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HNO; can be formed quickly from the hy-
drolysis of N,Os on BC and then neutral-
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found that O3 and NO, in the chamber quickly reacted into N>Os in the gas phase, which subsequently hydrolyzed into
HNO; and further neutralized with NH3 into NH4NO3 on the BC surface, along with a small amount of N,Os
decomposed into NO and NO, through a reaction with the BC surface active site. Meanwhile, the fractal BC aggregates

Editor: Pingqing Fu restructured and condensed to spherical particles during the NH4NOj3 coating process. Compared to that during the ex-

posure to NO, or Os alone, the presence of strong signals of CH,O0 ", CH,05 and CH,NO* during the simultaneous
Keywords: exposure to both NO, and O3 suggested a synergetic oxidizing effect of NO, and O, which significantly activated
Ammonia the BC surface by forming carbonyl, carboxylic and nitro groups, promoted the adsorption of water vapor onto the
Nitrate BC surface and enhanced the NH,;NO; formation. Under <75 * 2% RH conditions the coating process of NH4NO3
N2Os on the BC surface consisted of a diffusion of N,Os onto the surface and a subsequent hydrolysis, due to the limited num-

Synergetic oxidation

ber of water molecules adsorbed. However, under 90 + 2% RH conditions N,Os directly hydrolyzed on the aqueous
Formation mechanism

phase of the BC surface due to the multilayer water molecules adsorbed, which caused an instant NH;NO3 formation
on the surface without any delay. The coating rate of NH4NO3 on KCl-treated BC particles was 3—4 times faster than
that on the pure BC particles at the initial stage, indicating an increasing formation of NH4NO3, mainly due to an en-
hanced hygroscopicity of BC by KCl salts.
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1. Introduction

Black carbon (BC) in the atmosphere is a type of carbonaceous aerosols
and also named as soot, which is released directly from incomplete combus-
tion of carbon-containing materials, and composed of many small spherical
soot particles that collide with each other and coalesce to form aggregates
with a chain or branched structure (Nie et al., 2020; Wei et al., 2020). BC
ubiquitously exists from the ground surface to the stratosphere. In the
past decades global annual emission of BC has continuously increased
from 1957 Gg in 2007 to 2534 Gg in 2014 due to an increasing consump-
tion demand for fossil fuels (Hoesly et al., 2018; Wang et al., 2012). Because
of the significant impact on the atmospheric radiative forcing by absorbing
solar radiation and facilitating water evaporation and cloud dissipation, BC
has been taken by the IPCC report as the second most important anthropo-
genic global warming species (He et al., 2015; IPCC, 2013; Liao and Shang,
2015). In addition, BC particles are very tiny and can penetrate deeply into
the lung and accumulate in human organs (Ban-Weiss et al., 2009), thus it is
listed by WHO as a carcinogen.

Nascent BC particles are hydrophobic and chemically inert, but once
emitted into the atmosphere they can undergo aging process, leading to
changes in BC physicochemical properties (Guan et al., 2017; Jiang et al.,
2019). Many papers reported that BC can provide surface for heteroge-
neous reactions of Oz, NO,, volatile organic compounds (VOC) and other
gas pollutants to occur. Moreover, secondary products can also con-
dense on the BC surface and form a coating, which could change BC op-
tical properties and hygroscopicity significantly (Zhang et al., 2020a;
Leung et al., 2017a; Peebles et al., 2011). NOx and BC are the co-
byproducts released from fossil fuels and biomass combustion process.
Reactions of NOx and HNOj3 on BC surface have been widely studied
(Saathoff et al., 2001; Zelenov et al., 2016). For example, Longfellow
et al. (2000) examined the uptakes of HNO3 and N,Os on BC, and
found that the uptake of HNO3 was reversible and no NO, or NO was
formed, while the uptake of N,O5 on BC was reactive and gas phase
NO, was observed. However, under certain conditions, the heteroge-
neous conversion of NO, and NO from HNO3; on BC can be produced.
For an example, Kleffmann and Wiesen (2005) found that the formation
of NO and NO, was observed only for high HNO;3 level (> 800 ppb), yet
reversible adsorption was observed for HNO3 < 600 ppb. In addition,
HNOj also immediately decomposes on BC surface at 503 K even at
lower HNO3 level (Choi and Leu, 1998). Different BC can also affect
the reactivity of HNO3. Choi and Leu (1998) found that HNO;
decomposed to NOx and H,O on a commercial BC (Degussa FW2),
while the phenomenon was much smaller on graphite and was not ob-
served on hexane soot. These results showed that the mechanisms and
dynamic characteristics of the heterogeneous reactions of NOx and re-
lated nitrogen oxides including HNO3 on the BC surface are dependent
on many factors such as reactant concentrations and BC properties itself.

In the last decade, atmospheric PM, 5 and SO, levels reduced by about
50% in China due to the strict emission controls (Zhang et al., 2020b). How-
ever, VOCs and NOx levels in the country have not changed significantly,
resulting in an increasing O3 level in many Chinese urban regions (Li
et al., 2019). A recent field observation reported that O3 and NO, could
abundantly co-exists in Chinese cities even in nighttime, causing a rapid for-
mation of nitrate through producing N,Os and its subsequent hydrolysis on
airborne particles including BC (Wu et al., 2019). However, up to now the
heterogeneous reaction of O3 with NO, on BC surface has not been studied
and the relevant mechanism is not clear especially under humid condi-
tions. In this study, we investigated the heterogeneous reaction process
of O3 with NO, on BC particles by using a home-made smog chamber
under various relative humidity (RH) conditions. To reveal the reaction
mechanism of O3 and NO, on BC surface, the change of reactant levels,
the formation amount of nitrate, and size and morphology of BC parti-
cles were characterized, along with a comparison on the formation
rate of nitrate under different RH conditions. Our results revealed an im-
portant synergistic effect of O3 with NO,, causing a rapid nitrate forma-
tion on the BC surface.
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2. Experimental section
2.1. Methods

In this study, a Teflon smog chamber with a volume of 1.13 m® was used
to conduct the simulation experiments (Fig. S1). All the experiments were
carried out under dark conditions with a black cloth hood covering the
chamber. The initial conditions of the experiments are given in the supple-
mentary (Table S1). The experiment details were reported in our previous
paper (Ge et al., 2019). Here we only give a brief description.

The simulation experiments were conducted under various RH
(30-90%) conditions by exposing two types of seeds (i.e., BC and KCI-
treated BC) to O3 and NO,, respectively. Zero air was used in the chamber
as the background gas, which was formed through a Zero Air Supplier
(model 111, Thermo scientific, USA). A commercial carbon black Regal
400 (R400, Cabot Corporation, USA) was selected as BC seeds. To mimic
the biomass burning emitted BC aging process, a mixture suspension of
the Regal BC and KCI with a mass ratio of 3:1 was used in this study,
which is consistent with that in biomass burning plume observed in North
China (Wang et al., 2020). The seed particles in this study were produced
by using a home-made single jet atomizer through nebulizing the BC sus-
pension or BC-KCI mixture suspension, respectively. Before each experi-
ment, the chamber was flushed by the zero air about ten times until the
concentrations of particle and gases inside the chamber were all below
the instrument detection limits. The particles were dried by a Nafion
dryer and charge neutralized by a soft X-Ray neutralizer (3088, TSI,
USA), then a monodisperse mode of particles with a specific diameter
were selected by a Differential Mobility Analyzer (DMA, 3081, TSI, USA)
and introduced into the smog chamber for reaction. The size distribution
of BC seeds in the chamber displayed a normal distribution with 117 nm
mode size and 130 nm geometric mean size; while the size distribution of
KCl-treated BC particles in the chamber exhibited 130 nm mode size and
134 nm geometric mean size, respectively. Ozone was produced by ultravi-
olet irradiation of pure oxygen with a 254 nm UV lamp (ZW23015Y-Z436,
Cnlight, China). NO, (g) and NHj (g) reactant gases (Air Liquid Holding
Company, China) were introduced into the chamber by using a glass sy-
ringe. The three gasses were injected sequentially into the smog chamber
and each was introduced in one injection. Relative humidity inside the
chamber was adjusted by a flow of humid air by bubbling the zero air
through a bottle filled with ultrapure water (Milli Q, 18.2 MQ, Millipore
Company, USA) to the designed RH. All the experiments were performed
under 298 K and 1 atm conditions (Fig. S1). Every experiment was con-
ducted at least three times to ensure the accuracy of the results.

2.2. Gas and particle measurements

During the experiment process NO, were measured by using a Thermo
Scientific NOx Analyzer (Model 42i, Thermo scientific, USA). Particle mo-
bility distribution was determined by Scanning Mobility Particle Sizer
(SMPS, 3082, TSI, USA). In this study, the change of particle mass before
and after reaction was detected by a tandem DMA, centrifugal particle
mass analyzer (CPMA, 015-102, Cambustion, UK) and condensation parti-
cle counter (CPC, 3775, TSI, USA). During the detection, particles from
the chamber were sent to the neutralizer and selected by DMA with a spe-
cific mode size, then measured by the CPMA for the mass of these monodis-
perse particles, and eventually counted by the CPC to obtain the particle
number. The effective density (pesr) and mass-mobility exponent (D,,) of
particle can be calculated according to the mobility diameter and mass of
the monodisperse particles in the above process by using the formulas
below (Schnitzler et al., 2014):

6m
Per = HT{;” o
m, = Cd>» (m
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Where my,, is the particle mass, d,, is the particle mobility diameter, and C is
a constant.

Seeded particles in the chamber were collected onto copper TEM grids,
which are coated with carbon film, by using a cascade impactor equipped
with a 0.3 mm diameter jet nozzle under an air flow rate of 1.0 L/min con-
dition (Li et al., 2021). Morphology and element distribution of the seeded
particles were analyzed using a Transmission Emission Mirror (TEM, JEM-
2100F, Japan), which was performed at 200 kV with X-ray energy diffrac-
tion (TEM/EDS). Chemical compositions of seeded particles were deter-
mined with a high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS, Aerodyne Research, USA). The detail information about
the instrumentations used in this work can be found in Supplementary.

3. Results and discussion
3.1. Reaction mechanism of O3 and NO, on BC surface

To clarify the reaction mechanism of O3 and NO, on BC surface, BC par-
ticles with a diameter of 117 + 1.31 nm were exposed consecutively to
300 ppb O3 and 300 ppb NO, under 75 *+ 2% RH conditions for 50 min
in the presence of 500 ppb NH3. As shown in Fig. 1a and b, in the initial
stage (named as II in Fig. 1a, thereinafter) when O3 was introduced into
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Fig. 1. Heterogeneous reaction of O3 (300 ppb) and NO, (300 ppb) on BC surface
under 75% RH conditions in the presence of NH3 (500 ppb). (a) Concentrations of
NO and NO, in the chamber as a function of the reaction time. (b) Time
dependence of mobility diameter (d,,) and effective density (pes of BC particles
in the chamber during the consecutive exposure to O3, NO, and NHs. (¢) HR-ToF-
AMS spectra of nitrate ions from BC particles after the exposure.
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the chamber, BC particle did not show any change. However, after NH;
and NO, were simultaneously introduced into the chamber (named as III
in Fig. 1a, thereinafter), NO, concentration decreased immediately to
about 10 ppb and then increased slowly to 50 ppb, while NO sharply de-
creased from 1.5 to 0.2 ppb and then gradually increased to about
0.5 ppb after the exposure (Fig. 1a). The d,,, and pe of the seeded BC parti-
cles did not change after the initial exposure of O3 alone (i.e., the II stage,
Fig. 1b) but increased quickly after exposed to NO, and NHj3; d,,, increased
from the initial diameter of 117 + 1.31 to 385 #+ 1.91 nm with an increase
in pegr from 1.04 = 0.01to 1.48 = 0.07 g cm™® (Fig. 1b), together with a
strong NO3 signal detected by the AMS (Fig. 1¢), suggesting a large amount
of nitrate coating on the BC surface. Previous studies have reported that O3
could react with NO, and produce NO; radicals (R1), which further reacts
with NO, to form N5O5 (R2) (Wu et al., 2020b; Zhang et al., 2021). Then,
N-Os diffuses onto the BC surface and reacts with H,O molecules by
forming HNO3 (R3, R4) (Galib and Limmer, 2021; Wu et al., 2021). In
this study, the HNOj3 experienced a further neutralization with NH3 on
the BC surface (R5) (Wang et al., 2016; Wu et al., 2020a), resulting in the
growth of BC seeds with an increasing d.y,.

NO:(g) + Os(g) — NOs(g) + O2(g) (N
NO,(g) + NOs(g) — N20s(g) ()
N,Os5(g) — N,Os(ads) 3)
N, O (ads) + H,0(ads) — HNOs (ads) )
HNOj (ads) + NH; (ads) — NHNOj (ads) ®)
N,Os(ads) + {C} — N,Os(ads) + {C - 0,} ©)
N;0j3(ads) — NO(g) + NO>(g) @)

Several researchers have investigated the uptake of N,Os on soot and
found that NO and NO, were the gas-phase product of the uptake
(Karagulian and Rossi, 2007; Zelenov et al., 2016). Moreover, the decom-
position of HNO3 on BC surface also can produce NO and NO,
(Disselkamp et al., 2000; Kleffmann and Wiesen, 2005). For the reaction
of BC with nitric acid at 55% RH, Kleffmann and Wiesen (2005) and Choi
and Leu (1998) found that only reversible adsorption was observed for ni-
tric acid with a mixing ratio less than 600 ppbv and NO and NO, were
formed as products only for nitric acid mixing ratios > 800 ppbv or at
503 K. Because the experiments here were performed under 298 K condi-
tions and the AMS results showed that nitrate on the BC surface was
completely neutralized with NH3 as NH4;NO3, the HNO3; decomposition
could be ruled out. Therefore, we believed that the uptake of N,Os on the
BC surface could generate NO, and NO through the reactions of R6 and
R7, and then NO was further oxidized to NO, by O3, resulting in the slight
increases of NO, and NO in the chamber.

3.2. Chemical modification of BC by O3 and NO,

In this study, we used two parameters, i.e., Dy, and peg, to characterize
the change of BC particle morphology (Leung et al., 2017b; Schnitzler
et al.,, 2014; Zhang et al., 2008). The Dy, reflects the aging processes of BC
particles, and the values of compact soot aggregates are often larger than
those of lacy aggregates. The mass-mobility relationships of the seeded
BC particles in the chamber before and after coating by NH4NO; derived
from the hydrolysis of N,Os are shown in Fig. 2a. The initial particles had
a Dy, of 2.23 with an peg of 1.04 = 0.01 g cm ™ >, After 1 h of exposure to
NO,/0O3/NHs, the Dy, of BC particles increased to 2.94 with an peg of
1.48 + 0.07 g cm 3. TEM image shows that BC particles in the initial
stage were chain-like but became spherical after the exposure (Fig. 2b
and c), indicating that the coating of ammonium nitrate made the fractal,
non-spherical BC aggregates restructure and condense to spherical
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Fig. 2. Aging of BC during the exposure to O3 (300 ppb), NO, (300 ppb) and NH3 (500 ppb) under 75% RH conditions. (a) The dependence of BC mass on mobility diameter
(d,,) before and after the exposure. (b) and (¢) TEM image of BC particle before and after the exposure, respectively.

aggregates, which is in line with the previously published results (Yuan
etal., 2019).

AMS mass spectra of the seeded BC particles before and after the expo-
sures are shown in Fig. 3. Before the exposure, the seeded BC particle spec-
tra displayed major signals only at m/z = 28 (CO™) and m/z = 44 (CO3),
which are organic acid signatures (Hu et al., 2013), suggesting the occur-
rence of a small amount of carboxylic groups on the BC surface (Fig. 3a).
After exposed to 300 ppb NO, for about 30 min, the BC particles displayed
a mass spectrum pattern similar to that before the exposure (Fig. 3b), indi-
cating the NO, alone cannot chemically modify BC surface because BC used
in this work is chemically inert and NO, oxidation capacity is not strong
enough. As shown in Fig. 3c, however, after exposed to O3 alone, the inten-
sity of m/z = 29 (CHO™) and m/z = 43 (C,H3;0 ") increased significantly,
indicating that the BC surface was oxidized by O3 and carbonyl groups were
formed on the surface, which is mainly due to the stronger oxidation capac-
ity of O3 compared to NO, (Lambe et al., 2013; Peebles et al., 2011).
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Fig. 3. HR-AMS mass spectra of seeded BC particles in the chamber. (a) Pure BC
particles before the exposure. (b), (c¢) and (d) BC particles exposed to NO, (300
ppb), O3 (300 ppb) and a mixture of NO, (300 ppb), O3 (300 ppb) and NH3 (500
ppb) for 1 h under 75% RH conditions, respectively.

Interestingly, we found that after exposed to the mixture of O3, NO, and
NH; the BC mass spectrum showed a notable change with a sharp increase
in signal at m/z = 46 (CH,05 and CH4,NO™) and m/z = 30 (CH,0™)
(Fig. 3d). The mass spectrum signals of the above oxygenated ions relative
to the signal at m/z = 12, which is C* emitted from BC surface, are much
stronger after the exposure to the O3 and NO, mixture than those after the
exposure to O3 or NO,, alone, indicating a strongly synergetic oxidizing ef-
fect of the two oxidants that significantly activated the BC surface by
forming carbonyl, nitro and carboxylic groups.

3.3. Effect of RH on the reaction of NO, and O3 on BC surface

Fig. 4 shows the changes in growth factor (GF: the ratio of the reaction
steady-state d,, to the initial d;,) of the BC seeds after the exposure to NO,,
O3 and NHj; under various RH conditions. The d,, of seeded BC particles
after the reaction increased from 117 + 1.31 to 429 + 1.87 nm when
the RH increased from 30 + 2% to 90 + 2%, corresponding to an increase
of the GF from 1.0 + 0.05 to 3.5 + 0.18, indicating that high RH is favor-
able for NH4;NO; formation. Assuming that all particles at the end of the re-
action are core-shell structure, i.e., compact spheres with a BC core and an
outer shell, the coating thicknesses (Ary,.) at the end of the reaction under
various RH conditions can be estimated using the following formulas (II)-
(V) (Peng et al., 2016).

1
3
e = <6ﬂ> am
P
My _ MeC | (mp=msc) av)
Pm  PBC PNHANO3
1
Arme = 5 (dme,l_ me,O) (V)

Where d, is the mass equivalent diameter of BC particle (dye ¢ and dpe o is
the dp,. of fresh BC particle and aged BC particle, respectively); p, is the
material density of particle; ppc is the material density of BC, 1.77 g
cm ™3 (Dalirian et al., 2018; Long et al., 2013); pnos. is the material density
of NH4NO3, 1.72 g cm ™2,

As seen in Fig. 4a, the Ary, increased from 2.0 = 0.10 to 138 =
6.93 nm as RH increased from 30 = 2% to 90 + 2%. Fig. 4b shows the
time dependence of the amount of nitrate formed on per particle under var-
ious RH conditions, which agreed well with those of the GF and the coating
thickness, indicating that the formation of NH4NO5 on the BC surface is de-
pendent on the water adsorption. Previous studies found that water mole-
cules can be trapped firstly on BC surface by hydrophilic chemical groups
to form hydrogen bonds, or by confinement effects in small size of pores
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Fig. 4. Effect of relative humidity (RH) on BC aging. (a) The dependence of growth factor and coating thickness (Arme) of BC on RH. (b) The formation amount of nitrate on
individual BC particles in the chamber as a function of reaction time during the exposure of BC seeds to O3 (300 ppb), NO, (300 ppb) and NH; (500 ppb) under different RH
conditions (m(NO3) is the formation amount of nitrate on BC particle surface; Np is the particle number).

(Hantal et al., 2010; Seisel et al., 2004). Then, other water molecules were
adsorbed on the surface mainly by the formation of H,O-H,O hydrogen
bonds with the already adsorbed H,O molecules (Hantal et al., 2010).
Once a monolayer of water molecules is formed, further adsorption of
water molecules can occur in the micropores of BC, and finally forming a
multilayer adsorption at RH above 80% (Seisel et al., 2005). In this work,
regal black R400 was used as the seed particle, which contains a certain
amount of organic acid groups on the surface. In addition, the graphitic sur-
face can be further oxidized by O3 to produce additional hydrophilic
oxygen-containing functional groups. At low RH, water molecules can be
trapped by those hydrophilic groups on the BC surface via chemisorption
or confinement effect. Thus, N,Os adsorbed can react with water molecules
to form HNOj on the BC surface. The amount of water molecules adsorbed
on the BC surface increased with the increasing of RH from 30 + 2% to 75
+ 2%, so the amount of nitrate also increased with the increasing RH.

As shown in Fig. 4b, under lower RH conditions, i.e., < 75 * 2%, arapid
formation of nitrate on the BC cannot be observed until NO, was introduced
into the chamber for about 20 min. However, after NO, was introduced the
rapid formation of nitrate in the chamber can be instantly observed when
RH was 90 + 2%. Under the lower RH conditions the water molecules
adsorbed on the BC surface is monolayer and the amount adsorbed is de-
pendent on the amount of the BC surface active sites, i.e., hydrophilic
groups. Due to the limited number of hydrophilic groups on the BC surface,
only a few water molecules can be absorbed on the BC surface. Thus, N»Os
molecules must diffuse onto the specific sites of BC micropore surface
where water molecules are available and then can react with the water mol-
ecules to form nitrate. Such a diffusing process is slow and time consuming.
In contrast, under 90 *+ 2% RH conditions, multilayer water molecules
were absorbed on the surface and in the micropores of BC particles,
which enabled N,Os to hydrolyze directly on the aqueous phase with no
diffusion, resulting in the rapid formation of nitrate without any delay.

3.4. Impact of KCl on the O3 and NO, reaction on BC

To mimic the atmospheric aging process of BC emitted from biomass
combustion, KCl-treated BC particles with a 130 nm dry diameter were in-
troduced into the chamber. As seen in Fig. S2, the exponent (2.41) of the
KCl-treated BC particles was larger than the value of pure BC particles
(2.23) (Fig. 2a), indicating the particles was a little bit of more compact
than the pure BC particles. As shown in Fig. 5, besides C and O elements,
K and ClI elements were also observed at the same location, indicating an
even distribution of KCI microcrystals in the BC particles.

To investigate the role of KCl during the heterogeneous formation pro-
cess of nitrate on BC surface, the KCl-treated BC particles were exposed

consecutively to O3 (300 ppb), NO, (300 ppb) and NH3 (500 ppb) for 1 h
under low (40 = 2%) and high (75 = 2%) RH, respectively. As seen in
Fig. 6a, after NO, and NH3 were injected into the chamber, the d,, of the
KCl-treated BC particles increased from 131 + 1.37 to 163 = 1.41 nm
with a GF of 1.24 = 0.06 under 40% RH conditions and to 414 =+
1.63 nm with a GF of 3.6 = 0.18 under 75 + 2% RH conditions, respec-
tively, suggesting the formation amount of nitrate under 40% RH was
much lower than that under 75 * 2% RH conditions. As shown in
Fig. 6a, after the exposure for about 60 min, the d,,, become constant, indi-
cating that nitrate amount on the KCl-treated BC particles was saturated. It
can be seen from Fig. 6b, at this moment the nitrate amount under 40 + 2%
RH and 75 + 2% RH were 0.53 and 6.8 f. per particle, respectively, which
are about 50% higher than those for pure BC seeds, indicating an enhancing
role of KCl in the nitrate formation on BC surface. KCl is hygroscopic and
can increases the amount of water molecules absorbed by the seeded BC
particles, thus, promoting the conversion of N,Os to nitrate. Moreover,
N,Os5 can react with Cl ions and form KNO5 on the surface of mixed parti-
cles (R8), which is also hygroscopic and further promotes more nitrate
formed on the mixed particle surface (Ahern et al., 2018; Tham et al.,
2018).
N,0s5 + KCl — KNO; + CINO, ®)
In the reaction process, particle surface properties mainly affect the ini-
tial reaction stage, instead of the rapidly formation stage of nitrate, which is
caused by the reaction of N,Os with multilayer adsorption water. To further
explore the impact of KCl on the BC aging process, we calculated the nitrate
formation rate on the seed surface before the rapid growth stage, which was
a ~ 20 min slow growth stage after NO, and NH3 were introduced into the
chamber (Figs. 4 and 6). As shown in Table 1, in the 20 min of the reaction,
the nitrate formation rates on KCl-treated BC particles under 40 + 2% RH
and 75 + 2% RH were 3—4 times larger than those on the pure BC particle,
which can be ascribed to the hygroscopicity of KCl. In addition, several re-
searches have proved that the heterogeneous reaction of N,Os with C1™ in
Cl™ -containing droplets is faster than the diffusion of N,Os in water (Royer
et al., 2021; Zhang et al., 2021), which is also possibly responsible for the
faster formation rate of nitrate on the KCl-treated seeds.

4. Conclusion

This study investigated the heterogeneous formation process of nitrate
on BC surface through reaction of O3 with NO, under different RH condi-
tions in the presence of NHj;. The results showed that N,Os formed by reac-
tion of O3 and NO, can quickly hydrolyze into HNO3 and subsequently
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(b)

Cl

Fig. 5. Elemental mapping of KCl-treated BC particles collected from the chamber. C, O, K, Cl mapping were shown in (a), (b), (c), (d), respectively.

neutralized by NH; to form NH,NO; on the BC surface, along with a slight
decomposition of N,Os to NO and NO,. NH4NO; coating on the BC surface
led to the chain-like BC aggregates restructure and condense to spherical
aggregates. The AMS analysis results further showed that ozone and nitro-
gen dioxide mixture exhibited a strongly synergistic oxidizing effect that
can significantly activate BC surface by forming carbonyl, nitro and carbox-
ylic groups, which were favorable for the absorption of water vapor onto
the BC surface and enhanced the NH4;NO; formation. Under <75 = 2%
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RH conditions only a small amount of water molecules can be adsorbed
by the activated BC surface as a monolayer format, thus the NH;NO; coat-
ing process consists of two phases, i.e., a diffusing of N,Os onto the BC mi-
cropore surface and a subsequent hydrolysis. In contrast, under 90 * 2%
RH conditions, due to a multilayer of water molecules formed on the BC
surface, N,Os can directly hydrolyze on the aqueous phase, causing a
rapid coating of NH4NOs. The coating rate of NH4NO3 on KCl-treated BC
particles at the initial stage was 3—-4 times higher than that on the pure
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Fig. 6. Aging process of KCl-treated BC in the chamber during the consecutive exposure to O3 (300 ppb), NO, (300 ppb) and NH; (500 ppb). (a) Variations in mobility
diameter (d,,,) of KCl-treated BC particles. (b) The formation amount of nitrate on individual KCl-treated BC particles (m(NO3 ) is the formation amount of nitrate on KCI-

treated BC particle surface; Np is the particle number).
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Table 1
A comparison on the formation rate of nitrate on per particles in the initial 20 min
under two RH conditions.

RH/% Seed NO3 Formation rate
(fg) (fg min~")

40 BC 0.079 0.0088

75 0.14 0.016

40 0.31 0.034

75 KCl-treated BC 0.46 0.051

BC particles, along with a 50% increase in the coating amount at the end of
the reaction, indicating an enhanced formation of NH4;NO; on the surface,
which is mainly due to the salt hygroscopic property.

The BC seeds (Regal 400) used in this study are pure and chemically
inert due to the very low level of organics on the surface. However, BC par-
ticles produced in the combustion process are much more chemically active
and hygroscopic as they are often coated with abundant organic com-
pounds and inorganic salts. Thus, the dynamic parameters such as growth
factor and nitrate formation rate obtained by this work are only representa-
tive of the lower limits of reactivity of real BC particles in the atmosphere.
Moreover, this study was conducted under dark conditions and solar radia-
tion effects are not considered. Thus, in the future it is necessary to study
the heterogeneous reaction of NO, and O3 on the surface of BC particles di-
rectly emitted from the combustion process without any pre-treatment with
a consideration on the solar radiation effects.
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