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RH in the range of 6%—70%, while
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mation at RH higher than 80%.

e Soot surface composition plays
important roles in SO, uptake and
sulfate formation.

e Soot with a suitable amount of aro-
matic C—H and C=0 groups exhibits
the highest reactivity at 54% RH.
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The conversion of SO, to sulfates on the surface of soot is still poorly understood. Soot samples with
different fractions of unsaturated hydrocarbons and oxygen-containing groups were prepared by com-
busting n-hexane under well-controlled conditions. The heterogeneous reaction of SO, with soot was
investigated using in situ attenuated total internal reflection infrared (ATR-IR) spectroscopy, ion chro-
matography (IC) and a flow tube reactor at the ambient pressure and relative humidity (RH). Water
promoted SO, adsorption and sulfate formation at the RH range from 6% to 70%, while exceeded water
condensed on soot was unfavorable for sulfate formation due to inhibition of SO, adsorption when RH
was higher than 80%. The surface composition of soot, which was governed by combustion conditions,
also played an important role in the heterogeneous reaction of SO, with soot. This effect was found to
greatly depend on RH. At low RH of 6%, soot with the highest fuel/oxygen ratio of 0.162 exhibited a
maximum uptake capacity for SO, because it contained a large amount of aromatic C—H groups, which
acted as active sites for SO, adsorption. At RH of 54%, soot produced with a fuel/oxygen ratio of 0.134
showed the highest reactivity toward SO, because it contained appropriate amounts of aromatic C—H
groups and oxygen-containing groups, subsequently leading to the optimal surface concentrations of
both SO, and water. These results suggest that variation in the surface composition of soot from different
sources and/or resulting from chemical aging in the atmosphere likely affects the conversion of SO, to
sulfates.
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1. Introduction

Soot, released from incomplete combustion of fossil fuels and
biomass, consists primarily of elemental carbon (EC) and numerous
organic carbon (OC) compounds (Han et al., 2012b; Jacobson, 2001;
Seinfeld and Pandis, 1998). Soot particles are ubiquitous in the at-
mosphere, with an average emission inventory of 8—24 Tg of car-
bon per year (Bond, 2004; Penner et al., 1993). In the North China
Plain, EC usually contributes 2%—4% to the mass concentration of
PMyo (Zhang et al., 2015b), although the primary organic aerosol
mass fraction is found to decrease considerably during the pollu-
tion development periods (Guo et al., 2014). It has been widely
recognized that soot particles in the atmosphere have an important
impact on regional climate change and air quality (Ackerman,
2000; Chameides and Bergin, 2002; Peng et al., 2016; Wang et al.,
2013). For example, soot particles can significantly influence the
earth's radiation budget both by directly absorbing solar radiation
and by indirectly scattering solar radiation as cloud condensation
nuclei (CCN) (Ackerman, 2000; Chameides and Bergin, 2002). Soot
may also induce adverse health effects, such as respiratory and
cardiovascular diseases (Sydbom et al., 2001). In addition, when
emitted into the atmosphere, soot particles undergo several aging
processes, such as adsorption or condensation of gaseous species
(Khalizov et al., 2009a, 2009b; Pagels et al., 2009; Peng et al., 2016;
Saathoff et al., 2003; Zhang and Zhang, 2005; Zhang et al., 2008),
coagulation with preexisting aerosols and heterogeneous oxidation
(Han et al., 2013a, 2013b, 2012b; Lelievre et al., 2004; Liu et al.,
2010). These aging processes significantly affect soot properties,
such as morphology, hygroscopic and optical properties, further
influencing the climatic and health effects of soot.

In developing countries, such as China, SO, is still a major air
pollutant, sometimes with several tens of ppbv ambient concen-
tration (He et al., 2014; Lin et al., 2011). SO can be converted to
sulfates via the gas-phase oxidation, heterogeneous reactions in the
aqueous phase of clouds and fog, and on transition metals (Zhang
et al,, 2015a). Recently, Wang et al. (2016) observed that NO; can
efficiently promote SO, oxidation in aqueous media including both
pure water droplets and liquid aerosols containing inorganic or
organic salts formed at high relative humidity. In particular, this
oxidation process is favored by the neutralization with NH3. These
reaction processes may play important roles in particulate sulfate
formation during heavy haze days in China (He et al., 2014; Wang
et al,, 2016). For example, during the haze episode in January
2013, it was observed that the concentration of sulfates increased
abruptly by 70—130 pg m~3 within a period of several hours in
Beijing (Zheng et al., 2015a). Zheng et al. have evaluated the role of
heterogeneous reactions of SO, in this abrupt increase during
heavy haze episode. After the heterogeneous reactions of SO, on
mineral dust were parameterized into the CMAQ model, the per-
formance of the revised model was significantly improved for
sulfate simulation (Zheng et al., 2015a). However, the highest mass
concentration of sulfates was still underestimated in this work. This
might be partially related to the lack of information on heteroge-
neous reaction of SO, on soot and the catalytic formation of sulfates
by Fe and Mn, as pointed out by Zheng et al. (2015a). On the other
hand, it has been frequently observed that soot particles are
internally mixed with sulfates in the polluted urban environment
and in the marine troposphere (BUseck and Posfai, 1999; Poésfai
et al,, 1999; Ueda et al., 2015; Zhang et al., 2014), which greatly
affects the climatic and health effects of soot. The heterogeneous
reaction of SO, with soot has been proposed as a potentially
important source of internally mixed soot and sulfates (BUseck and

Posfai, 1999; Mészaros and Mészaros, 1989). Therefore, chemical
reactions of SO, on soot should be paid more attention. Novakov
et al. (1974) first found that propane soot could catalyze the
oxidation of SO, to form sulfates in the presence of O, and water.
Smith and Chughtai (1995) and Smith et al. (1989) confirmed sol-
uble sulfate formation under similar conditions, and also observed
insoluble S-O species formed under simulated solar radiation.
However, it was suggested that SO, catalytic oxidation on the
surface of soot was unimportant for atmospheric sulfate formation
(Baldwin, 1982; Britton and Clarke, 1980) because the formed
sulfur-containing species poisoned the soot catalyst, so that soot
was unable to catalytically oxidize SO, to sulfates over time
(Baldwin, 1982; Smith et al., 1989). Therefore, it is necessary to
further investigate the reaction mechanism of SO, on soot to nar-
row the gap between modelling studies and field measurements on
particulate sulfates.

Previous studies focused on the removal of SO, by carbonaceous
materials showed that SO, adsorption by activated carbon
increased when activated carbon was treated with concentrated
nitric acid (Lisovskii et al., 1997a). However, other works indicated
that the SO, adsorption capacity of activated carbon was inversely
proportional to the amount of oxygen on the surface (Lizzio and
DeBarr, 1996, 1997). Furthermore, some studies found that a pre-
heating treatment of activated carbon below 1100 °C enhanced the
adsorption of SO, because reactive sites were created accompanied
with the removal of oxygen-containing functional groups (Daley
et al., 1997; DeBarr et al., 1997; Li et al., 2001; Ling et al., 1999;
Lisovskii et al.,, 1997b; Mochida et al., 1997). Meanwhile, some
other studies suggested that = electrons of carbon may participate
in the reaction between soot and SO, (Guo et al., 2013; Sun et al,,
2013; Zawadzki, 1987a). In addition, surface basic groups with
pyronic or pyronic-like structure were found to greatly enhance the
adsorption of SO, on activated carbon (Davini, 1990). These previ-
ous studies suggested that chemical composition or structure
played important roles in SO, adsorption or oxidation. Han et al.
have found that the surface composition or structure of soot greatly
depended on combustion conditions (Han et al., 2012a), and also
observed a linear relationship between NO, uptake or HONO yield
and the content of reduced organic carbon in soot prepared under
different combustion conditions (Han et al., 2013b). However, it is
as yet unknown how the surface composition of soot resulting from
different combustion conditions governs the chemical oxidation of
SO».

In the present study, soot samples were generated through
combusting n-hexane under well-controlled combustion condi-
tions. The heterogeneous reaction of SO, with soot was investigated
using in situ attenuated total internal reflection infrared (in situ
ATR-IR) spectroscopy, ion chromatography (IC) and a flow tube
reactor coupled to a SO; analyzer at ambient pressure. The roles of
relative humidity (RH) and the surface composition of soot in sul-
fate formation were examined in detail. These results will increase
the understanding of the heterogeneous oxidation of SO, with soot
and help to assess the possible source of internally mixed soot and
sulfates in the atmosphere.

2. Experimental section
2.1. Soot production
Soot particles were obtained by burning n-hexane (AR, Sino-

pharm Chemical Reagent Lo., Ltd) in a co-flow system as described
in several previous papers (Han et al., 2012a, 2012b, 2013a, 2013b,
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Zhao et al., 2016). Soot was collected on top of a diffusion flame
maintained by an airflow, which was controlled by mass flow
meters to regulate the fuel/oxygen ratio. The fuel was afforded by a
cotton wick extending into the liquid fuel reservoir. The airflow, a
mixture of high purity O, and N, had a range of O, content from
29.0% to 46.5%. The combustion conditions were expressed as the
molar ratio of the consumed fuel (measured by the mass of
consumed n-hexane) to the introduced oxygen (obtained from the
entrained airflow volume) during the combustion process. The fuel/
oxygen ratio was in the range of 0.101—0.162. Soot particles pro-
duced from the diffusion flame were directly deposited on the ZnSe
crystal of the ATR-IR cell, on a quartz plate and on the inner walls of
a quartz tube for ATR-IR studies, ion chromatography (IC) analyses
and the flow tube reactor experiments, respectively. All soot sam-
ples were collected at the exit of the burner and about 4 cm over the
flame as described by Han et al. (2012b, 2013b). It should be pointed
out that these cold crystal collection substrates can also lead to
incomplete combustion and thus soot formation when it contacts
with the diffusion flame and that soot particles produced by this
method should be different from that collected generally from the
flame by filter method. However, the same collection height over
the flame and the similar collection substrates make sure that the
incomplete combustion and thus soot formation caused by cold
collection substrates almost be similar under different combustion
conditions. Thus, the variations in reactivities of different soot
samples toward SO, with soot can correctively reflect the influence
of RH and surface composition of soot.

2.2. ATR-IR studies

The ATR-IR spectra were recorded using a NEXUS 6700 spec-
trometer (Thermo Nicolet Instrument Corp.) The Fourier trans-
form infrared (FT-IR) spectrometer was equipped with a high
sensitivity mercury cadmium telluride (MCT) detector cooled by
liquid Nj. Soot particles produced from the diffusion flame were
directly deposited on the ZnSe crystal of the ATR-IR cell.
Compared to the mass of the ATR-IR cell, the amount of soot
deposited on the ZnSe crystal was so small that we could not
measure it due to the limitations of the measurement technique.
The ATR-IR cell was sealed with quartz glass and purged with
100 mL min~! high purity N, at 298 K until the infrared spectrum
showed no obvious change (about 1 h). Then, SO, (5 ppmv)
balanced with 100 mL min~! zero air with a certain RH was
introduced into the ATR-IR cell. The unreacted soot surface was
taken as the reference background spectrum (100 scans, 4 cm ™'
resolution). The RH was recorded by a RH sensor (HMP110,
HUMICAP) and controlled by changing the ratio of dry and humid
zero air. The experiments were performed at 298 K at ambient
pressure. The reaction of SO, with soot reached saturation after
540 min.

Sulfates formed on the surface of soot in ATR-IR experiments
were quantified through liquid-phase calibrations with the
assumption that there was little difference between the vibrational
modes of sulfates in the liquid phase and those in the adsorbed
phase according to a previous study (Mudunkotuwa et al., 2014). A
linear calibration curve was obtained utilizing a series of aqueous
solutions with known concentrations of sulfuric acid against the IR
peak area of sulfate in the range of 1372—1062 cm™! (Fig. S1). Then,
the amounts of sulfates formed on the soot particles under different
reaction conditions were determined with this linear calibration
curve. Based on this information, further quantitative analysis of
sulfate formation on the surface of soot was conducted.

2.3. IC analyses

For IC measurement, about 20 mg of soot particles were spread
in a quartz tube. The soot particles were subjected to a flow of SO,
and zero air with controlled RH to start the reaction as described in
the ATR-IR studies. The reaction time was also 540 min. Then, the
reacted soot particles were extracted by ultrasonication with ul-
trapure water (specific resistance > 18.2 MQ c¢m) for 30 min. Sulfite
oxidation in the leaching solution was suppressed by using 1%
formaldehyde as a preservative as reported in the literature (Kong
et al., 2014; Ullerstam et al., 2002). Then, the extract was filtered
through a 0.22 um PTFE membrane filter. The obtained solution was
analyzed using a Wayee IC-6200 ion chromatography system
equipped with a SI-524E anionic analytical column. An eluent of

3.5 mM Na,CO3 was used at a flow rate of 0.8 mL min— .

2.4. Flow tube reactor

The uptake experiments were performed in a 34 cm length,
1.6 cm (i.d.) horizontal cylindrical coated-wall flow tube reactor (as
shown in Fig. S2), which was described in detail previously (Han
et al., 2013b, 2016; Liu et al., 2015a) and was similar to that used
by Ndour et al. (2009). The experiments were maintained at 298 K
by circulating water bath through the outer jacket of the flow tube
reactor. Zero air was used as the carrier gas, and the total flow rate
introduced in the flow tube reactor was 770 mL min~!, ensuring a
laminar regime. SO, was introduced into the flow tube through a
movable injector with 0.3 cm radius. The SO, concentration was
(205 + 5) ppbv and the experiments were performed at ambient
pressure. The SO, concentrations were measured using a chem-
iluminescence analyzer (THERMO 43i) during the heterogeneous
reaction of SO, with soot. RH was also adjusted by varying the ratio
of dry zero air to wet zero air and measured by a RH sensor
(HMP110, HUMICAP). It has been confirmed in control experiments
that the adsorption of reactant gases on the quartz tube is negli-
gible. The integral uptake capacity of SO; on unit soot sample mass
was calculated with 1 min time resolution according to a method
described previously (Liu et al., 2015a).

3. Results and discussion
3.1. Formation of surface sulfates

First, the heterogeneous reaction of SO, with soot prepared at
the fuel/oxygen ratio of 0.134 was investigated at RH of 54%
balanced with zero air. The unreacted soot surface was taken as the
reference background spectrum. The in situ ATR-IR spectra as a
function of time are shown in Fig. 1a. Sulfuric acid and bisulfate
(referred to as sulfates) were clearly observed, characterized by
peaks at 1196, 1030 and 912 cm ™! (Querry et al,, 1974). The strong
absorption peak centered at 1196 cm~! was assigned to the
asymmetric stretching of H,SO4 and the peak at 912 cm~! was
assigned to the symmetric stretching of H,SO4 (Querry et al., 1974).
The peak at 1030 cm™~! was attributed to the stretching modes of
HSOz (Querry et al., 1974). Meanwhile, a peak corresponding to
sulfite or strongly adsorbed SO, on the surface of soot was found at
1045 cm™~' (Zawadzki, 1987a, b). Peaks centered at 3470, 3380,
3425 and 1635 cm~! due to H,0 (Lu et al., 2008; Ma et al., 2010)
appeared in the spectra. As the reaction proceeded, these peaks
increased in intensities, which suggests that sulfuric acid and
bisulfate as well as sulfite are formed and water is adsorbed and
aggregated on the surface of soot in the heterogeneous reaction of
SO, with soot. Moreover, a peak at 1580 cm™! appeared accom-
panied by an increase in intensity as the heterogeneous reaction
proceeded. Based on previous works concerning oxygen adsorption
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Fig. 1. (a) Dynamic changes in the ATR-IR spectra of soot as a function of time. (b) Sulfate formation on soot as a function of time during the reaction with SO,. ATR-IR reaction
conditions: total flow rate of 100 mL min~", 5 ppmv SO, + zero air, soot with fuel/oxygen ratio of 0.134, RH of 54%, temperature of 298 K.

on carbonaceous materials (Zawadzki, 1978, 1987b), the peak at
1580 cm~! was attributed to oxygen chemisorption on carbon. This
assignment was further confirmed by the ATR-IR spectra of soot
when exposed to SO, in the absence of O,. As shown in Fig. S3, the
peak at 1580 cm ™! did not appear when soot was exposed to SO,
and water vapor balanced with high purity N». In addition, there
was a prominent loss of intensity for the peak at 876 cm™! due to a
substituted aromatic C—H group (Cain et al., 2010; Han et al., 2012a;
Kirchner et al., 2000; Smith and Chughtai, 1995) as the reaction
proceeded, implying that 7 electrons of carbon may be consumed
or disturbed, and involved in the heterogeneous reaction of SO,
with soot in the presence of O, and H;0. This phenomenon is in
good agreement with results in the literature focusing on SO,
adsorption on carbonaceous materials, in which 7 electrons of
carbon were found to participate in the adsorption of SO, and O, on
soot (Sun et al., 2013; Zawadzki, 1987a). The mechanism will be

discussed later.

Fig. 1b shows the sulfate formation as a function of reaction time
through the heterogeneous reaction of SO, with soot. Sulfates
formed on the surface of soot increased linearly in the first 30 min
and after that they increased much more slowly until the end of the
reaction.

3.2. Role of the relative humidity in sulfate formation

Previous studies indicated that water was essential to sulfate
formation in the heterogeneous reaction of SO, with soot (Novakov
et al.,, 1974; Smith et al., 1989). However, the role of water in this
reaction is not fully understood. Therefore, the effect of water on
the heterogeneous reaction of SO, with soot was investigated at
ambient RH ranging from 6% to 89% using ATR-IR, IC and a flow tube
reactor with soot produced at a constant fuel/oxygen ratio of 0.134.
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The trends of sulfate formation were similar when the RH was
below 70%, while sulfate formation slowed down more rapidly after
30 min when the RH was greater than 80% as shown in Fig. S4a.

However, the total amounts of sulfates formed at the end of the
reaction after 540 min for different RH were dramatically different
as shown Fig. 2a. The total amount of sulfates increased from
1.076 x 10'® jons to 3.840 x 10'® ions as RH increased from 6% to
70%, and then markedly decreased to 2.983 x 10'® jons when RH
rose to 89%. Moreover, the amount of sulfates formed per unit soot
mass was in the range of 0.249—0.805 mg g~ ! based on IC analysis.
The variation trend of the total amount of sulfates as a function of
RH obtained from IC agreed well with that from ATR-IR. This con-
firms the reliability of the sulfate formation results obtained from
ATR-IR.

On the basis of the results of many studies focusing on SO,
removal by carbonaceous material at relatively low temperatures
(Lisovskii et al., 1997a; Liu et al., 2003; Lizzio and DeBarr, 1997;
Rubio and Izquierdo, 1998; Zhang et al., 2007), the sulfate forma-
tion rate on the surface of soot can be given by equation (1),

250 _ 155)150,1%(0,1 120" (1)
where k refers the rate constant of the reaction, a, b, and c are the
reaction orders for SO, O, and H>O, respectively. SS refers to sur-
face sites, including SS; for SO, and O, adsorption, which involves
the participation of = electrons of carbon (Zawadzki, 1978, 1987a,
b), and SS; for H,O adsorption, which mainly occurs on the polar
oxygen-containing groups on the surface of soot particles.

In the initial stage of the reaction, the amount of sulfates formed
on the surface of soot was small compared to the surface active
sites, thus the active sites can be considered constant. Fig. S4b
shows the linear dependence of the amount of sulfates formed on
reaction time within the first 25 min. The slopes of these lines
represented the apparent formation rates of sulfates. Fig. 2b shows
the apparent formation rate of sulfates as a function of RH in the
range from 6% to 89%. The apparent formation rate of sulfates
increased from (6334 + 0.085) x 10" jons-min~! to
(7.582 + 0.045) x 10" jons-min~! with RH increasing from 6% to
89%.

The reaction order of H,O was obtained from the slope of the
log-log plot of the apparent formation rate of sulfates versus the
water concentration as shown in Fig. 2c. The reaction order of
H,0(g) was calculated as (0.756 + 0.072) with RH in the range of
6%—89%. This value was close to the value of 0.5 obtained by
Yamamoto et al. (1972). The reaction order for H,O was lower than
1, indicating the presence of Langmuir—Hinshelwood mechanism,
which was in agreement with previous results that H,O was
adsorbed on the surface of soot and reacted to form sulfuric acid in
the presence of O, and SO, (Lizzio and DeBarr, 1997; Rubio and
Izquierdo, 1998).

Combining the amounts of sulfates formed with the apparent
formation rates of sulfates at different RH, it can be suggested that
the effect of water on sulfate formation in the heterogeneous re-
action of SO, with soot is closely related to the amount of surface
water in terms of RH. At RH in the range of 6%—70%, increasing
water can greatly promote sulfate formation, with an increase in
the amount of sulfates formed and the apparent formation rates of
sulfates. However, when RH was high than 80%, water enhanced
the sulfate formation rate at the initial stage of reaction, but
reduced the amount of sulfates formed at steady state. These
phenomena imply that an appropriate amount of surface water can
promote sulfate formation, while exceeded surface water is unfa-
vorable to sulfate formation on the surface of soot.

As mentioned above, SO, and water were first adsorbed on the

surface of soot, then oxidized and hydrated to form sulfates
(Lisovskii et al., 1997a; Lizzio and DeBarr, 1997; Rubio and
[zquierdo, 1998; Zhang et al., 2007), it can be proposed that too
much water absorbed on the surface of soot may inhibit SO, uptake
when RH is higher. This assumption was further confirmed by the
uptake of SO, on soot pre-saturated with water using a flow tube
reactor. The results are shown in Fig. 2d. The uptake capacity of SO,
per unit soot mass within the first 60 min increased from
(0.193 + 0.005) mg-g~! to (0.585 + 0.016) mg-g~ ' as RH increased
from 6% to 70%, and then decreased to (0.473 + 0.011) mg-g~ ! when
RH increased to 89%, confirming the assumption that an appro-
priate amount of surface water can promote SO, adsorption and
sulfate formation while exceeded water on the surface of soot is
unfavorable for SO, adsorption. When RH was high at 80%, excee-
ded water were absorbed and condensed on soot. In this case,
condensation of water may cause steric hindrance to SO, uptake on
soot. A similar result was also obtained in a previous study in which
a moderate H,O content of 7% was appropriate for SO, removal
from flue gas by activated semi-cokes, while more or less H,O
content was unfavorable to SO, removal (Liu et al., 2003).
Furthermore, based on the results of IC and uptake experiments,
the yield of sulfates was calculated as about 95%. This result was in
accordance with the results of ATR-IR, indicating that SO, adsorbed
on soot was mainly converted to sulfates, and only a small portion
existed in the form of sulfite or adsorbed SO,.

3.3. Role of surface composition in sulfate formation

Our previous studies indicated that soot produced at different
fuel/oxygen ratios showed variations in surface properties. For
example, the contents of saturated and unsaturated hydrocarbons
as well as partially oxidized organics condensed onto the surface of
soot varied with the fuel/oxygen ratio (Han et al., 2012a, 2012b).
Subsequently, it has been found that the reactivity of soot toward
NO,, varies depending on the combustion conditions for production
of soot (Han et al., 2013a, 2013b). However, how the combustion
conditions of soot influence the reactivity of soot toward SO is still
unknown. Therefore, the role of the surface composition of soot in
the heterogeneous reaction of SO, with soot was investigated at a
constant RH of 54%. The trend of sulfate formation, the total amount
of sulfates and the sulfate formation rate on the surface of soot were
analyzed as described above, and the results are shown in Fig. 3.
The trends of sulfate formation on soot produced at different fuel/
oxygen ratios as a function of time were similar, presenting an
initial linear increase, followed by rapid and finally slow increase as
shown in Fig. S5a. The total amounts of sulfates formed on the
surface of soot increased from 1.908 x 10'® ions to 3.978 x 10'® jons
as the fuel/oxygen ratio rose from 0.100 to 0.134, then decreased to
1.328 x 108 jons when the fuel/oxygen ratio further rose to 0.162.
Meanwhile, the total amounts of sulfates obtained from analysis of
IC results were in good agreement with those of ATR-IR as shown in
Fig. 3a, suggesting that soot produced at the fuel/oxygen ratio of
0.134 showed a maximum formation capacity for sulfates. In
addition, it can be clearly observed from Fig. 3b that soot produced
at the fuel/oxygen ratio of 0.134 presented the highest apparent
sulfate formation rate of (5.933 + 0.121) x 10'® ions-min~! within
the first 25 min of reaction, which confirmed that soot produced at
the fuel/oxygen ratio of 0.134 showed the highest reactivity toward
S0;.

As observed in Fig. 2d, surface water was favorable for the up-
take of SO, on soot when the amount of surface water was below
the critical value obtained for the soot prepared at the fuel/oxygen
ratio of 0.134 and at RH of 54%—70%. At RH of 6%, it was reasonable
to propose that such a critical value of surface water did not reached
even when the fuel/oxygen ratio was lower than 0.134. As observed
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Fig. 2. (a) Amounts of sulfates formed on soot after reaction for 540 min as a function
of relative humidity. (b) The apparent formation rate of sulfates on soot as a function of
relative humidity within the first 25 min of reaction. (c) Log-log plot of the apparent
sulfate formation rate versus [H,0]. (d) Uptake capacity of SO, on soot saturated with
water within the first 60 min as a function of relative humidity. Figs. a, b and c were
obtained from ATR-IR. ATR-IR reaction conditions: total flow rate of 100 mL min~', 5
ppmv SO, + zero air, soot with fuel/oxygen ratio of 0.134, temperature of 298 K. Fig. d

in our previous work (Han et al., 2012a), soot prepared at a low fuel/
oxygen ratio was more hydrophilic than the counterpart because of
the higher content of C=0 groups and the lower content of aro-
matic C—H groups as shown in Fig. S6. This implies that the SO,
uptake capacity at RH of 6% should decrease as a function of the
fuel/oxygen ratio if surface water was the sole factor determining
the uptake of SO,. However, an opposite relationship between the
SO, uptake capacity and the fuel/oxygen ratio in Fig. S7 was
observed when RH was 6%. This implies that surface composition of
soot played a key role in the heterogeneous reaction of SO, besides
surface water.

Based on the IR spectra of the heterogeneous reaction of SO,
with soot in this study and previous works focused on SO,
adsorption on carbonaceous materials in the presence of O, and
H,0 (Guo et al,, 2013; Sun et al., 2013; Zawadzki, 19873, b), it has
been proposed that 7 electrons of carbon participate in the het-
erogeneous reaction of SO, with soot. It is well recognized that =
electrons exist in the aromatic rings of carbonaceous materials.
Thus, 7 electrons can be most probably related to the aromatic C—H
groups of soot investigated in this study. Therefore, the ratio of peak
areas of all aromatic C—H groups (including aromatic C—H and
highly substituted aromatic C—H groups) to peak areas of all groups
(consisting of carbonyl (C=0) group bound to aromatic rings and
total C—H groups including aromatic C—H group, substituted aro-
matic C—H groups, alkyne=C—H group and unsaturated C—H
(=CH>) groups), Aaromatic c_H/Ac_H+c-0, can be considered to be a
measurement of the amounts of reduced 7 electrons on soot. It has
been known that Ajromatic c-H/Ac_H+c—o increases with increasing
fuel/oxygen ratio as shown in Fig. S6. This suggests that more
reduced T electrons exist on soot produced at a higher fuel/oxygen
ratio. Fig. 4 shows the uptake capacity of SO, versus Airomatic c—H/
Ac_u.c—o corresponding to soot produced at different fuel/oxygen
ratios at low RH of 6%. It was obvious that there was a good linear
correlation between the uptake capacity of SO, and Azromatic ¢—H/
Ac_n.c—o, suggesting that reduced m electrons in aromatic C—H
groups on the surface of soot were the main active sites for SO,
uptake at low RH of 6%. It also means that the reduced = electrons
dominate the heterogeneous uptake of SO, at low RH (6%).

Fig. 5a shows the uptake capacity of SO, on soot as a function of
the fuel/oxygen ratio at RH of 54%. The uptake capacity of SO, on
soot increased from (0.456 + 0.011) mg-g~! to (0.565 + 0.020)
mg-g~! with increasing fuel/oxygen ratio from 0.101 to 0.134, and
then decreased to (0.366 + 0.015) mg-g~! as the fuel/oxygen ratio
increased to 0.162, which was the same as the trends of total
amounts of sulfates formed and the sulfate formation rate as shown
in Fig. 3. Compared with the uptake of SO, on soot at low RH of 6%,
the uptake capacities of SO, on soot at RH of 54% were higher on
soot produced at corresponding fuel/oxygen ratios. Meanwhile, the
variation trend of the uptake capacities of SO, versus the fuel/ox-
ygen ratios at low RH were entirely different from that at high RH.
These results imply that increasing water can enhance the uptake
of SO, on soot. Meanwhile, it can be indicated that the role of
surface composition of soot governed by the fuel/oxygen ratio in
the heterogeneous reaction of SO, with soot was greatly dependent
on RH. Soot with the fuel/oxygen ratio lower than 0.134 contained
more C=0 groups and less aromatic C—H groups. At RH of 54%, the
limited number of the reduced w electrons in aromatic C—H groups
and exceeded surface water induced by more C=0 groups inhibi-
ted the uptake of SO, on this kind of soot. Soot with the fuel/oxygen
ratio higher than 0.134 contains fewer C=0 groups and more

was obtained from the flow tube reactor results. Flow tube reaction conditions: total
flow rate of 770 mL min~", (205 + 5) ppbv SO, + zero air, soot with fuel/oxygen ratio of
0.134, temperature of 298 K.
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Fig. 3. (a) Amounts of sulfates formed after reaction for 540 min on soot as a function of the fuel/oxygen ratio. (b) The apparent sulfate formation rate on soot as a function of the
fuel/oxygen ratio within the first 25 min of reaction. ATR-IR reaction conditions: total flow rate of 100 mL min~', 5 ppmv SO, + zero air, RH of 54%, temperature of 298 K.

aromatic C—H groups. In this case, although more reduced T elec-
trons were available, insufficient surface water due to hydrophobic
soot limited the uptake of SO, when RH was 54%. Therefore, a
suitable amount of surface water and SO, adsorption sites (the
reduced 7 electrons) leaded to the maximum SO, uptake capacity
at RH of 54% and the fuel/oxygen ratio of 0.134 (Fig. 5d). The above
results mean that the role of the reduced m electrons is dominate in
the heterogonous uptake of SO, when surface water was very low
(RH 6%), while the role of surface water becomes more important
and complicated when RH was high (54%) although the reduced
electrons may still have influence on the uptake of SO,. Moreover,
the result of SO, uptake on soot with the fuel/oxygen ratio lower
than 0.134 at RH of 54% is consistent with that at higher RH than
80%, whereby exceeded water absorbed and condensed on soot
might hinder SO, adsorption as discussed in Section 3.2. In

addition, it can be further inferred that exceeded water absorbed
and condensed on C=0 groups that were connected with aromatic
rings would produce the steric hindrance effect for SO, uptake on
soot at high RH.

Moreover, the sulfate formation and SO, uptake on aged soot
were also investigated to confirm the roles of aromatic C—H groups
and C=O0 groups in the reactivity of soot toward SO, as detailed in
Supporting Information. Soot was first exposed to 2 ppmv O3 and
then exposed to SO. It can be observed from Fig. 6a and Table 1 that
sulfate formation and SO, uptake on soot produced at a higher fuel/
oxygen ratio of 0.162 greatly increased after soot was aged by Os,
suggesting an increase in the reactivity of soot toward SO,. For soot
produced at a relatively lower fuel/oxygen ratio of 0.134, the reac-
tivity of soot toward SO, significantly decreased, presenting de-
creases in sulfate formation and SO, uptake on aged soot by O3 as
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Fig. 4. Plot of uptake capacity of SO, versus Aaromatic c—H/Ac_H.c—o 0N soot at low RH of 6% within the first 60 min of reaction. Flow tube reaction conditions: total flow rate of

770 mL min~", (205 + 5) ppbv SO, + zero air, RH of 6%, temperature of 298 K.

Fig. 5. Uptake capacity of SO, on soot pre-saturated by water as a function of the fuel/oxygen ratio within the first 60 min of reaction. (a) RH of 54%. (b) RH of 6%. Flow tube reaction
conditions: total flow rate of 770 mL min~", (205 + 5) ppbv SO, -+ zero air, temperature of 298 K.

shown in Fig. 6b and Table 1. We have known that there were a
large amount of aromatic C—H groups and a small amount of C=0
groups on soot produced at a higher fuel/oxygen ratio of 0.162. Soot
aged by O3 decreased the amount of aromatic C—H groups and
correspondingly increased the amount of C=O groups. Thus,
appropriate amounts SO, and H,0 could be adsorbed on soot and
the reactivity of soot toward SO, increased. For soot produced at a
lower fuel/oxygen ratio of 0.134 that contained appropriate amount
of aromatic C—H groups and amount of C=0 groups, ozonation
consumed aromatic C—H groups and produced C=O groups.
Consequently, a large amount of C=0 groups existed on the surface

of soot. In this case, more H,0 could be adsorbed while less SO, was
available on soot. This is consistent with the dependence of the
uptake capacity of SO, on the fuel/oxygen ratio at RH of 54%
(Fig. 5a). Therefore, it can be concluded that surface composition,
such as aromatic C—H groups and C=0 groups on the surface of
soot, played key roles in the reactivity of soot toward SO,.

At the present time, the mechanism by which oxygen is acti-
vated for SO, oxidation remains largely unknown, although Hung
and Hoffmann (2015) suggested that there was an efficient
pathway via sulfite and sulfate radical anions on acidic micro-
droplets in which the direct interfacial electron transfer from HSO3
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Fig. 6. Sulfate formation on fresh soot and soot oxidized by 2 ppmv O3 as a function of time with different fuel/oxygen ratio. (a) Soot with the fuel/oxygen ratio of 0.162; (b) Soot

Table 1

SO, integrated uptake capacity on fresh soot and soot oxidized by 2 ppmv Os. Flow
tube reaction conditions: total flow rate of 770 mL min~", (205 + 5) ppbv SO, + zero
air, temperature of 298 K.

The fuel/oxygen ratio SO, integrated uptake capacity (mg-g~'

soot)

Fresh soot Aged soot by O3
0.162 0.366 + 0.015 0.567 + 0.084
0.134 0.565 + 0.020 0.343 + 0.014

to O, occurred. It has been found that reactive oxygen species (ROS)
can be formed on the surface of black carbon (Li et al., 2013), carbon

with the fuel/oxygen ratio of 0.134. ATR-IR reaction conditions: total flow rate of
100 mL min~', 5 ppmv SO, + zero air, RH of 54%, temperature of 298 K.

nanotubes (Liu et al., 2015b) and soot particles (Peebles et al., 2011)
in the presence of water. The formation of ROS in this way has been
considered as a mechanism leading to oxidative stress in the hu-
man respiratory tract (Gehling et al., 2014). In this work, ROS
(mainly superoxide radicals) were observed in the EPR spectrum of
an aqueous solution of soot (seen in Fig. S8) in the presence of O,.
Therefore, it can be inferred that superoxide radicals were formed
on the surface of soot when a certain amount of water existed in the
presence of Oy at RH of 54% in our study. The complicated in-
fluences of RH and the surface properties of soot on the oxidation
activity of SO, might also be partially ascribed to the differences in
ROS formation activity on the surface of soot particles.
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4. Conclusions and implications

In this study, the roles of RH and soot surface composition in the
heterogeneous reaction of SO, with soot were examined. Water
promoted sulfate formation at ambient RH from 6% to 70%, while
exceeded water adsorption and aggregation on soot was unfavor-
able for SO, adsorption and sulfate formation when RH was high
than 80%. The role of soot surface composition governed by the
combustion conditions in the heterogeneous reaction of SO, with
soot was highly dependent on ambient RH. At low RH of 6%, soot
with the highest fuel/oxygen ratio showed the maximum uptake
capacity for SO, since it contained more aromatic C—H groups,
which were the main active sites for SO, adsorption. At high RH of
54%, soot produced with the moderate fuel/oxygen ratio of 0.134
showed the highest reactivity toward SO,. This was because there
were appropriate amounts of aromatic C—H groups and C=0
groups on this kind of soot sample, which induced appropriate
uptake of both SO, and water and favored sulfate formation.

Soot represents a major constituent of atmospheric aerosols and
is ubiquitous in the atmosphere produced from various combustion
sources. It has been known from our previous works that more C—H
species, such as aromatic hydrocarbons, exist on the surface of soot
with the higher fuel/oxygen ratio, while more C=0 species appear
for soot with the lower fuel/oxygen ratio (Han et al., 2012a, 2012b).
In dry conditions with low RH of 6%, the soot with the higher fuel/
oxygen ratio shows a large uptake capacity for SO,. At RH of 50%,
larger amounts of SO, can be adsorbed on soot with the lower fuel/
oxygen ratio, thus leading to more sulfate formation. Meanwhile, it
should be noted that at high RH, such as 80%, an excess amount of
water is condensed on the surface of soot, which inhibits the uptake
of SO, on soot and decreases sulfate formation. Similarly, for soot
generated at the extremely low fuel/oxygen ratio of 0.101, a large
amount of C=0 species existing on the surface of soot can induce
exceeded water to be adsorbed on soot, leading to a decrease in the
uptake of SO, on soot. It should be pointed out that heavy haze
events usually were accompanied with high RH (>80%) in winter
time in Beijing (Sun et al., 2016; Zheng et al., 2015b). Although
decreasing to some extent at RH higher than 80% when compared
with RH of 54%, SO, uptake and sulfate formation are still more
rapid than those of RH below 40% usually in clean days. Therefore, it
can be inferred that the heterogeneous reaction of SO, with soot
might contribute to the rapid sulfate formation at high RH condi-
tions during haze episodes.

Moreover, it is well known that soot will undergo aging pro-
cesses via heterogeneous oxidation by O3, O, OH, N,0s and HNO3
(Bertram et al., 2001; Han et al., 2012b; Lelievre et al., 2004;
McCabe and Abbatt, 2009; Monge et al., 2010; Saathoff et al.,
2001) once emitted into the atmosphere. The oxidation aging will
decrease surface aromatic C—H groups and increase surface
oxygen-containing species to some extent. As we observed in this
study, the oxidation aging increased the reactivity of soot produced
at a higher fuel/oxygen while decreased the reactivity of soot with a
lower fuel/oxygen ratio in the heterogeneous reaction of SO, with
soot. Therefore, it can be concluded that the heterogeneous reac-
tion between soot and SO, is significantly affected by the surface
composition of soot and RH. When considering the sulfate forma-
tion resulting from this heterogeneous reaction in the atmosphere,
the influences of the surface composition of soot and RH should be
paid more attention. This study provides new information on the
heterogeneous reactions of SO, with soot and helps more
comprehensively assess this reaction and the corresponding envi-
ronmental effects.

In addition, the heterogeneous reaction between SO, and soot
results in a sulfate coating on the surface of soot, which might be a
potentially important source for the internally mixed soot and

sulfates (BUseck and Pésfai, 1999; Mészaros and Mészaros, 1989),
and could greatly affect the climate effects of sulfates and soot
aerosols (Zhang et al., 2008). Meanwhile, the heterogeneous reac-
tion of SO, with soot transforms initially hydrophobic soot into
hygroscopic soot. This transformation will further lead to dramatic
changes in physicochemical characteristics of soot in the atmo-
sphere. The enhanced hygroscopicity of soot will facilitate the for-
mation of a water layer over soot, inducing a restructuring of soot
aggregates. Furthermore, the water layer facilitates adsorption and
reaction of other pollutants in the surrounding air.
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