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ABSTRACT: Atmospheric hydrogen peroxide (H2O2) plays an
important role in sulfate formation. To explore the contribution of
the H2O2 oxidation pathway to atmospheric sulfate in winter in
Beijing, three field campaigns of atmospheric H2O2 measurements
were conducted at an urban site (Beijing) and a rural site (Wangdu)
during the winter in 2016, 2017, and 2018. The H2O2 concentrations
were usually around the detection limit (0.05 ppbv) during clean and
severely polluted periods, whereas the highest H2O2 concentration of
0.90 ppbv was observed during moderately polluted periods. Obvious
increases in the concentration of H2O2 could be observed after sunset
at the urban site during each moderately polluted day, which was
mainly attributed to transportation of H2O2-rich air from the rural areas in the south of Beijing. Coincident increases in the
concentrations of H2O2 and PM2.5 were also observed during the day at high NO concentrations, implying that heterogeneous
reactions might contribute to the formation of H2O2 under polluted conditions. In addition, the contrast between urban and
rural measurements also provides some support for the potential formation of H2O2 from heterogeneous reactions. On the basis
of the data measured in this study, sulfate formation through H2O2 oxidation was found to be the dominant pathway rather than
the NO2 oxidation pathway.

■ INTRODUCTION

Atmospheric hydrogen peroxide (H2O2) is primarily produced
by self-reaction of HO2 radicals that mainly come from the
reactions of OH with CO and volatile organic compounds
(VOCs).1,2 As the reservoir species of odd-hydrogen (e.g., OH
and HO2) radicals, H2O2 is intimately linked with the OH
concentration and ozone cycle, which play crucial roles in the
oxidizing capacity of the troposphere.3 In addition, H2O2 is
one of the vital oxidants and plays significant roles in the
atmosphere, such as SO2 oxidation in the aqueous phase and
formation of secondary organic aerosol (SOA).4−6

Severe haze has occurred frequently in vast areas of China in
recent years, which has aroused great attention because of its
adverse effect on deteriorating regional air quality, visibility,
and human health.7,8 The high level of fine particles (PM2.5)
has been recognized as being responsible for the severe haze,
but the mechanism of formation of sulfate, the major
component of PM2.5, remains unclear and controversial.9−11

Recent studies12,13 proposed that the aqueous-phase reaction
of NO2 with S(IV) played a dominant role in sulfate

production in northern China. However, their conclusion
was doubted by Liu et al.14 and Guo et al.,15 who found that
the reaction on the actual fine particles with pH values of ∼4.2
was too slow to account for sulfate formation. The photo-
chemical reactivity during the winter in Beijing has been found
to be relatively high,16 which favors the formation of
photooxidants, including H2O2. Thus, the contribution of the
aqueous-phase reaction involved H2O2 (independent of pH) to
sulfate formation was suspected to be largely underestimated
by Cheng et al.,13 who assumed the H2O2 concentration to be
only 0.01 ppbv. Therefore, measurements of H2O2 during the
winter in polluted areas such as Beijing are urgently needed to
determine the reason for sulfate formation.
In this study, we present field measurements of atmospheric

H2O2 at both an urban site and a rural site in the North China
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Plain (NCP) during the winter and estimate the contribution
of H2O2 to sulfate formation during polluted periods. The
H2O2 concentrations measured were more than 1 order of
magnitude greater than that (0.01 ppbv) assumed by Cheng et
al.,13 and sulfate formation was found to be dominated by the
oxidation pathway of H2O2 rather than that of NO2.

■ EXPERIMENTAL SECTION
Measurements of H2O2 and related species were taken at an
urban site in Beijing and a rural site in Wangdu. Detailed
information about the two sites was given in our previous
studies.17,18 The locations of the two sites are shown in Figure
S1.
H2O2 was measured by a wet liquid chemistry fluorescence

detector (AERO laser model AL 2021).19 When the H2O2 is
stripped from the air in a slightly acidic solution, peroxides are
detected by their liquid-phase reaction with p-hydroxyphenyl-
acetic acid catalyzed by horseradish peroxidase. To distinguish
between H2O2 and organic peroxides, two channels are used.
In one channel, H2O2 is selectively destroyed by catalase prior
to the detection of fluorescence. Hence, the difference in the
signal between the two channels represents the concentration
of H2O2. In our study, we use the channel A free of catalase to
represent the total peroxides. The signal of channel A reflects a
lower limit of the true value in the atmosphere considering the
sampling efficiency of organic peroxides. Calibrations with
liquid H2O2 standards (33.3 μg L−1) were performed for both
channels every 1−3 days. The H2O2 monitor has an
uncertainty of 10%. The relative standard deviation of the
calibration was 0.25%, and the detection limit of the analyzer
was <50 pptv, with <2% noise at full scale. Although some
organic peroxides, e.g., HOCH2OOH and CH3C(O)OOH,
have been found to decompose into H2O2 in the collection
solution at pH >5,20 the decomposition of the organic
peroxides to H2O2 during the short period of the sampling

process could make a negligible contribution to H2O2 because
of the relatively slow hydrolysis rate (1−2 days)20 and
extremely low atmospheric concentrations of the organic
peroxides.21

Other traces gases, aerosol composition, and meteorological
parameters were also measured during the campaigns, and
details of the instruments are described in the Supporting
Information (Text S1).

■ RESULTS AND DISCUSSION
Overview of Measurement Results. Figure 1 shows the

time series of H2O2, total peroxides (H2O2 and organic
peroxides), and PAN and other relevant parameters measured
at the urban site in Beijing in 2016. The trends of the variation
of the concentrations of H2O2 and total peroxides were almost
identical and exhibited large fluctuations, varying from 0 to
0.68 ppbv and from 0 to 0.76 ppbv, respectively. Relatively
high concentrations of H2O2 could be detected during each
moderately polluted day when the PM2.5 concentration was in
the range of 75−120 μg m−3, whereas they approached the
detection limit (0.05 ppbv) during clean days and severely
polluted days (PM2.5 > 150 μg m−3). Identical to the
phenomenon observed in 2016, the obvious increase in the
H2O2 concentration was also observed when the PM2.5
concentration exceeded 75 μg m−3 at the urban site during
the winter of 2018 (Figure 2a). Relatively low concentrations
of H2O2 on clean days might be ascribed to low concentrations
of its precursors (VOCs). The reason for the obvious increase
in the H2O2 concentration during the moderately polluted days
will be further analyzed in the following section.
The trends of variation of the concentrations of H2O2 and

PAN were found to be similar during the moderately polluted
days (Figure 1), which were mainly attributed to their similar
formation mechanisms involving the reactions (R1−R3) of
peroxy radicals that are determined by the NO level (R4). For

Figure 1. Time series of H2O2 and PAN, together with related species and meteorological data for the sampling period at the urban site in Beijing
in 2016. Data are shown as 30 min averages, except for wind data, which are 10 min averages.
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HO2, the rate coefficient for reaction with NO (R4) is nearly 5
times greater than the combination rate (R2), implying that
H2O2 formation is greatly suppressed when the NO
concentration exceeds 1 ppbv considering the typical
concentrations of HO2 in the atmosphere.

ν+

→ [ ] +

hVOCs (CO) OH (or )

RO e.g., CH C(O)O HO
O

2 3 2 2
2

(R1)

+ →HO HO H O2 2 2 2 (R2)

+ →•CH C(O)O NO CH COOONO (PAN)3 2 2 3 2 (R3)

+ →RO (HO ) NO NO2 2 2 (R4)

ν+ →hNO O2
O

3
2

(R5)

+ → +O NO NO O3 2 2 (R6)

Although O3 formation is also closely related to the reactions
of peroxy radicals (R4 and R5), its variation was distinctly
different from those of H2O2 and PAN, which was mainly

ascribed to the direct consumption of O3 by NO titration
(R6).
For the H2O2 measurement at the rural site, a pronounced

diurnal variation of the H2O2 concentration with the peak
value in the early afternoon could be observed each day
(Figure 2a). The relatively high H2O2 concentration formed at
the rural areas during the day might account for the obvious
increase in the H2O2 concentration after sunset at the urban
site (Figure 2b) and will be discussed in detail in the following
section. Although the H2O2 concentrations formed during the
day at the rural site were much higher than those at the urban
site, the nighttime H2O2 concentrations at the rural site were
evidently lower than those at the urban site, implying that
stronger surface loss pathways of H2O2 (such as dry
deposition) might exist at the rural site.

Diurnal Variations of H2O2 on Polluted Days. Three
typical diurnal variations of the concentrations of H2O2 and
PAN and relevant parameters during the moderately polluted
days in 2016 are illustrated in Figure 3. In contrast to the
concentrations of O3, NO, and SO2, the concentrations of both
H2O2 and PAN quickly increased just after sunset around

Figure 2. Measurements of H2O2 at the rural site and the urban site (December 2017 to January 2018). (a) Comparison of H2O2 concentrations
and variation of the levels of other related species at the rural site and the urban site. (b) Diurnal variations of H2O2 at the rural site and the urban
site. (c) Back-trajectory cluster analysis and the corresponding H2O2 concentrations at the urban site during the observation period in 2018.
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17:00 and then decreased after reaching their maxima around
21:00. Coincidentally, the concentrations and trends of
variation of H2O2 measured by Qin et al.22 in Beijing were
almost identical to those measured during our study on the
same days (March 1−9, 2016).
The reactions of VOCs with NO3 or O3 after sunset could

be potential sources of HO2 radicals, a possibility that has been
used to explain the increase in the concentration of H2O2 after
sunset during the summer in Beijing by previous studies.21

However, the extremely low O3 concentrations (∼0 ppbv) as
well as high NO concentrations (∼50 ppbv) observed (Figure
3) after sunset during the winter in Beijing could greatly
suppress the formation of NO3, implying that the reactions
initiated by O3 and NO3 after sunset could not account for the
increase in the concentration of H2O2.
In contrast to the case at the urban site, the diurnal variation

of the H2O2 concentration at the rural site exhibited a normal
pattern with the appearance of a peak value around 15:00
(Figure 2b), indicating that the source of H2O2 in the rural
region was different from that in Beijing. Considering the
relatively high H2O2 concentrations in the afternoon at the
rural site, transportation from vast rural areas south of Beijing
was suspected to be one important source of the increase in the
H2O2 concentration after sunset in Beijing. This suspicion was
verified by air mass trajectory analysis (Figure 2c); e.g., with
the only one exception on January 19, 2018, all cases with
obvious increases in the H2O2 concentration were attributed to
air parcels from the south. A recent study23 indicated that the
regional transport corridor of PM2.5 was closely related to
terrain. PM2.5 was transported northward, which was
encountered the 1000−1500 m high mountains north of
Beijing, and accumulated at the base of the mountain. Then
the accumulated PM2.5 would lead to the haze episode in
Beijing. Considering the coincident increase in the concen-
trations of PM2.5 and H2O2 (Figure 3), the obvious increase in
the H2O2 concentration for the one case on January 19 might
be ascribed to the possibility that the air parcels brought the

accumulated air pollutants from the foot of the mountains to
the sampling site.
The obvious increase in the H2O2 concentration in Beijing

was also observed during the day on the moderately polluted
days (Figure S2). Theoretically, the formation of H2O2
through the gas-phase reaction (reaction R2) can be greatly
suppressed when the NO concentration is >1 ppbv.3 However,
the obvious increase in the H2O2 concentration usually
occurred when the NO concentration was >10 ppbv. The
increase in the H2O2 concentration in the early morning was
ascribed to downward mixing of air from the residual layer
aloft upon the breakup of the inversion layer as well as local
photochemical production,24 but it is difficult to explain the
obvious increase in the daytime H2O2 concentration in our
study. Considering the coincident increase in the concen-
tration of H2O2 and PM2.5 (Figure S2a), the heterogeneous
reactions in PM2.5 were suspected to play a vital role in the
formation of H2O2. Mao et al.25 proposed a HO2−Cu−Fe
catalytic mechanism in the aerosol phase. In their mechanism,
the uptake of HO2 and subsequent heterogeneous reactions
with Cu and Fe will lead to production of H2O2 or H2O,
mainly depending on the molar ratio of dissolved Cu to Fe.
H2O2 was the dominant product when the molar ratio of
dissolved Cu to Fe was >1, whereas H2O was the major
product when the ratio was <0.1. Liang et al.26 and Guo et al.27

also found the heterogeneous reactions involving HO2 and
transition metal ions (TMI) will greatly affect the H2O2
concentrations in the gas phase by performing model
simulations. The average concentrations of total Cu and Fe
in PM2.5 during moderately polluted days in Beijing were 59.1
and 947.1 ng m−3, respectively.28 Cu has been found to be fully
dissolved at pH <5,29 while the proportion for soluble Fe varies
greatly, ranging from <1% in soils to 81% in oil combustion
products.30 Therefore, the molar ratio of dissolved Cu to Fe in
PM2.5 in Beijing would be >0.1 if the solubility was 100% for
Cu and <54% for Fe. Obviously, the uptake of HO2 radicals on
particles might be a source of H2O2 during the winter in

Figure 3. Three cases of obvious increases in the concentration of H2O2 after sunset and time series of H2O2, PAN, PM2.5, and selected trace gases
for (a) January 8 and 9, (b) January 9 and 10, and (c) March 1 and 2 of 2016.
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Beijing. Recent studies31,32 also indicated the heterogeneous
chemistry of a photosensitizer could produce HO2 radicals in
the condensed phase and lead to the subsequent formation of
H2O2. Additionally, the contrast between the urban and rural
measurements also provides some insight into the formation of
H2O2 at high NOX levels during the day. The pollution levels
of PM2.5 and NOX were much higher at the rural site than at
the urban site during the measurement period (Figure 2a),
which was consistent with our previous studies.17,18 The gas-
phase formation of H2O2 at the rural site could also be
neglected because of the suppression of HO2 radicals by the
relatively high NO concentrations (>10 ppbv) at the rural site.
Compared with the urban site, the daytime concentrations of
H2O2 and PM2.5 at the rural site were relatively high, implying
that heterogeneous reactions in PM2.5 might play key roles in
the daytime formation of H2O2. Furthermore, the large
underestimation of the level of HO2 radicals under high
NOX levels by gas-phase model simulations in previous
studies16,33 also indicated the possible contribution of the
heterogeneous reactions to HO2 radicals.
In contrast with those from the moderately polluted days

(Figure 3), H2O2 concentrations during the severe haze days
were relatively low (Figure S3). Atmospheric PM2.5 was
suspected to play a dual function in the H2O2 budget, which
might depend on the PM2.5 levels. Under moderately polluted
conditions, the heterogeneous reactions involving TMI and
HO2 radicals might be dominant for H2O2 formation. Under
extremely polluted conditions, however, the consumption of
H2O2 through the multiphase reaction of H2O2 and SO2 in
aerosols5,34 counteracted the production of H2O2 via
heterogeneous reactions because the relative humidity (RH)
and SO2 concentration were much higher under the extremely
polluted conditions (RH = 53%, and [SO2] = 20 ppbv) than
under the moderately polluted conditions (RH = 30%, and
[SO2] = 12 ppbv). Additionally, the rapid decrease in the
H2O2 concentration after 21:30 when the PM2.5 concentration
remained high (Figure 3) also indicated the consumption of
H2O2 on particles, because dry deposition (1−5 cm/s) could
not account for the >50% decrease in the H2O2 concentration
within 1 h of its maximum.
Atmospheric Implications. The average H2O2 concen-

tration measured during the winter in Beijing was greater by a
factor of 25 than that assumed by Cheng et al.13 for estimating
the sulfate production rate. To estimate the actual contribution
of the aqueous-phase reaction of H2O2 with SO2 to sulfate
formation, the pH and aerosol water content of PM2.5 were
calculated on the basis of the data recorded during this study
(Table S1) for the haze episode from January 15 to 17, 2016.
Using the data measured in this study and the same approach
that was used by Cheng et al.13 to calculate the sulfate
production rates by different oxidation pathways, we found
that the sulfate formation rate through the oxidation pathway
of H2O2 was a factor of 2−5 faster than the summed rate of the
other three oxidation pathways (Figure 4) and ∼1 order of
magnitude faster than that by NO2 oxidation pathway.
Therefore, the actual contribution of H2O2 to sulfate formation
during haze episodes during the winter was largely under-
estimated by previous studies, and their conclusion may be
incorrect.
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