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Abstract

Atmospheric aging and processing appears to alter physical and chemical properties
of mineral dust aerosol and thus its role as reactive surface in the troposphere. Yet,
previous studies in the atmosphere have mainly focused on the clean surfaces of min-
eral dust aerosol, and the reactivity of aged mineral aerosol toward atmospheric trace5

gases is still poorly recognized. This work presents the first laboratory investigation
of heterogeneous reactions of gaseous hydrogen peroxide (H2O2), an important at-
mospheric oxidant, on the surface of HNO3 and SO2-processed alumina particles as
surrogates of mineral dust aerosol aged by acidic trace gases as a function of relative
humidity (RH) and surface coverage of coatings. Pretreatment of the alumina surfaces10

with HNO3 and SO2 has a strong impact on its reactivity toward H2O2 uptake. On
HNO3-processed particles, because of the dual role of the nitrate coating in modifying
the reactivity of the particle surface, namely blocking oxide active sites but altering sur-
face hygroscopicity, H2O2 uptake seems to decrease in some cases whereas increase
in other cases, largely depending on RH and surface coverage of nitrate. On SO2-15

processed particles, the presence of adsorbed S(IV) species appears to enhance the
intrinsic reactivity of the alumina particles due to its affinity for H2O2, and the uptake
of H2O2 increases by 40–80 % in the range of RH from 25 % to 92 % relative to the
unprocessed particles. However, when S(IV) is completely oxidized to S(VI), the alu-
mina surface is significantly deactivated and the measured uptake of H2O2 decreased20

markedly. The mechanisms for heterogeneous reactions of H2O2 with these processed
particles are discussed, as well as its potential implications on tropospheric chemistry.
The results of our study suggest that the reactivity of mineral dust aerosol toward H2O2
and maybe other atmospheric trace gases will depend on the chemical nature and
coverage of the coatings as well as ambient RH, and thus will vary considerably in dif-25

ferent polluted atmosphere, which should be taken into account in current atmospheric
models.
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1 Introduction

Mineral dust aerosol constitutes a significant fraction of atmospheric particulate matter,
playing an important role in atmospheric environment and climate change (Dentener et
al., 1996; Sokolik and Toon, 1996; Prospero, 1999; Buseck and Posfai, 1999; Ndour et
al., 2008). As a reactive surface in the global troposphere, mineral dust aerosol can in-5

teract with a variety of trace gases during atmospheric transport (Dentener et al., 1996;
Usher et al., 2003a). Laboratory studies have shown that heterogeneous reaction of
trace gases including HNO3, oxides of nitrogen and sulfur, and volatile organic com-
pounds on mineral dust and its components generally leads to the formation of some
low-volatile and/or nonvolatile products, such as nitrate, sulfate, and oxidized organics,10

on particle surfaces (Usher et al., 2003a; Crowley et al., 2010; Kolb et al., 2011). Field
observations have also revealed that atmospheric mineral dust aerosol, through het-
erogeneous uptake of acidic gases and organic compounds, often accumulate nitrate,
sulfate, as well as organic coatings (Buseck and Posfai, 1999; Falkovich et al., 2004;
Putaud et al., 2004; Sullivan et al., 2007; Li et al., 2009; Formenti et al., 2011). These15

inorganic or organic coatings have been expected to alter physical and chemical prop-
erties of mineral dust aerosol and thus its role as a reactive surface in the downstream
atmosphere. Therefore, it is an important issue to characterize the reactivity of mineral
dust aerosol processed or aged by interacting with atmospheric trace gases. However,
few studies on heterogeneous atmospheric chemistry have focused on the aged min-20

eral aerosol particles. Usher et al. (2003b) have reported the reactive uptake of ozone
on mineral oxide particles coated in nitrate, sulfate, as well as organics under dry con-
ditions, and found that the uptake of ozone by processed particles could be increased
or decreased relative to the uncoated particles, depending on the molecular nature of
the coating. Recently, it has been shown that the photolysis of adsorbed nitrate on25

alumina under atmospherically relevant conditions can significantly yield NO2 (Schut-
tlefield et al., 2008) and that irradiation of NO2-reacted alumina particles can lead to the
oxidation of adsorbed organic compounds (Raff et al., 2011). Nonetheless, information
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regarding the reactivity of aged mineral aerosols toward atmospheric trace gases is
still quite limited. In addition, little is know about the associated kinetics under humid
conditions that are more relevant to the real troposphere.

Hydrogen peroxide (H2O2) is an important atmospheric oxidant, playing an important
role in secondary sulfate formation and HOx radical chemistry (Finlayson-Pitts and5

Pitts, 2000; Reeves and Penkett, 2003; Hua et al., 2008). Field studies have shown that
heterogeneous reactions on ambient mineral aerosol (De Reus et al., 2005) and urban
aerosols (He et al., 2010) seem to be an important sink for gaseous H2O2. Accordingly,
recent several laboratory studies have reported the kinetics and mechanisms of the
interaction of H2O2 with the clean surface of mineral dust aerosol and its components10

(Pradhan et al., 2010a, b; Zhao et al., 2011). However, the reactivity of aged mineral
aerosol toward H2O2 is still unclear.

The aim of this study is to probe the effect of atmospheric aging on the reactivity of
mineral aerosol by investigating H2O2 uptake on HNO3 and SO2-processed alumina
particles. Here, alumina was selected as a substrate as a result of its abundance in at-15

mospheric mineral aerosol and its affinity for acidic trace gases. A full range of relative
humidity (RH) conditions as well as surface coverage of coatings (to simulate different
degree of atmospheric aging) was considered to explore their effects on the uptake of
H2O2. It is found that the reactivity of alumina particles toward H2O2 is significantly
modified due to the pretreatment with HNO3 or SO2, with a striking dependence on RH20

and the degree of aging.

2 Experimental

2.1 Preparation of HNO3 and SO2 processed α -Al2O3

The processed particle samples were prepared in a flow reactor which has been de-
scribed previously (Chen et al., 2008). Briefly, the flow reactor (length 15 cm, ID 3.3 cm)25

is a quartz cylinder. The α-Al2O3 powder (Alfa Aesar, Brunauer-Emmett-Teller (BET)
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surface area of 32.8 m2 g−1), with typical sample mass of 15 mg, was directly placed on
a 250 mesh stainless steel circular grid and compressed to form a solid coating, which
was then mounted in the center of the reactor. Before exposure to HNO3 or SO2, the
particle sample was evacuated at 298 K for at least 60 min to remove the physisorbed
impurities as much as possible. The HNO3 or SO2-containing simulated air (400 sccm)5

was then introduced into the reactor. To assuring a relative large reactivity of alumina
particles toward HNO3 and SO2, the humidity of HNO3 and SO2-containing airflow was
controlled at 35 % RH and <1 % RH, respectively. Previous studies (Boerensen et al.,
2000; Hanisch and Crowley, 2001; Goodman et al., 2001a, b; Usher et al., 2002) have
shown that HNO3 and SO2 can irreversibly react with Al2O3 to form surface-bound ni-10

trate and sulfite (and/or bisulfite) species, respectively. In order to evaluate the impact
of the degree of aging on heterogeneous chemistry of α-Al2O3, different coverages of
nitrate and sulfite (and/or bisulfite) coatings were obtained by varying exposure time.
During the laboratory-simulated aging processes, a FTIR spectrometer (Nicolet 6700,
Thermo Scientific) coupled to the flow reactor was also employed to record the infrared15

spectra of the particle samples in the transmission mode in the frequency range of
4000 to 400 cm−1. All spectra were collected at a resolution of 4 cm−1, and 64 scans
were averaged for each spectrum corresponding to a time resolution of 39 s.

2.2 H2O2 uptake experiments

After reaction with HNO3 or SO2, the α-Al2O3 samples were evacuated for at least 220

hours to remove physisorbed HNO3 or SO2. Subsequently, the H2O2-containing simu-
lated air was introduced into the reactor at a constant flow rate of 400 sccm, ensuring
a laminar regime. Uptake experiments were performed under different wet conditions,
varying from dry conditions (3 % RH) and up to 92 % RH. The RH was measured by
a hygrometer (Vaisala HMT100) with the uncertainty of ±1.7 %. T-FTIR spectra of the25

particle samples were recorded upon H2O2 uptake. Each spectrum was referenced
to the spectrum of particles saturated with H2O2-free simulated air at the same RH.
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At the exit of the flow reactor, the 400 sccm air stream was drawn into a thermostati-
cally controlled scrubbing coil collector maintained at 277±0.2 K, and the 1 mM H3PO4
solution (prepared by 85 % aqueous solution for HPLC, Sigma-Aldrich), used as the
stripping solution, was delivered into the collector by a peristaltic pump at a flow rate
of 0.2 ml min−1 to collect the gas-phase H2O2. The resulting solution was then immedi-5

ately analyzed with a HPLC instrument described below. By subtracting the gas-phase
H2O2 loss in the absence of particles (namely the wall loss) from that in the presence
of particles, the uptake of H2O2 by particles can be derived. The collection efficiency
of the coil for H2O2 was determined to be ≥98 % (Hua et al., 2008), and further de-
tails about this collection system can be seen in our previous work (Hua et al., 2008).10

A typical uptake experiment lasted 30 min for HNO3-processed particles and 60 min
for SO2-processed particles, and during all uptake experiments the flow reactor was
maintained at 298±1 K and ambient pressure.

After reaction with H2O2, the particle sample was sonicated in 10 ml Milli-Q water
(Millipore, USA) to extract surface adsorbed nitrate and sulfate. The resulting solution15

was then filtered and analyzed using an ion chromatography (Dionex ICS2000, USA),
which is equipped with a Dionex AS 11 analytical column and a conductivity detector.
The number of surface-bound sulfite/bisulfite on α-Al2O3 pretreated with SO2 was also
obtained assuming all of S(IV) species were oxidized to sulfate by H2O2.

Based on the uptake rate (d{C}/dt) of H2O2, which was determined from the linear20

fit to the time-dependent uptake data within 10 min of exposure, the uptake coefficients
of H2O2 on processed particles were calculated.

γ =
d{C}/dt

Z
(1)

Z =
1
4
As[C]

√
8RT
πMc

(2)25

where {C} is the uptake of H2O2 by particle surfaces, Z is collision frequency of gas-
phase H2O2 with the particle surface, [C] is the gas-phase H2O2 concentration, Mc is
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the molecular weight of H2O2, and As is the effective surface area of the particle sam-
ples. As reported in our previous work (Zhao et al., 2011), the measured BET uptake
coefficient of H2O2 on bulk alumina powder sample is independent of the sample mass,
suggesting that the BET surface area appears to more appropriately represent the ef-
fective surface area of the sample. It should be noted that the uptake experiments were5

performed at relative high H2O2 pressures to enable IR observation of surface species
on the particle sample, and on a few minutes timescale the initial uptake processes are
already achieved. Therefore, the measured uptake coefficients in this study represent
the steady state rather than the initial state.

2.3 Generation of gaseous H2O210

The commercial H2O2 solution (Sigma-Aldrich, 50 wt %) was concentrated in a bubbler
by bubbling 100 sccm dry N2 through it at 277±0.2 K for 4 days. A few milliliters of the
concentrated H2O2 solution were then transferred to another bubbler at 277±0.2 K and
a dry N2 flow of 20 sccm was bubbled through the solution. The resulting N2 flow was
then balanced with 380 sccm of simulated air before being introduced into the reactor15

to give a typical gaseous H2O2 concentration of 1.7×1014 molecules cm−3.

2.4 H2O2 detection

H2O2 was determined using a HPLC instrument (Agilent 1200, USA) equipped with
a fluorescent detector, with post-column derivation involving the hemin-catalyzed oxi-
dation of H2O2 to a fluorescent derivative by hydroxyphenylacetic acid. Further detail20

about the method can be found in our previous study (Hua et al., 2008).
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3 Results and discussion

3.1 H2O2 uptake on HNO3 processed particles

H2O2 uptake on clean α-Al2O3 particles has been studied in our previous work (Zhao
et al., 2011). It was found that H2O2 molecules mainly undergo catalytic decompo-
sition on the surface but also a small amount of molecularly adsorbed H2O2 can be5

observed. Here the effect of HNO3-processing on the reactivity of α-Al2O3 particles to-
ward H2O2was investigated as a function of RH and surface nitrate coverage. The RH
considered here ranges from 3 % and up to 92 %, covering the RH prevailed in most
atmospheric environments. The surface coverage of nitrate varies from 0 to 3.5×1018

molecules m−2, to simulate varying degrees of atmospheric aging of mineral particles10

by HNO3 and other nitrogen species. Given the radius of surface-coordinated nitrate
ion of 126 pm (Greenwood and Earnshaw, 1997), adsorbed nitrate would cover approx-
imately 0–18 % monolayer of the BET surface.

Figure 1 shows T-FTIR spectra of HNO3-processed alumina particles following ex-
posure to 1.7×1014 molecules cm−3 gaseous H2O2. The spectrum of H2O2 uptake on15

clean α-Al2O3 was also displayed for comparison. The absorption bands at 3209 cm−1,
2805 cm−1, 1426 cm−1, 1332 cm−1 are ascribed to the characteristic vibrations of the
molecularly adsorbed H2O2 (Zhao et al., 2011). For nitrate-coated particles, the ab-
sorption bands at 1426 cm−1 and 1332 cm−1 are overlapping with the bands due to
surface water-solvated nitrate ions (Goodman et al., 2001b). It is notable that with the20

increase of surface coverage of nitrate coating, the amount of molecularly adsorbed
H2O2 on α-Al2O3 decreases markedly at 3 % RH whereas increases slightly at 92%
RH, implying that the pretreatment of α-Al2O3 with HNO3 appears to have distinct im-
pacts on the reactivity of particles toward H2O2 under different humidity conditions.

The reactivity of HNO3-processed α-Al2O3 particles toward H2O2 uptake can be fur-25

ther characterized in term of the uptake coefficients. Figure 2 shows H2O2 uptake on
HNO3-processed alumina particles as a function of RH and surface nitrate coverage.
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As a comparison, the uptake of H2O2 on clean α-Al2O3 at varying RH was also mea-
sured in this study. The values of the uptake coefficients measured here are in good
agreement with those reported previously (Zhao et al., 2011). It is evident from Fig. 2
that H2O2 uptake on HNO3-processed alumina particles greatly differs from that on
unprocessed particles, with a striking dependence on RH and surface coverage of ni-5

trate. As suggested previously (Zhao et al., 2011), the catalytic decomposition as well
as molecular adsorption at oxide active sites contributes to H2O2 uptake on alumina
surfaces. The HNO3 reaction with alumina appears to consume the same surface sites
for H2O2 uptake, leading to the decrease of surface reactivity. However, the nitrate
coating can largely enhance the surface hygroscopicity and thus water uptake of alu-10

mina surfaces under wet conditions, which may favor H2O2 uptake onto surface liquid-
like water in particular at high RH due to the high solubility of H2O2. Therefore, the
HNO3-processing seems to play dual roles in modifying reactivity of alumina particles
toward H2O2, either by consuming surface oxide active sites or by increasing surface
hygroscopicity. Obviously, the relative importance of these two mechanisms finally de-15

termines the net effect of HNO3-processing on H2O2 uptake on alumina particles.
Under dry conditions, the quantity of oxide active sites determines the reactivity of

α-Al2O3 toward H2O2. Thus, by occupying surface reactive sites, adsorbed nitrate on
α-Al2O3 is expected to decrease the reactivity of the surface. As shown here, at 3 %
RH, the measured uptake of H2O2 on processed α-Al2O3 decreases from 1.1×10−7 to20

0.7×10−7 with the surface nitrate coverage increasing from 0 to 3.5×1018 molecules
m−2. Similar deactivation of α-Al2O3 surfaces with adsorbed nitrate was also observed
in the study performed by Usher et al. (2003b), with O3 uptake on nitrated α-Al2O3
under dry conditions decreasing by approximately 70% relative to that on unprocessed
particles. At intermediate RH (25–60 %), the presence of adsorbed nitrate at low25

surface coverage still decreases the reactivity of alumina particles toward H2O2 by
blocking surface reactive sites. However, as the surface nitrate coverage increases
the particle surfaces become more hydrophilic. The surface reactivation attributed to
the increase of surface hygroscopicity prevails against the further deactivation of the
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particles due to the occupation of surface reactive sites by adsorbed nitrate, finally
leading to the recovery of surface reactivity toward H2O2. Therefore, as the surface
nitrate coverage increases, a turning point for H2O2 uptake is expected. As shown in
Fig. 2, the measured uptake coefficient of H2O2 on HNO3-processed alumina particles
initially decreases and then increases with the surface coverage of nitrate. It is interest-5

ing to note that at RH of 25–60 % and surface nitrate coverage higher than 3.0×1018

molecules m−2, the measured uptake of H2O2 is equivalent to or even larger than that
on the unprocessed particles. At high RH (75–92 %), the presence of nitrate coatings
strongly enhances the coverage of liquid-like water on the surface. Thus, via adsorp-
tion into the growing islands of liquid-like water, H2O2 uptake increases with increasing10

nitrate coverage.

3.2 H2O2 uptake on SO2 processed particles

It has been shown that SO2 can interact with alumina particles to form surface-
coordinated sulfite and/or bisulfite species (Goodman et al., 2001a; Usher et al.,
2002). As an efficient oxidant for sulfate formation in cloud water and on ice surfaces15

(Finlayson-Pitts and Pitts, 2000; Chu et al., 2000; Clegg and Abbatt, 2001), H2O2
may also have the potential to oxidize S(IV) species to S(VI) on the surface of mineral
particles. The SO2-processed alumina is therefore expected to have different reactivity
toward H2O2 compared to the HNO3-processed particles. In this study, the surface cov-
erage of sulfite/bisulfite was determined to be (8.6±1.0)×1017 molecules m−2. With20

the sulfite ion radius of 151 pm (Greenwood and Earnshaw, 1997), surface-coordinated
S(IV) would cover approximately 6.2 % of the BET surface of alumina particles.

Figure 3a shows the T-FTIR spectra of the SO2-processed particles collected upon
exposure to gaseous H2O2 at 3 % RH. The absorption bands at 1161 cm−1 and
1059 cm−1, assigned to surface-bound sulfate and/or bisulfate (Fu et al., 2007), sig-25

nificantly increase in intensity with exposure time, suggesting that H2O2 can efficiently
oxidize adsorbed sulfite/bisulfite to sulfate/bisulfate on alumina surfaces. The mecha-
nism of this oxidation can be described as follows:
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SO2−
3(ads)+H2O2(ads) →SO2−

4(ads)+H2O (R1)

HSO−
3(ads)+H2O2(ads) →HSO−

4(ads)+H2O (R2)

After 30 min of exposure, about 90 % of surface S(IV) species is converted to S(VI) that
is relatively inactive toward H2O2, and several new absorption bands at 3209 cm−1,
2805 cm−1, and between 1500 and 1300 cm−1, associated with the molecularly ad-5

sorbed H2O2 (Zhao et al., 2011), appear and grow in intensity with exposure time.
Similar T-FTIR experiments upon varying RH were also carried out to probe the effect
of water on H2O2 uptake on processed particles. Figure 3b shows the T-FTIR spectra
following the reaction of H2O2 with SO2-processed alumina particles at 45 % RH. The
absorption bands at 1161 cm−1 and 1059 cm−1 due to surface-bound sulfate observed10

at 3 % RH combines into one band at 1139 cm−1 at 45 % RH. This frequency shift is
probably owing to water-solvation effects of sulfate, which was also observed for nitrate
on alumina surfaces. It is evident that sulfate formation on the surface at 45 % RH is
fast relative to that at 3 % RH, revealing that water can substantially promote the oxi-
dation of S(IV) by H2O2. Similarly, when almost all of the S(IV) species are oxidized to15

S(VI), the molecularly adsorbed H2O2 appears on the particle surface.
In addition, the uptake of H2O2 was determined to further explore the reactivity of

SO2-processed alumina particles. The insets in Fig. 3 show the temporal evolution
of H2O2 uptake on processed particles. According to the chemical nature of particle
surfaces, the whole uptake processes were separated into two stages. During the20

stage I, surface S(IV) species efficiently react with H2O2 to form sulfate; As for stage
II, the oxidation of surface S(IV) species is almost completed, and the alumina parti-
cles are coated with sulfate. Based on linear fits to the measured H2O2 uptake within
the first 10 min of exposure for each stage, the uptake coefficient (γ) of H2O2 on SO2-
processed particles was calculated using Eqs. (1) and (2). Figure 4 illustrates the γ25

of H2O2 on SO2-processed particles as a function of RH, and the uptake coefficient
of H2O2 on unprocessed alumina particles was also displayed for comparison. It can
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be seen that at 3 % RH, there is a slight increase (about 5 %) in H2O2 uptake on SO2-
processed particles. As RH increases, this enhancement of H2O2 uptake becomes
striking, ranging from 40 % at 25 % RH to 72 % at 92 % RH. This indicates that the
presence of surface S(IV) species can enhance the reactivity of alumina particles to-
ward H2O2, in particular under humid conditions. However, after surface S(IV) species5

are converted to S(VI), the particle surfaces become less reactive and H2O2 uptake
decreases markedly. Similar to the surface adsorbed nitrate, the sulfate coating also
has dual impacts on the reactivity of alumina surfaces, namely blocking oxide active
sites but altering surface hygroscopicity. Thus, the reactivity of sulfate-coated alumina
particles toward H2O2 is also expected to depend on the surface coverage of sulfate10

and RH. As shown here, the presence of sulfate at coverage of 8.6×1017 molecules
m−2 on the surface of alumina decreases the uptake of H2O2 at RH <60 % whereas
enhances H2O2 uptake at RH >60 %.

Since only 6.2 % of the BET surface of alumina particles that has been pretreated
with SO2 is covered by a monolayer of S(IV) species, the measured uptake of H2O215

on SO2-processed particles has contributions from the uptake on both adsorbed sul-
fite/bisulfite sites and uncovered oxide active sites. Thus, H2O2 uptake on SO2-
processed particles can be expressed as:

γprocessed =
∑

fiγi =γ(absorbate active sites)+γ(oxide active sites) (3)

where fi and γi are the fraction and the measured uptake respectively for each of20

these sites (Usher et al., 2003b). Based on surface coverage of S(IV) species and
the measured uptake coefficients on processed and unprocessed particles (Fig. 4),
H2O2 uptake due to the oxidation of S(IV) at varying RH can be estimated. As shown
in Fig. 5, the probability of oxidation of S(IV) to S(VI) by H2O2, γS(IV), increases from

(1.9±0.5)×10−7 to (8.3±0.5)×10−7 with increasing RH in the range from 3 % to25

92 %, nearly twice to decuple H2O2 uptake on uncovered oxide active sites of alumina.
This marked positive correlation between γS(IV) and RH also evidently indicates water-
enhanced oxidation of S(IV) by H2O2. Generally, the rate law for the oxidation of S(IV)
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by H2O2 can be expressed by the equation (Finlayson-Pitts and Pitts, 2000):

−
d [S(IV)]

dt
=k

[
H+][H2O2][S(IV)] (4)

Under humid conditions, water adsorption on particle surfaces inhibits catalytic decom-
position of accommodated H2O2 on uncovered oxide active sites of SO2-processed
alumina particles (Zhao et al., 2011), thus resulting in a relatively large concentration5

of H2O2 available for the oxidation of S(IV). In addition, adsorbed water can facilitate
the dissociation of surface-bound bisulfate, which is suggested by IR absorption asso-
ciated with water-solvated sulfate ions at 45% RH (Fig. 3), to yield free H+ ions on the
surface. These changes in microenvironments of the particle surface due to adsorbed
water appear to rationalize our observations.10

It has been recently reported that O3 could promote the conversion of S(IV) species
to S(VI) on mineral dust particles (Ullerstam et al., 2002; Usher et al., 2002; Li et
al., 2006). Usher at al. (2003b) have investigated O3 uptake on α-Al2O3 particles
pretreated with SO2 using Knudsen cell reactor, and suggested the probabililty of O3
uptake on S(IV)-covering sites on alumina particles is double that on the uncovered15

sites. Given the BET uptake coefficients of (3.5±0.9)×10−8 for O3 on untreated alu-
mina particles at RH ≤1 % calculated from time dependent IR signals due to O3 decay
(Mogili et al., 2006), the probability of oxidation of adsorbed S(IV) to S(VI) by O3 is es-
timated to be 7.0×10−8, less than half of that by H2O2. This reveals that H2O2 seems
to be more reactive toward adsorbed S(IV) on mineral particles relative to O3.20

4 Conclusions and atmospheric implications

Here heterogeneous reactions of H2O2 on alumina particles that have been processed
by exposure to gaseous HNO3 or SO2, as proxies of ambient mineral aerosol aged
by acidic trace gases, were investigated as a function of RH and surface coverage
of coatings. The uptake kinetics of H2O2 on clean surfaces of mineral dust aerosol25

and its components has been reported in recent studies by Pradhan et al. (2010a, b)
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and in our previous work (Zhao et al., 2011). For suspended TiO2, Gobi sand, and
Saharan dust aerosols in an aerosol flow tube (AFT), the uptake coefficients (γ) of
H2O2can get up to 10−4 (Pradhan et al., 2010a, b), whereas for bulk alumina powder
samples, the uptake coefficients are on the order of 10−7 (Zhao et al., 2011). This
large discrepancy in γ, as discussed previously (Zhao et al., 2011), is mainly due5

to the different experimental techniques employed, different sample treatments, and
different H2O2 pressures used. Since AFT can achieve the most realistic conditions
of atmospheric aerosol, the H2O2 uptake coefficient on the order of 10−4 obtained
with this method is considered as preferred value (Crowley et al., 2010). In light of
this, we may be able to tentatively extrapolate the uptake coefficient determined using10

our experimental apparatus to the real atmosphere by multiplying approximately three
orders of magnitude. The value of uptake coefficient on the order of 10−4 suggests that
the uptake of H2O2 by clean surfaces of mineral dust aerosol can be an important sink
for tropospheric H2O2 (Pradhan et al., 2010b). However, during atmospheric transport,
the reactivity of mineral dust aerosol is likely to be modified by other traces gases15

in the troposphere. In this study, the measured uptake data can basically reflect the
effect of atmospheric aging on the reactivity of mineral aerosol toward H2O2. It is found
that atmospheric aging has a strong impact on the reactivity of mineral aerosol toward
H2O2 uptake. For example, at typical RH values of the troposphere (20–90 %), mineral
particles accumulating a coating of sulfite at coverage of 8.6×1017 molecules m−2 will20

exhibit an enhanced H2O2 uptake by 40–80 % relative to the clean particles, and in
the cases of higher aging degree the enhancement of the reactivity is expected to be
more significant. However, when mineral particles are coated with nitrate or sulfate,
the uptake of H2O2 will decrease at low RH (<25 %) whereas increase at high RH
(75–90 %), and at intermediate RH (25–60 %) the effect of the coating is intimately25

related to its surface coverage. Thus, the loss of H2O2 due to uptake onto atmospheric
mineral dust aerosol will depend on the molecular nature and the coverage of surface
materials, as well as ambient RH, and hence will vary considerably in different polluted
environments.
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It should be noted that the HNO3 and SO2-processed alumina particles used in this
study to simulate the effects of atmospheric aging are simple models for ambient aged
mineral aerosols. For example, the several layers of nitrate coatings could be ob-
served on mineral aerosols in polluted urban atmosphere (Li et al., 2009). However,
given that the presence of hydrophilic nitrate coating at surface coverage higher than5

3.0×1018 molecules m−2 (corresponding to approximately 15% monolayer) seems to
increase the reactivity of mineral particles toward H2O2 uptake under atmospheric rel-
evant conditions (20–90 % RH) due to enhancing surface hygroscopicity (Fig. 2), the
thicker coatings of nitrate on aged mineral aerosols observed in the troposphere are
expected to enhance the reactivity of the particle surface to a greater extent.10

Furthermore, H2O2 seems to facilitate heterogeneous sulfate formation on mineral
dust aerosols particularly under humid conditions, with mechanisms analogous to sec-
ondary sulfate formation in cloud water and on ice surfaces. The sulfate formation on
mineral dust in turn affects the physicochemical properties of particles, altering the hy-
groscopicity, the ability to act as cloud concentration nuclei or ice nuclei, as well as the15

reactivity toward various atmospheric trace gases. In addition, catalytic decomposition
of H2O2 at uncovered active sites of mineral particles as well as the direct photolysis
of the molecularly adsorbed H2O2 can generate hydroxyl radicals (Zhao et al., 2011),
which may also favor the oxidation of organic compounds adsorbed or condensed on
mineral aerosols. Moreover, the presence of acidic sulfate coating on the surface can20

possibly lead to the formation of organosulfate species, probably via mechanisms in-
cluding acid-catalysis and, in the daytime, sulfate radical-initiation (Surratt et al., 2010;
Hatch et al., 2011). All of these potentially important issues may further highlight the
importance of the interactions between H2O2 and aged atmospheric mineral particles
and warrant further investigations.25

Obviously, in addition to H2O2, the interactions of aged mineral aerosol with other
atmospheric oxidants such as O3, OH radicals, and NO3 radicals may need to be
evaluated. It is notable that these interactions may have the potential to significantly
alter the oxidative capacity of the atmosphere.
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Fig. 1. T-FTIR spectra of H2O2 uptake on nitric acid-processed alumina particles with increas-
ing nitrate coverage at (A) 3 % and (B) 92 %RH. a, b, c, d, and e in (A) correspond to surface
nitrate coverage of 0, 1.1, 1.7, 2.7, and 3.5×1018 molecules m−2, respectively. a, b, c, and
d in (B) correspond to surface nitrate coverage of 0, 1.9, 2.6, and 3.2× 1018 molecules m−2,
respectively. All of spectra were collected after 30 min of exposure.
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Fig. 2. The measured uptake coefficients of H2O2 on nitric acid-processed alumina particles as
a function of RH and surface nitrate coverage. The measured uptake of H2O2 on clean alumina
surfaces was also given for comparison. 3-D plot shown in (b) was derived based on the uptake
data displayed in (a). All of the uptake experiments were performed with 1.7×1014 molecules
cm−3 gaseous H2O2.
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Fig. 3. T-FTIR spectra of SO2-processed alumina particles recorded following exposure to
1.7×1014 molecules cm−3 gaseous H2O2 at RH of (a) 3 % and (b) 45 %. The insets show the
uptake of H2O2 as well as the oxidation of surface S(IV) species as a function of time, and the
data were normalized by the BET surface area of the particle samples. The S(IV) oxidation was
derived from the formation of sulfate, which were determined using the integrated absorbance
between 1350 and 1020 cm−1.
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Fig. 4. Relative humidity dependence of the uptake coefficients of H2O2 on SO2-processed
alumina particles at different stages (I and II). The uptake of H2O2 on unprocessed alumina was
also given for comparison. All of the experiments were conducted with 1.7×1014 molecules
cm−3 gaseous H2O2.
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Fig. 5. The probability of oxidation of S(IV) to S(VI) by H2O2 on α-Al2O3 particles as a function
of RH.
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