we describe the instrumentation
of an improved Fenton technique for in situ deter-
mination of H,0,. Secondly, to demonstrate that the
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method is responsive and affordable to operate, and
therefore suitable for real-time measurements of
H,0, and ROOH, we deployed the instrument in a
field study, conducted in Gwangju, South Korea.
We present the observational results.

2. EXPERIMENTAL

The instrument was based on a dual-channel flow
system where each channel was equipped with its
own sampling and analytical systems; the first chan-
nel for total soluble peroxide (H,0,+ROOH) and
the second for H,O,. The total peroxide was deter-
mined by a well-established method that uses p-
hydroxyphenylacetic acid (pPOHPAA) and horserad-
ish peroxidase (HRP) (hereafter pPOHPAA-HRP
method) (Lee ef al., 1993; Lazrus et al., 1986; Laz-
rus et al., 1985). The concentration of H,0, was
obtained by the photo-Fenton method. The ROOH
concentration was determined by the difference bet-
ween the total soluble peroxide and H,O,. Since the
detailed descriptions of pPOHPAA-HRP method can
be found in literature (Lee et al., 1994), this paper
focuses only on the photo-Fenton method. The
schematic diagram of the photo-Fenton method is
illustrated in Fig. 1.

2.1 Sampling system

The air sampling system was composed of three
apparatuses (i.e., an air inlet part, a scrubbing glass
coil, and an air/liquid separator). This system was
originally developed by Lazrus er al. (1986) and
then, it was improved by adding the surfaceless inlet
(Lee et al., 1994). The sample inlet part and the air
scrubbing coil were mounted on the roof of a mobile
laboratory (6 m above ground level).

Ambient air was drawn at a rate of 2 L min™' by a
vacuum pump through a small air inlet (1.6 mm
i.d.). Concurrently, scrubbing solution (i.e., purified
water) was also introduced to the sample inlet part
through the port 1 (P1) at a rate of 0.3 mL min~",
Gaseous peroxides were stripped from the sampled
air by the scrubbing solution as passing through a
10-turn scrubbing glass coils (2 mm i.d.,, 120 cm in
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Fig. 1. A schematic diagram of the sampling and analytical systems: A: vacuum air pump; B: photoreduction
chamber; C1: coil reactor where Fenton reaction occurs; C2: coil reactor where H,0, sample.and all reagents
are mixed; D: glass debubbler; F: fluorometer; M: mass flow controller; P: peristaitic pump; P1, P2, P3, and P4

denote inlet ports delievering scrubbing solution,

benzoic acid (BA) reagent, Fe (lll)-EDTA reagent, and Al (lll)

reagent, respectively. The flow rates of the ports in mL/min are also given just above the schematic port lines.

total length). In the previous studies (Weinstein-
Lloyd et al., 1998; Lee er al., 1994; Lee et al., 1991,
Lee et al., 1990; Lazrus et al., 1986), the separation
of air from liquid was made in an air/liquid separa-
tor that was placed outside of a mobile laboratory.
Then, the separated liquid was pulled via a Teflon
tube into the main channel stream by a peristaltic
pump. In contrast, in this work, an air/liquid separa-
tor, connected to the glass coil with a Teflon tube
(3.175 mm i.d., 2 m length), was placed inside of the
mobile laboratory. A mixture of air and liquid was

pumped by the vacuum pump and separated in the
air/liquid separator. Since the vacuum pump can
transport samples much faster than the peristaltic
pump, this arrangement made it possible to drasti-
cally reduce sample delivery time from ~5 min. in
the earlier works (Weinstein-Lloyd et al., 1998; Lee
et al., 1994; Lee et al., 1991; Lee et al., 1990; Laz-
rus et al., 1986) to~20s by a factor of 15. This
reduced delivery time significantly enhanced the
time resolution of the instrument and thus made it
appropriate to continuously measure gaseous per-
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oxides in field experiments.

2.2 Analytical system

After the separation, reagent solutions were added
to the liquid stream by means of a multi-channel
peristaltic pump (IPC-N-16, V2.03, Ismatec Co.)
through PTFE tubing (Cole-Parmer, 1.067 mm i.d.).
Four inlet ports were used for H,O, sample, Fe (111)-
EDTA reagent, benzoic acid reagent, and fluores-
cence enhancing reagent (Al(III)). Through the port
1 (P1), the H,0, sample or the scrubbing solution
was delivered at a rate of 0.3 mL min~'. The Fe(Ill)-
EDTA solution was transferred to the photoreduc-
tion chamber (B) through the port 3 (P3) at a flow
rate of 0.11 mL min~!. The chamber was equipped
with a 4 W low pressure Hg lamp (A,,,,=254 nm,
Philips) that photoreduced Fe (IIT)-EDTA to Fe (II)-
EDTA by UV irradiation, as shown in (R3). The BA
solution, passing through the port 2 (P2) at a flow
rate of 0.11 mL min~!, was merged with the Fe (II)-
EDTA stream. And then, the mixed solution,
containing BA and Fe (II)-EDTA, was incorporated
with the H,0, sample stream, entering a quartz coil-
type reactor (C1). In the reactor, the Fenton-type
reaction between H,0, and Fe (II)-EDTA (R4) pro-
duced hydoxyl radical, which was, in turn, scavenged
by BA to form OHBA (R2). Finally, before entering
the second reactor (C2), the fluorescence enhancing
reagent (Al(III)) was added to the main stream via
the port 4 (P4) at a flow rate of 0.16 mL min™' to
generate the maximum level of OHBA fluorescence
intensity (Lee et al., 1994). Air bubbles were re-
moved by a debubbler (D) prior to the entry to fluo-
rometer (F) in order to prevent noisy signals by air
bubbles (Martin et al., 1984). The fluorescence inten-
sity was monitored with a fluorescence detector
(GTI/Spectro Vision FD-100, Groton Technology
Inc., Massachusetts), equipped with an excitation
filter (A.,=300 nm (CVI LASER, LLC; FWHM, 25
nm; Part#, F25-300.0-3-1.00)) and a 400-nm cutoff
filter (CVI LASER, LLC; Part#, LPF-400-1.00). A
10 W Xenon flash lamp for the detector was used as
a light source due to its strong output over the UV
wavelength range between 225 and 350 nm. Mea-
surement data were collected at a 1 Hz frequency
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using the Autochro Data Module (Young Lin, Korea).

2.3 Materials

All reagent and standard solutions were prepared
with high-purity water (> 18.2 MQ c¢m) from Mili-
pore ultra-purification system. All chemicals used in
this study were of reagent-grade. For the scrubbing
solution, the purified water was used in both of the
photo-Fenton and pOHPAA-HRP methods. The
fluorescence reagent was composed of 6.8 mM
pOHPAA (Sigma Chemical) and 10 units mL™!
horseradish peroxidase (Sigma Chemical, Type VI,
P8375) in 0.085 M potassium hydrogen phthalate
buffer (Sigma ACS reagent 99.99%), adjusted to pH
5.8 with 2 N NaOH (Sigma-Aldrich Chemical). In
the photo-Fenton method, the fluorescence reagent
contained 1.5 mM Fe (III)-EDTA (Sigma Chemical)
dissolved in water and adjusted to pH 2.5 with 1 M
H,SO, and 2 mM Benzoic acid (Sigma Chemical).
In order to enhance fluorescence, as explained by
Lee et al. (1994), 6 mM aluminum nitrate nonahy-
drate (AI(NO;); - 9H,0, Aldrich Chemical) was
prepared in 0.1 M acetate buffer adjusted to pH 3.8.
The standard solutions of aqueous hydrogen perox-
ide were prepared from 3% H,0, that had been tit-
rated against KMnO, before calibration (Lee et al.,
1994).

3. RESULTS AND DISCUSSION

3.1 Optimization of analytical system

In this study, the output of the analytical system
(i.e., fluorescence signal intensity) was found to be
dependent on several experimental conditions or
parameters such as pH, reaction time of Fe (III)-
EDTA reagent, photoreduction time, and concen-
trations and mixing time of BA and Al (III) reagents.
The analytical methodology was optimized for the
best performance by adjusting and modifying these
parameters.

Fig. 2a shows the variation of fluorescence signal
with reaction time for (R4) followed by (R2) at three
different Fe (IIN-EDTA concentrations, 0.5, 1.0,
and 1.5 mM, respectively. At 1.5 mM of Fe (1ID-
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followed by (R2) at three different Fe(lll)-EDTA concentrations, 0.5, 1.0, and 1.5 mM, respectively, (b) pH of
Fe(li)-EDTA reagent, (c) photoreduction time, and (d) benzoic acid concentration. 2(b) also displays limit of
detection (LOD) as a function of pH. All the results in the figures were obtained under the conditions specified
in Table 1 except for the parameter of interest that was varied.

EDTA, the signal approached a plateau in about 30
seconds whereas at 0.5 mM of Fe (III)-EDTA, the
signal increased continuously over the time span of
150 seconds. Thus, it is obvious that the signal rea-
ched a plateau more rapidly at higher Fe (III)-EDTA
concentrations. These plateaus indicated the achieve-
ment of an equilibrium state in a sequence of reac-
tions, (R3), (R4), and (R2). This result was consistent
with the previous work conducted by the conven-
tional Fenton method (Lee ef al., 1990). The strong-
est signal was observed at the lowest level of Fe
(IIH-EDTA.. However, this enhanced sensitivity was
achieved at the expense of an unreasonably long
reaction time. By compromising the analysis time
and sensitivity, the optimal Fe (II)-EDTA concen-
tration and the reaction time were determined as 1.5

mM and 30 seconds, respectively. It is worthwhile
to note that the reaction time was significantly re-
duced by the use of the photo-Fenton method rather
than the conventional Fenton technique (i.e., (R1)
and (R2)). For instance, a previous study carried out
by Lee et al. (1990) required at least a 2 minutes of
reaction time that is 4-times longer than the one in
this study.

The fluorescence signal and the limit of detection
(LOD) were presented as a function of Fe (I1)-
EDTA reagent pH in Fig. 2b. The signal decreased
exponentially with increasing pH, starting to level
off near pH 3. On the other hand, the LOD decreased
drastically between pH 2.0 and 2.5, remained almost
constant at its minimum between pH 2.5 and 3.0,
increased again between pH 3.0 and 3.5, and then
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stayed unchanged between pH 3.5 and 4.0. To bal-
ance a good sensitivity and a relatively high signal
intensity, pH 2.5 was chosen as the optimum pH of
Fe (IIN)-EDTA reagent.

The dependence of fluorescence signal on UV
irradiation time in the photoreduction chamber (B)
is shown in Fig. 2c. As expected from (R3), the sig-
nal intensity increased linearly with increasing pho-
toreduction time. In this study, a 23-minutes of pho-
toreduction time was chosen.

Fig. 2d shows the response of the fluorescence
signal to benzoic acid (BA) concentration. The sig-
nals varied in an arch shape with BA concentrations
between 1.0 and 4.0 mM. A broad peak was found
between 2.0 and 3.0 mM of BA. 2.0 mM was select-
ed as the optimum BA concentration.

Although not shown, the variation of fluorescence
signal was examined with respect to two additional
parameters. The dependence of the fluorescence
signal on BA mixing time was investigated over the
time period between 0 and 90 seconds. Since the
signal intensity remained virtually constant over the
time interval, no mixing time was provided. Finally,
the influence of mixing time of Al (III) reagent on
fluorescence signal was examined. The signal reach-
ed a plateau in approximately 30 seconds that was
selected as the optimum value. The resulting opti-
mum conditions for H,0, detection were summarized
in Table 1.

3.2 Calibration and sensitivity

Under the conditions obtained from the optimiza-
tion, calibration experiments were conducted by
following the previous works (Lee er al., 1991; Lee
et al., 1990). During field measurements, calibra-
tions were carried out daily. For the calibrations,
multiple standard solutions in the range of real sam-
ples were prepared by successive dilution of a stock
H,0, solution. And then, those were injected to the
detector systems through the sample path lines. The
pOHPAA-HRP channel as well as the photo-Fenton
channel was simultaneously calibrated with the
identical standards. As shown in Fig. 3, the calibra-
tion curve for the photo-Fenton analysis was linear
with H,O, concentration range between 40 and
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Table 1. Summary of optimum conditions.

Parameters Values
Peak wavelength of lamp 254 nm
Photoredution time 23 min

Fe (II)-EDTA reagent pH 2.5

Fe (111)-EDTA reagent concentration 1.5mM
Fe (111)-EDTA reagent reaction time 30sec
Benzoic acid reagent concentration 2mM

Benzoic acid reagent mixing time Osec
Al (IT]) reagent mixing time 30sec

Signal (arbitrary units)
~

0 , . . . .
0 200 400 600 800 1000 1200

H0, (nM)

Fig. 3. Calibration curve for photo-Fenton method. Ex-
perimental conditions are given in Table 1.

1,100 nM. A linear regression analysis yielded an R?
value of 0.9998. The resulting calibration curve was
expressed as y=7.57x 107°x-1.67 x 107%, where y
and x denote the signal and H,0, concentration, res-
pectively. The detection limit of this technique was
10.6 nM or 39.1 pptv, based on the signal to noise
ratio of 1.

3.3 Interferences

Potential interferences with various compounds
were investigated in the previous studies using the
Fenton-type techniques (Kwon and Lee, 2004; Lee
et al., 1994; Lee et al., 1990). Lee et al. (1990) re-
ported insignificant interferences from trace metals.
Lee er al. (1994) did not found a substantial SO,
interference with an exception of the encounter of
SO, plume over the sampling site. Recently, in a ki-
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netic study of HO,™ and O,7, Kwon and Lee (2004)
carried out extensive interference experiments by
using Fe (III)-EDTA. They concluded that interfer-
ences were negligible as long as concentrations of
possible inferring compounds were lower than 1
mM. It is highly unlikely to find such high equiva-
lent concentrations of inferring compounds in gas-
or aerosol-phase in ambient air.

3.4 Intercomparison between Photo-Fenton
and pOHPAA-HRP Techniques
To verify an application of the photo-Fenton
method to gaseous H,0, determination, it was com-
pared to the pPOHPAA-HRP method, one of the well

[H,0,] determined by photo-fenton method (M}
o

0 1 2 3 4 5 6 7
[H,0,] measured by pPOHPAA-HRP method (M)

Fig. 4. Comparison of photo-Fenton and pOHPAA-HRP
methods. The solid line denotes 1:1 line.

-established methods. H,O, samples were collected
and analyzed simultaneously by both instruments.
Fig. 4 shows an excellent linear correlation between
H,0, concentrations determined by the photo-Fen-
ton method and the pPOHPAA-HRP method. A linear
regression analysis gave a correlation coefficient of
0.998 and a slope of 1.12 with higher values for the
photo-Fenton method. Therefore, this result clearly
demonstrated an application of the photo-Fenton
method as a promising analytical method for H,0,
measurement.

4. FIELD MEASUREMENTS

Using the newly developed instrument, field mea-
surements of H,O, and ROOH were made in sum-
mertime from May 23 to June 24, 2004 at GIST
(Gwangju Institute of Science and Technology),
Gwangju, South Korea. Other photochemical key
species and physical variables were also measured
simultaneously. Gwangju is one of major cities in
South Korea with a population of about 1.4 million.
GIST is located in the northern part of the city sub-
stantially away from the downtown pollution sources
(35° 10’N and 126° 50’E).

Table 2 summarizes statistical results of H,O, and
ROOH measured only under the fair weather condi-
tions. Although samples were collected and analyz-
ed in 1 min. interval, in the table, 10-min. averaged
data were presented. The time windows, correspond-

Table 2. Statistical comparisons of H,0, and ROOH concentrations observed during the field measurement.

Species No. Mean*o Med. Max. Min. 95% 5%
Total (00:00 ~ 24:00 hour)

H,0, 1516 1.37£1.07 0.960 5.20 <LOD* 3.64 0.362
ROOH 1193 0.870£0.903 0.561 691 <LOD 2.54 0.0440
Daytime (09:00~ 18:00 hour)

H,0, 582 2.08%+1.14 5.20 <LOD 4.13 0411
ROOH 558 1.00x0.819 0.746 3.77 <LOD 2.64 0.113
Nighttime (20:00~04:00 hour)

H,0, 478 0.886%0.570 0.671 3.65 0.105 2.14 0.368
ROOH 333 0.743%1.10 0.362 6.91 <LOD 2.49 0.0230

No., 6. Med., Max., Min., 95%, and 5% denote the number of measured data, standard deviation, median, maximum, minimum, 95" percentile, and

5% percentile, respectively. < LOD* represents the concentrations of species below the limit of detection.
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respectively.

ing to total, daytime, and nighttime, were 00:00~
24:00, 09:00~ 18:00, and 20:00~04:00 hours, res-
pectively. The time windows were chosen so that
local emission influence was minimized during
commute hours of morning and evening. In all the
time windows, H,Q, concentrations were higher
than ROOH concentrations. Higher ratios of H,0,
to ROOH were found during the daytime than the
nighttime. On the basis of the mean values, the ratios
in nighttime were close to unity whereas those in
daytime was about two. This result may reflect the
faster deposition of H,O, than ROOH to the surface
during nighttime when surface condensation of
water vapor may occur due to the elevated relative
humidity and lowered temperature.

Diurnal variations of H,0,, ROOH, Os;, and NO,
are shown in Figs. 5a, 5b, 5c, and 5d, respectively.
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In theses figures, only one-hour averaged data are
presented. The filled circles and error bars represent
hourly means (M) and one standard deviations (G),
respectively. In Fig. 5a, solar radiation intensities
are also displayed by three solid lines: M+, M,
M-c from the top to the bottom, respectively. Low
H,0, concentrations were observed with little vari-
ation thronghout the night and early morning {01:00
~08:00 hours) (Fig. 5a). After 08:00 hour, however,
H,0, started to increase rapidly, reaching the maxi-
mum at 15:00 hour and then decreasing sharply
from 15:00 to 01:00 hours. In contrast, ROOH con-
centrations did not show a distinctive diurnal trend
although they appeared to increase from 01:00 to
21:00 hours with some fluctuations and then decreas-
ed drastically between 22:00 and 00:00 hours (Fig.
5b). The diurnal profile of O, was similar to that of
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H,0, (Fig. 5¢). 1t is noticeable that O; concentra-
tions built up starting from around sunrise (06:00
hour) whereas H,0, began to escalate two hours
later at 08:00 hour. The time gap between the initial
increases of H,0, and O, may indicate the require-
ment of about two hours in order for sufficient HO,
(a precursor of H,0,) to be produced photochemi-
cally from O;. NO, showed a diurnal pattern oppo-
site to those of H,0, and Os; higher in nighttime
and lower in daytime (Fig. 5d). It is interesting to
observe that the maximum values of H,O, and O,
and the minimum value of NO, coincided around
15:00 hour. These coincidences and similar diurnal
variations of the three species have been observed
in a number of previous studies of throughout the
world, conducted in Los Angeles (Sakugawa and
Kaplan, 1989), Southern England (Dollard et al.,
1989), North Carolina (Das and Aneja, 1994), Por-
tugal (Jackson and Hewitt, 1996), and Japan (Takami
et al., 2003). From these results, it is clear that H,O,
diurnal behavior was closely related with those of
O; and NO, After sunrise, O; start to be formed by
the reaction of an oxygen molecule with O CP), a
product resulting from the photolysis of NO,. Os, in
turn, is photolyzed to form an excited oxygen atom,
O ('D), which reacts with water vapor to yield two
OH radicals. The OH attacks CO to form HO, radi-
cal and the self-reaction of HO, leads to H,0, pro-
duction under the low NO, condition. The concur-
rence of the diurnal maxima of H,0, and O and the
diurnal minimum of NO, can be explained by the
fact that H,O, formation favors high O; and low
NO, levels. Between 18:00 and 24:00 hours, the
decrease in H,0, can be attributed to dry and/or wet
deposition due to its high solubility and lack of re-
plenishment from the free troposphere. On the other
hand, over the same period, the O; decrease can be
ascribed to NO, titration since NO, concentrations
increased rapidly.

Table 3 show correlations of H,O, with photo-
chemical and physical variables. It is to be noted
that data used in the table were those measured in
the daytime (09:00~ 18:00 hours) in order to
investigate H,O, behavior under the conditions
when photochemistry was active. ROOH was not

Table 3. Correlations between H,0, and chemical and
physical variables.

ROOH 04 NO, NO/NO, T RH
r 020 0.69 -0.56 0.65 071 —045

Variables

r, T, and RH denote correlation coefficient, temperature, and relative
humidity. For the definition of NO, and NO,, refer to the text.

well correlated with H,0, (r=0.20) although both
have common precursor, HO,, for their formations.
As expected from comparison of Fig. 5a with 5¢ and
5d, H,0, shows a strong positive correlation with O,
(r=0.69), but a strong negative correlation with NO,
(r=-0.56). The ratio of NO, (i.e., NO,~NO,) to
NO, (i.e., sum of all gas-phase nitrogen compounds)
has been frequently utilized as a parameter measur-
ing the degree of photochemical processing in an air
parcel (Trainer ef al., 2000). H,0, was strongly cor-
related with the NO,/NO, ratio (r=0.65). Therefore,
this result indicates that H,0, formation was favor-
able in photochemically well-aged airmasses. Table
3 also shows correlations between H,0, and two
physical variables, temperature (T) and relative
humidity (RH). H,0, was correlated positively with
T (r=0.71) but negatively with RH (r=—0.45). This
result is consistent with those observed in the pre-
vious studies where potential reasons were given
(Takami et al., 2003; Jackson and Hewitt, 1996;
Das and Aneja, 1994; Sakugawa and Kaplan, 1989).
This result also supports the lower ratio of H,0, to
ROOH in nighttime due to the increased surface
deposition as implied above (Table 2).

5. SUMMARY AND CONCLUSIONS

On the basis of photo-Fenton reactions, an im-
proved analytical instrument was developed to mea-
sure gaseous hydrogen peroxide and organic hydro-
peroxides in real-time. The instrument was com-
posed, in large, of two systems, a sampling system
and an analytical system. The sampling system was
implemented with the surfaceless inlet in order to
avoid heterogeneous loss of H,O, in the long sam-
pling line. By the use of Fe (IN-EDTA instead of
Fe (II) and the photoreduction of Fe (II)-EDTA to

J. KOSAE Vol. 23, No. E1(2007)
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Fe (II)-EDTA, the analytical system was significant-
ly improved in terms of the reaction time and the
signal strength. In addition, by reducing drastically
sample delivery time, the time resolution of the ana-
lytical system was substantially improved. There-
fore, theses two important improvements made this
instrument suitable for continuous monitoring of
gaseous peroxides. The analytical method was opti-
mized for the best performance by adjusting experi-
mental conditions such as pH and reaction time of
Fe (II1)-EDTA reagent, photoreduction time, and
concentrations and mixing time of BA and Al (III)
reagents. In order to verify the utility of the photo—
Fenton method for gaseous H,0, determination, it
was compared to the pPOHPAA~HRP method. The
former was linearly correlated with the latter with
an excellent correlation coefficient of 0.998. There-
fore, these experimental results clearly demonstrated
the photo-Fenton method promising for real-time
atmospheric H,0O, determination.

The newly developed system was deployed in
field study. Between H,0, and ROOH, H,0, was
found to be the dominant species, particularly during
the daytime. Higher ratio of H,0, to ROOH was
observed during the daytime than the nighttime,
reflecting faster deposition of H,0, than ROOH to
the surface during nighttime. H,O, exhibited a dis-
tinctive diurnal cycle with a peak at 3 PM, whereas
ROOH did not. The maxima of H,O, and O; and the
minimum of NO, coincided around 3 PM. These
results were consistent with those observed. earlier
over the world. In investigation of correlations bet-
ween H,0, and photochemical and physical vari-
ables in daytime, H,O, was strongly correlated with
03, NO,, photochemical age, temperature. However,
H,0, was correlated weakly with ROOH and mod-
erately with relative humidity.
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