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a b s t r a c t

Experimental investigation of charged particle formation by the ionization of air containing sulfur dioxide
(SO2) was performed using a nano-DMA (differential mobility analyzer) and an atmospheric pressure
ionization mass spectrometer. A radioactive ion source of 241Am and a negative dc corona discharge
were used to ionize SO2/H2O/air mixtures. The results showed that the number of charged particles that
formed had increased as H2O concentration increased (ca. 20–3 × 103 ppm) for both ion sources, but also
that the number of charged particles produced when using the negative corona discharge was more
than two orders of magnitude greater than what was produced using 241Am. During ionization by �-

−

orona discharge
on-thermal plasma

on-molecule reaction
harger

ray irradiation, SO4 (H2O)n ions predominated coincident with the formation of charged particles. The
negative corona discharge produced a more complicated ion mass spectrum, which included ion groups
of NO3

−, SOx
− (x = 2–5) and HSOx

− (x = 3–5). The relative abundance of the ion groups varied depending
on H2O concentration and ion reaction time. The ions with an HSO4

− core surpassed the ions of other
groups as H2O concentration increased. The formations of NO3

− ions and cluster ions containing HNO3

also were enhanced at higher H2O concentrations. Possible ion-molecule reactions responsible for the
e disc
observed mass spectra ar

. Introduction

The ionization of air is known to promote nucleation. This is
rimarily due to the formation of gaseous ions. Electrostatic force
elps to form stable ion clusters and lowers the nucleation barrier.
herefore, the ion-induced nucleation process is thermodynam-
cally more favorable than the homogeneous nucleation process.
nother reason is that the ionization of air yields not only ions but
ther active species as well, such as radicals and excited molecules,
hich can oxidize some kinds of molecules in air to form condens-

ble compounds.
Ion-induced nucleation has been suggested as a possible mecha-

ism for atmospheric aerosol formation [1]. The earth’s atmosphere
s continuously ionized by cosmic rays. Near the ground surface,
he decay of radioactive gases is another ionizing agent. As a
esult, gaseous ions are ubiquitous even in the lower atmosphere.
ass spectrometric measurements have revealed the ions of sul-

uric acid (HSO4
−) to be the dominant negative ion species at

round level [2,3], and ion-induced nucleation involving HSO4
−

ons is believed to contribute to some of the observed events of
ew particle formation [4,5]. Since sulfur dioxide (SO2) is a pre-
ursor of gaseous sulfuric acid (H2SO4), experiments on particle
ormation by the ionization of air containing SO2 have been con-

∗ Tel.: +81 88 864 5641; fax: +81 88 864 5641.
E-mail address: nagato@me.kochi-ct.ac.jp.

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.02.025
ussed in detail.
© 2009 Elsevier B.V. All rights reserved.

ducted to simulate atmospheric ion-induced nucleation in the
laboratory.

The study of particle formation from SO2 using ionizing irradia-
tion is also important in understanding the fundamental process
of the desulfurization of flue gases with non-thermal plasmas
(NTP) [6–8]. NTP can be generated using various types of electri-
cal discharges or electron beams. High-energy electrons formed
in NTP efficiently produce reactive radicals, mainly OH radi-
cals, through dissociation, excitation and ionization of N2, O2
and H2O. OH radicals play a central role in the conversion of
SO2 into H2SO4. In addition, reaction with surrounding negative
ions tends to chemically ionize H2SO4 to form HSO4

−, which is
believed to nucleate effectively into fine particles via ion-induced
nucleation.

A number of experimental studies have focused on particle for-
mation by the ionization of air with SO2 [9–14]. The ion sources
employed in those studies include the following: �-, �- and X-rays;
corona discharge; and a spray ion source. Despite these efforts, only
limited information is available about the kinetics of the reactions
involving SO2 because most of the past studies focused only on
the measurement of particles. To investigate the kinetics of SO2
reactions that are initiated by ionization, an analysis of neutral com-

pounds or ions originating from SO2 is needed. In particular, mass
spectrometric measurements of negative ions are expected to pro-
vide useful information because the products resulting from SO2
generally tend to be negative ions. Recent research has proven that
atmospheric ionization mass spectrometry is a powerful technique

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:nagato@me.kochi-ct.ac.jp
dx.doi.org/10.1016/j.ijms.2009.02.025
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or the investigation of ion-molecule reactions occurring in air with
orona sources operated under atmospheric pressure [15–17].

In this study, we investigated the formation process of charged
articles by the ionization of air containing SO2. To analyze the
hemical kinetics involving SO2 and the early stages of particle
ormation, we measured negative ion composition and the size dis-
ribution of charged particles as a function of H2O concentration. In
ur previous study, we developed a measurement system employ-
ng an ion mobility spectrometer/mass spectrometer (IMS/MS) and
nano-DMA for ions and charged particles generated by ionization

n air [18]. We used this same system for the present study.
The ion sources used in this study were 241Am and negative dc

orona discharge, which are widely used in the field of aerosol
cience as bipolar and unipolar chargers, respectively [19,20].
nowledge of potential particle formation by aerosol chargers is
rucial for precise particle measurement if the carrier gas contains
mpurities that can be transformed into condensable compounds
y the effects of ionization. In this respect, the results of this study
an be used to evaluate the particle formation capability of aerosol
hargers using 241Am and negative corona discharge.

. Experimental

Fig. 1 shows the experimental arrangement used in the present
tudy, the details of which have been described previously [18,21].
ll measurements were conducted under room temperature. For
harged-particle measurement, the SO2/H2O/air mixtures were
onized in a small ion source chamber, into which was placed either
disk of 241Am (3.03 MBq) or a corona ionizer. The corona ionizer
sed in this study consisted of a discharge needle and a ring elec-
rode (12 mm i.d.), both of which were made of stainless steel. The
ap between the needle tip and the center of the ring was 3 mm, and
discharge voltage of −4.5 kV was applied to the needle relative to

he ring electrode. The gas mixtures passing through the chamber
ere then drawn into a nano-DMA with a Faraday cup electrometer

FCE), and the size distributions of the charged particles were mea-
ured. In this experiment, particles were measured in a mobility
ange as low as 10−3 cm2 V−1 s−1, which corresponded to particle
iameters as large as about 30 nm.
For the measurement of ion mass spectra, the same gas mixtures
ere introduced into the drift tube of the IMS/MS. The ion source
as placed at the end of the drift tube. Ions that enter the drift

ube travel along the electric field and can react with surrounding
eutral molecules until being sampled into the mass spectrometer

Fig. 1. Schematic diagram of t
s Spectrometry 285 (2009) 12–18 13

through an orifice plate. Thus, the reaction time of ions depends on
the length of the drift region, the intensity of the electric field, and
the mobility of the ions. For negative ions generated by a radioac-
tive source of 241Am, the measurements were conducted at a fixed
ion reaction time (ca. 9 ms). With the corona ion source, we mea-
sured ion mass spectra with two different reaction times (ca. 0.6
and 14 ms), and investigated the evolution of negative ions. The
highest mass of ions measurable with the mass spectrometer was
m/z = 1000. This was not sufficient to analyze the composition of
charged particles formed in this study. For example, a cluster ion
with a diameter as small as 1 nm is expected to be composed of
more than 100 molecules. Therefore, the mass spectrometer was
used mainly to investigate the kinetics of ion-molecule reactions
involving SO2. By comparing the mass spectra obtained with the
mobility distributions of particles, we deduced the identity of the
ion species responsible for charged-particle formation.

3. Results and discussion

3.1. Ionization by ˛-ray irradiation from 241Am

The mobility of negatively charged particles produced by �-
ray irradiation is shown as a function of H2O concentration in
Fig. 2a–c. The concentration of SO2 was 5 ppm. The particles showed
a unimodal distribution at [H2O] = 20 ppm, the center of which was
about 2.0 cm2 V−1 s−1. No signal was observed in the mobility range
below 0.6 cm2 V−1 s−1. This indicates that only molecular and clus-
ter ions were present and that no particle formation occurred at the
lowest H2O concentration. As H2O concentration increased, the dis-
tribution turned bimodal. Particles with lower mobility appeared
between 0.85 and 0.03 cm2 V−1 s−1, which corresponded to a par-
ticle diameter of 1.6–7 nm. It was noteworthy that the appearance
of particle signals accompanied a slight decline of the ions with
a mobility between 2.0 and 1.0 cm2 V−1 s−1. This change in mobil-
ity reflected the nucleation process of large cluster ions becoming
charged fine particles. The critical mobility value for nucleation in
this case was approximately 0.81 cm2 V−1 s−1 (∼1.6 nm).

The corresponding mass spectra of negative ions are shown in
Fig. 2d–f. The reaction time of the ions detected was approximately

9 ms. No significant ion signal was observed in the mass range lower
than m/z = 50 and more than 300. In dry conditions (Fig. 2d), the
observed ions were SO2

− (m/z = 64), SO3
− (80), SO4

− (96), and SO5
−

(112), all of which can be formed through ion-molecule reactions
involving SO2. The primary ions of O2

− and O2
−(H2O)n generated

he experimental setup.
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ig. 2. Mobility distributions of negatively charged particles (left column) and corr
ource (241Am) at three different H2O concentrations. [SO2] = 5 ppm.

y the ionization of air reacted with SO2 to form the ions of SO2
−

nd subsequently SO4
− [22,23]:

2
− + SO2 → SO2

− + O2 k1 = 2.0 × 10−9 cm3/s (1)

SO2
− + O2 + N2 → SO4

− + N2 k2 = 1.0 × 10−12 cm3/s

(effective binary rate constant, 2.5 h Pa, 298 K) (2)

2
−·H2O + SO2 → SO4

− + H2O k3 = 1.8 × 10−9 cm3/s (3)

he ions of SO3
− can result from the reaction of SO2 with O3

− and
O3

− as follows [22]:

3
− + SO2 → SO3

− + O2 k4 = 1.9 × 10−9 cm3/s (4)

O3
− + SO2 → SO3

− + CO2 k5 = 4.8 × 10−10 cm3/s (5)

he conversion from SO3
− to SO5

− could proceed rapidly by the
ollowing three-body process, hence, the lifetime of SO3

− was
xtremely short [22]:

SO3
− + O2 + N2 → SO5

− + N2 k6 = 2.0 × 10−12 cm3/s

(effective binary rate constant, 2.5 h Pa, 298 K) (6)

he abundance of the ions of SO2
− and SO4

− were considerably
arger than those of SO3

− and SO5
−, showing that O2

− ions were
he dominant primary ions produced by �-ray irradiation in air.

Another ion we can find in the spectrum is HSO4
− (m/z = 97),

ndicating the formation of sulfuric acid (H2SO4). H2SO4 is produced
ostly by the gas phase oxidizing reaction of SO2 with OH radicals:

O2 + OH + M → HSO3 + M (7)

SO3 + O2 → SO3 + HO2 (8)

O3 + H2O + M → H2SO4 + M (9)
he reaction (8) is normally very fast and the lifetime of the inter-
ediate product of HSO3 is only 0.5 �s in air [24]. The reaction

9) proceeded less rapidly depending on H2O concentration, which
llowed SO3 to persist much longer than HSO3.
ding mass spectra of negative ions (right column) obtained with a radioactive ion

The ions of SO3
− and SO5

− declined with increasing H2O concen-
tration, as shown in Fig. 2e. By contrast, the hydrated ions of SO4

−

started to appear and became increasingly dominant in the spectra
as H2O concentration increased, as seen in Fig. 2f. This change in
ion composition was likely due to the enhancement of O2

−(H2O)n

in the primary ion formation by the addition of H2O. On the other
hand, the cluster ion of HSO4

−(H2O)n can be observed only in minor
numbers and became negligible as the H2O increased. This result
indicates that ionization by �-ray irradiation provides little OH for-
mation, and, therefore, has a very small oxidizing capability. From
the measured mass spectra, it can be concluded that charged par-
ticles observed in the mobility distributions were formed via the
ion-induced nucleation of SO4

− cluster ions. It should be noted that
cluster ions of SO4

−(H2O)n with a n larger than 11 hardly appeared
in the spectrum, as shown in Fig. 2f, whereas the mobility measure-
ment demonstrated the formation of the charged particles larger
than 2 nm under the same conditions. One of the reason for the
larger cluster ions not being observed in the mass spectrum may
be attributed to the short reaction time of ions measured using the
mass spectrometer (ca. 9 ms) compared with that of the charged
particles measured using the DMA (a few hundreds of millisec-
onds).

3.2. Ionization by negative dc corona discharge

The mobility of charged particles produced by negative corona
discharge differed significantly from those produced by �-ray irra-
diation. Fig. 3a shows how mobility depends on H2O concentration
at [SO2] = 1 ppm. The mobility distribution when [H2O] = 30 ppm
was very similar to that produced by �-ray irradiation (see Fig. 2a)
with a single peak centered at about 2.0 cm2 V−1 s−1. Thus, no
charged-particle formation was observed under these conditions.
In contrast to the results from an �-ray source, however, an

increase in H2O concentration led to considerable nucleation.
Both the number and the size of the formed particles significantly
increased with the addition of H2O. The signal corresponding
to gaseous ions disappeared and unimodal distributions center-
ing at about 0.99 cm2 V−1 s−1 (1.4 nm in particle diameter) and
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ig. 3. Mobility distributions of negatively charged particles produced by negative
orona discharge. (a) [SO2] = 1 ppm and (b) [H2O] = 5 × 103 ppm.

.49 cm2 V−1 s−1 (2.0 nm) were observed at [H2O] = 3 × 102 and
× 103 ppm, respectively.

The change in mobility distribution of particles as a function of
O2 concentration is shown in Fig. 3b. Both the formation and the
rowth of charged particles were greatly enhanced by an increase
n SO2 concentration. When [SO2] = 5 ppm and [H2O] = 5 × 103 ppm,
he particles were distributed between 1 and 0.02 cm2 V−1 s−1. This

obility range is similar to that of the particles formed by �-ray
rradiation at the same SO2 and H2O concentrations, as shown in
ig. 2c. The number of the particles formed by corona discharge
as, however, more than two orders of magnitude greater. The peak
obility fell as low as 0.05 cm2 V−1 s−1 when [SO2] = 50 ppm.
The mass spectra of negative ions generated by negative corona

ischarge are shown in Fig. 4. We measured the spectra using two
eaction times at [SO2] = 5 ppm. The majority of the ion signals was
bserved in the mass range below m/z = 300. Fig. 4a–c shows the
ependence on H2O concentration of the mass spectra with a short

on reaction time (0.6 ms). The spectra were simple, especially at
ow H2O concentrations. While the presence of SOx

− ions (x = 2–5)
as the same as the spectra obtained when using a radioactive ion

ource, the relative abundance of these ions was significantly dif-
erent. The ions of SO5

− appeared to have the highest intensity for
ll the spectra, whereas the ions of SO2

− and SO4
−, which predomi-

ated in the mass spectra with an �-ray ion source, were present in
uch smaller amounts. In the negative ion mass spectra obtained in

he absence of SO2, the relative abundance of O2
− was much smaller

−
han that of O3 under conditions of low H2O concentration, being
ess than 8% of total ions. Consequently, the reaction of SO2 with

2
− was less important in negative corona discharge compared to

onization by �-rays. In addition to the SOx
− ions, HSO4

− (m/z = 97)
as also found, albeit in small numbers, in the spectra with short
s Spectrometry 285 (2009) 12–18 15

reaction times. Most of the detected ions were clustered with water
molecules at [H2O] = 3 × 103 ppm.

Two other ion peaks, which may have resulted from the reac-
tions involving SO2, were observed at m/z = 81 and 113, although in
relatively small numbers. As judged from their masses, these ions
could be HSO3

− and HSO5
−. Reportedly, OH− ions react rapidly with

SO2 to form HSO3
− ions [25]:

OH−(H2O)n + SO2 → HSO3
−(H2O)n−1 + H2O

k10 = 2 × 10−9 cm3/s (10)

In our previous study with a negative corona source, the forma-
tion of OH−(H2O)n ions was confirmed in purified air [21]. Several
reactions are capable of forming OH− ions from negative corona
discharges in air. Recently, Skalny et al. [17] proposed the following
two-step process:

O− + H2O + O2 → O−·H2O + O2 k11 = 1.3 × 10−28 cm6/s

(11)

O−·H2O + H2O → OH−·H2O + OH k12 > 1 × 10−11 cm3/s

(12)

Another process that may contribute to the formation of HSO3
− is

the following:

SO2
− + OH + M → HSO3

− + M (13)

Unfortunately, data were not available to evaluate the possibility of
this reaction in the present experiment. Little information exists on
the formation mechanism of HSO5

−. We can only assume a process
similar to reaction (13):

SO4
− + OH + M → HSO5

− + M (14)

The ion of NO3
− (m/z = 62) was the only ion that did not origi-

nate from SO2. The formation of this ion was negligible with �-ray
irradiation. Under conditions of low H2O concentration, NO3

− can
be formed by the following reactions [23]:

NO2
− + O3 → NO3

− + O2 k15 = 1.2 × 10−10 cm3/s (15)

O3
− + NO2 → NO3

− + O2 k16 = 2.8 × 10−10 cm3/s (16)

The reactions of O− with NO2 and O3, both of which are major
byproducts in air discharges, normally yield NO2

− and O3
−, respec-

tively. In our previous study, an enhancement of HNO3 formation
was observed with increasing H2O concentration probably through
reaction [21]:

NO2 + OH + M → HNO3 + M k17 = 3.3 × 10−30 cm6/s (17)

HNO3 has a large electron affinity for the formation of NO3
− ions

by charge transfer reactions with other negative ions such as [23]:

NO2
− + HNO3 → NO3

− + HNO2 k18 = 1.6 × 10−9 cm3/s (18)

Almost all the possible reactions forming OH in discharge plasma
require H2O. In addition to reactions (11) and (12), dissociation of
H2O by electron impact can directly form OH radicals:

e + H2O → OH + H + e (19)

The rate coefficient of this reaction depends on the intensity of the
reduced electric field in the discharge area. The electron impact on
O2 yields excited oxygen atoms, O(1D):
e + O2 → O(1D) + O(3P) + e (20)

Dissociation of H2O by O(1D) can contribute to OH formation [26]:

O(1D) + H2O → 2OH k21 = 2.2 × 10−10 cm3/s (21)
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The ion group of SO5
−, to the contrary, was greatly reduced

when H2O was increased. One of the reasons may be attributed to
a remarkable drop in the relative abundance of O3

− among the pri-
mary ions with the addition of H2O, which was observed in the mass
ig. 4. Mass spectra of negative ions produced by negative corona discharge with [SO
c and f) 3 × 103 ppm. The reaction times of ions are approximately 0.6 ms for spe
7: HSO4

− , 112: SO5
− , 113: HSO5

− , 125: NO3
−HNO3, 158: SO5

−NO2, 160: HSO4
−HN

SO4
−(H2SO4)2.

ome fractions of OH− ions formed by reactions (11) and (12) trans-
er the charge by the reactions with NO2 and O3 to yield neutral OH
adicals. As a consequence, an increase in H2O concentration accel-
rates the transformation from NO2 to HNO3, which plays a major
ole in the formation of NO3

− ions under conditions of higher H2O
oncentration. HNO3 not only contributes to the formation of NO3

−

ore ions, but it also tends to associate with other stable ions. In
ur spectra, ions of NO3

−HNO3 (m/z = 125), HSO4
−HNO3 (160) and

O5
−HNO3 (175) were observed. These ions were hydrated at higher

2O concentrations.
The detected ions were classified into eight groups with different

ore ions of NO3
−, SO2

−, SO3
−, HSO3

−, SO4
−, HSO4

−, SO5
−, and

SO5
−. Fig. 5a shows the changes in relative abundance of each ion

roup as a function of H2O concentration.
The abundance of the SO4

− ions significantly increased with H2O
oncentration. This is a tendency that is similar to that observed in
he spectra obtained using an �-ray ion source. In the spectra of
egative corona discharge measured without SO2, however, O2

−

ons did not show a remarkable increase and remained a minor
on species. Therefore, paths other than reactions (2) and (3) may
ield SO4

− ions. The following reaction possibly contributes to the
ormation of SO4

− ions [27]:

O3
− + SO3 → SO4

− + NO2 k22 = 9.6 × 10−10 cm3/s (22)

s mentioned above, in conditions with higher H2O concentrations,
he formation of NO3

− ions is favored. In fact, in the present study,
hey were observed to be the most dominant ion species in the

ass spectrum measured without SO2 at [H2O] = 3 × 103 ppm. In
ddition, the formation of SO3 is also expected to be enhanced by
he addition of H2O because it starts with the reaction of SO2 and
H (see reactions (7) and (8)). Therefore, higher H2O concentrations
ay favor the reaction (22).
Another group that increased with H2O was HSO4

− ions. This
lso can be attributed to the enhancement of OH formation and
ts subsequent formation of H2SO4. Core change reactions of neg-

tive ions such as NO3

− with H2SO4 to form HSO4
− are known to

roceed rapidly because of the large electron affinity of H2SO4. In
ddition, H2SO4 molecules tend to cluster with negative ions. In
he measured spectra, clustered ions of HSO4

−H2SO4(H2O)n and
O5

−H2SO4(H2O)n were observed. It should be noted that the ratio
ppm at three different H2O concentrations: (a and d) 20 ppm, (b and e) 5 × 102 ppm,
–c), and 14 ms for spectra (d–f), respectively. m/z = 62: NO3

− , 80: SO3
− , 96: SO4

− ,
5: HSO4

−H2SO4, 210: SO5
−H2SO4, 221: SO5

−NO2HNO3, 256: SO5
−NO2H2SO4, 293:

of the relative number of HSO4
− ions to that of SO4

− ions in the
spectra was significantly higher compared with that in the spectra
measured using an �-ray source. This clearly indicates that nega-
tive corona discharge has a much higher oxidizing capability than
does 241Am.
Fig. 5. Relative abundance of ion groups as a function of H2O concentration at two
different ion reaction times of 0.6 ms (a) and 14 ms (b).
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pectra obtained without SO2. The reduction of O3
− can apparently

ake reaction (4), and subsequently reaction (6), less active.
SO3

− ions, however, did not show a great reduction with an
ncrease in H2O concentration. Other mechanisms may explain the
ecline in SO5

− ions. One possibility is the conversion of SO5
− to

ons such as HSO4
− and HSO5

−, both of which increased with H2O
oncentration. Eisele et al. recently proposed the possibility of an
nknown reaction of SO5

− and H2SO4 to form HSO4
−H2SO4 under

O2-rich conditions [3]. If this kind of reaction works effectively,
he transformation from SO5

− ions to HSO4
− ions could proceed at

igh H2O concentrations.
The mass spectra with a long reaction time (14 ms) are shown

n Fig. 4d–f. The ion of m/z = 158 appears prominently, particularly
n the mass spectra obtained with the lowest H2O concentration.
he identity of this ion is not clear, but there are several candi-
ates. Salcedo et al. found the m/z = 158 ion in the mass spectra
btained in their experiment studying the reaction of CO3

− and
2SO4, and they ascribed it to H2SO4CO3

− [28]. However, the CO3
−

onomer was not present in the mass spectrum shown in Fig. 4d, in
hich the m/z = 158 ion was the most abundant. Moreover, HSO4

−

as observed with a very low abundance in the same mass spec-
rum, indicating that the production of H2SO4 was small. Hence, the
/z = 158 ion observed in our spectra is unlikely to be H2SO4CO3

−.
he m/z = 158 ion has been detected in the mass spectra of natural
egative ions in the atmosphere. Using a tandem mass spectrom-
try technique, Eisele and Tanner identified it as SO4NO3

− [2].
owever, NO3

− was not abundant in the spectrum shown in Fig. 4d,
hich does not support the contention that NO3

− core ions are
esponsible for the m/z = 158 ion in our experiments. On the other
and, the abundance of this ion was observed to decrease coinci-
entally with that of SO5

− as H2O concentration increased, which
trongly suggests that this ion belongs to the group of SO5

− ions.
ince no SO5

− ions having a mass of 158 have been reported, the
dentity of this ion is yet to be revealed. Judging from its mass, how-
ver, SO5

−NO2 is a possible candidate. Then, we tentatively labeled
his ion as SO5

−NO2, although further investigation is required to
onfirm this identification. We use this assignment in the following
iscussions.

In the mass spectrum shown in Fig. 4e, cluster ions having neu-
ral HNO3 or H2SO4 molecules are dominant. Those ions include
O3

−HNO3 (m/z = 125), HSO4
−HNO3 (160), HSO4

−H2SO4 (195),
O5

−H2SO4 (210), SO5
−NO2HNO3 (221), SO5

−NO2H2SO4 (256), and
SO4

−(H2SO4)2 (293). Since these cluster ions were not observed in
he spectra with a short reaction time, the formation of the cluster
ons with HNO3 or H2SO4 molecules took at least a few milliseconds
nder the present experimental conditions of [H2O] = 5 × 102 ppm.
further increase in H2O concentration led to the dominance of

luster ions with HNO3 such as NO3
−HNO3 and HSO4

−HNO3, as
hown in Fig. 4f.

The results of ion evolution from 0.6 to 14 ms are illustrated in
ig. 5b. The ions of SO2

− and SO3
− disappeared, indicating that these

ons were completely transformed into SO4
− and SO5

−, respec-
ively, within the reaction time of 14 ms. In addition, the ion group
f SO4

−, which comprised one of the major ion species in the
ass spectrum with a short reaction time and high humidity, was

educed significantly. This means that SO4
− ions were transformed

urther into other ions as reaction time increased, and their life-
imes are relatively short. The ions of SO5

− also were reduced with
eaction time: the degree of reduction became larger as H2O con-
entration increased. On the other hand, the relative abundance of
SO4

− ions increased about 2–3 times depending on H2O concen-

ration. At [H2O] = 3 × 103 ppm, HSO4

− ions surpassed the ions of
ther groups. These results seem to show that, particularly under
onditions of high H2O concentration, the conversions from SO4

−

nd SO5
− ions to HSO4

− will proceed. The reactions of SO4
− and

O5
− with H2SO4 are probably responsible for the conversions,
s Spectrometry 285 (2009) 12–18 17

but little is known about these reactions. The ions of HSO5
− also

increased with reaction time except in the case of the highest H2O
concentration.

Interestingly, the ions of NO3
− increased approximately five

times with reaction time at [H2O] = 3 × 103 ppm, whereas they
declined at lower H2O concentrations. As Fig. 4f shows, NO3

−HNO3
was the most abundant ion. In addition, HSO4

−HNO3 was the most
abundant among the ions having an HSO4

− core, which was the
most dominant ion group. It is evident that the formation of HNO3
was significantly enhanced under these conditions. Since the rel-
ative abundance of NO3

− groups was only about 6% with a short
reaction time, it seems that some of the SOx

− ions were converted
into NO3

− ions by the reaction with HNO3. It is reported that HNO3
rapidly reacts with SO3

− and SO4
−, but these reactions yield mostly

clustered ions of SO3
−HNO3 and SO4

−HNO3 [25,29]. Further stud-
ies are required to explain the remarkable enhancement of NO3

−

ions with the reaction times observed in the present experiment.

4. Conclusions

In this paper, we presented the results of the measurement of
charged particles formed by the ionization of air containing SO2.
For both ion sources used in this experiment, 241Am and negative
dc corona discharge, the formations of charged particles increased
as H2O concentration increased. However, the efficiency of particle
formation was significantly different, and the number of particles
formed by negative corona discharge was more than two orders
of magnitude larger than those formed by 241Am. Therefore, care
should be taken when using a monopolar charger employing a
corona source for the measurement of aerosols in the air containing
impurities that can be transformed into condensable compounds by
the effects of ionization.

The composition of negative ions generated using 241Am in the
SO2/H2O/air mixture was rather simple. SO4

−(H2O)n ions became
increasingly dominant with increasing H2O concentration, and the
charged particles were likely formed through ion-induced nucle-
ation around these ions. In charged particle formation by �-ray
irradiation, therefore, the main role of H2O is in the formation of
hydrated ion clusters.

By contrast, the negative ion mass spectra measured using a
corona ion source were complex and contained a variety of clus-
ter ions. Major ion groups included NO3

−, SOx
− (x = 2–5), and

HSOx
− (x = 3–5), and the relative abundance of the ion groups varied

depending on H2O concentration and ion reaction time. The dom-
inance of cluster ions of HSO4

− and NO3
− with ligands of H2SO4

and HNO3 at higher H2O concentrations suggests that H2O plays
an important role as a source of OH radicals in the case of negative
corona discharge.
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