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Abstract

Mass spectrometric measurements of negative ions produced by a dc corona ionizer in air were conducted at different reaction times (ca. 1.0r
and 10 ms) to observe the evolution of negative ions in air. One of the characteristic features was the rapid dominagicéooENOthe mass
spectra, which is indicative of the strong influence gfa@dd NQ produced by discharge in the early stages of negative ion evolution. Water vapor
was also found to play a significant role in BiOion formation. The production of OH radicals by ion—-molecule reactions involvis@ ldads
to the formation of HN@ which accelerates the conversion of primary negative ions tg N@ns. As a result, N@~ and NG~ HNOs ions were
observed as terminal ions. Another terminal ion observed was assigned tg"H8Os. The reaction of OH with CO, is probably responsible
for the formation of HC@~. From considerations of ion reactivity, NOions likely represent the most long-lived ion species in negative ion
evolution in indoor air.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Not all of the above ions persist for very long in air. Due
to successive ion—molecule reactions, they evolve to form more
Corona discharge ionizers are widely used to generate ions stable ions. Therefore, identifying ions that have long lifetimes
air. They are typically installed in commercial electrical appli- in air is an importantissue in the study of the role of such ions in
ances such as air cleaners and air conditioners because negativdoor air cleaning. Few mass spectrometric studies have been
ions have been reported to reduce the levels of particulates, aireported onion evolution in air, but a number of modeling efforts
borne microbes, odors and volatile organic compounds inindodnave been carried out. The evolution of negative ions in the
air [1,2]. However, the detailed mechanisms by which negativdropospheric atmosphere has been simulated by Huertas et al.
airions contribute to improving indoor air quality are not clearly [10]. Their results indicated that the terminal ions formed in a
understood. time shorter than 10 s were Q~ (H20), and lesser amounts of
Information on the ion composition produced by such device€€0O4~ (H20),,, CO3~(H20),, and HCQ~ (H20), were formed.
is essential if we are to understand the role of ions in air cleaninguts [11] calculated negative ion evolution up to 100s and
processes. Mass spectrometry has been used to identify iosRowed that minor constituents such as HN@d SO, partic-
produced by corona sourcg®-9]. A variety of negative ion ipate in the reactions after 0.1 s to form jifCand HSQ™ ions.
species have beenidentified. Included among theseareg, However, these calculations were carried out for normal air con-
0O37,CO37,CO4,HCO37,NO>,~ and NG~ ions. Therelative  ditions. In cases of discharges in air, not only ions bgit 0O,
abundance of the detected ions appears to vary depending on thied radicals are also known to be produced. These byproducts
condition of the air used in the measurements. significantly influence ion—molecule reactions occurring near
the discharge arefr], hence the lifetimes of individual ions
may be modified.
* Corresponding author. Tel.: +81 88 864 5641; fax: +81 88 864 5641. The aim of this study was to observe the evolution of negative
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the ion species which persist for relatively long periods in air. [x
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2. Experimental apparatus ‘%Ui
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The ion mobility spectrometer/mass spectrometer (IMS/MS) £ o iy e R .

. . . .. 5(‘} 100 I:';El 2(;1] 2500
employed in measurements is schematically showhign 1 m/z

The details of the instrument have been described previously
[12]' The drift tube is constructed of stainless steel guard ring ig. 2. Negative ion mass spectra in ambient air for two different reaction times:
. . . a) 1.0ms; (b) 10ms.
(58 mm i.d.) separated by Macor spacers. It is sealed using O-
rings and is operated at atmospheric pressure. The guard rings - ) -
are connected by a series of XMesistors. By applying a high to the_gro_unded orifice plate. Assuming fchat the mob_|I|ty (_)f the
voltage between both ends of the resistor chain, a uniform eledl€gative ions was 2.0 W ~* s, the estimated reaction time
tric field is produced in the drift tube. forthemwas 1.0 ms. Inthe case of three guard rings, the potential

A corona ionizer, consisting of a discharge needle and a ringifférence across the drift tube wasl.5kV and an additional
electrode (12mm i.d.) was adapted for use in this study. Th¥oltage of—0.5kV was applied to the ring electrode relative to
needle and the ring electrode were made of stainless steel, aHft guard ring nearest the ring electrode. The distance between
the distance between the needle tip and the center of the ring wi€ ring electrode and the orifice plate was 64.5mm and the ion
3mm. A discharge voltage ef4.5 kV was applied to the needle "€action time was approximately 10 ms.
relative to the ring electrode. With this setting, the discharge
current was 8.5-1046A in both ambient and purified air. lons 3. Results and discussion
which enter the drift tube travel along the electric field and can
react with surrounding neutral molecules until they arrive at thes.1. Mass spectra of negative ions in ambient air
orifice plate. Thus, the reaction time of ions depends on the
length of the drift region, the intensity of the electric field, and Fig. 2 shows mass spectra of negative ions in ambient air.
the mobilities of the ions. The temperature and the relative humidity weré24and 30%,

In order to observe ion evolution, mass spectrometric mearespectively. The spectrum obtained with no guard rings is
surements were made using two different drift tube configushown inFig. 2(a). A number of ion peaks were observed in the
rations: one was with no guard rings and the other with threspectrum, indicating that many competing reactions were tak-
guard rings. In the case where no guard rings were used, theg place in the early stage of the negative ion evolufi@ile 1
ring electrode was placed 19.5 mm in front of the orifice plate summarizes the assignments for the major ions. The remainder
A voltage of —2kV was applied to the ring electrode relative of the ion peaks in the spectrum corresponded to hydrated ions
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Fig. 1. Schematic representation of the IMS/MS.
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Table 1
Summary of peak assignments in the mass spectrum shokig.ig(a)
mlz Assignment

32 (O

46 NG~

48 O~

60 CGs~

61 HCO;~

62 NG;~

76 cCa~

77 HCO,~
108 NG;~NO;
109 NG ~HNO3
123 CQ~HNO3
124 HCGQ~HNO3
125 NO;"HNO3

of the ions listed inTable 1 Among the detected ions, GO
(mlz=60), NO;~ (62), HCO; " HNO3 (124), and N@~HNO3
(125) were abundant ion species.

Fig. 2(b) shows the mass spectrum obtained using three gua
rings. A marked decrease in ion signals other than those

NO3z~, HCO37HNO3, and NG~ HNO3 was observed.

The identifications of the key ions and the relevant reaction

are discussed in the following sections.

3.2. Formation of NO3™ ions

The dominance of N@ core ions is a characteristic feature the production of NG~

of a negative corona discharge in air as can be seéigin2
This can be attributed to the production of @nd NG by dis-
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[15,16}
O +CO,+M — CO; +M, k7 =31x1028cnmP/s
(7)
O; +CO, - CO; + 02, kg =55x10"1%m?/s
(8)

kg =2 x 10 P¥cm’/s
©)

Ross and Bel[7], by employing a reverse flow continuous dis-
charge ionization technique, confirmed that neutral species that
are formed in a corona discharge strongly influence the forma-
tion of 03—, COz3~, and NG~ ions.

In some of the previous studi§$,9], CO;~ ions were pre-
dominantly observed in the mass spectra of negative ions pro-
duced by a negative corona discharge in air. This difference in
I%ominant ion species between the present result and previous

CO; +NO, — NOj + COy,

O§tudies may be due to different reaction times of the ions. In the

experiments reported by Gardiner and Cra@dsand Skalny et

gl. [9], negative ions were produced under relatively low pressure
conditions and were immediately sampled through a pin hole in
the anode. In the measurements reported here, ions were pro-
duced at atmospheric pressure and then moved through the drift
tube for at least 1 ms until reaching the sampling orifice. Since
the dominant reaction of G ions in air is reactiorf9) [5,14],

ions would proceed as the reaction time
increased. The characteristic time for this conversion under the
present experimental condition is estimated to be 1.2 ms using

charge in air. The @and NQ concentrations were monitored the reaction rate constant £10-1°cn/s) and a NG con-

using an ozone monitor and a N@onitor. Under the present

centration of 0.15ppm. The results of this calculation are in

experimental conditions using ambient air, the concentrations Oigreement with the disappearance ofCQons in the mass
Os and NG were about 1 ppm and 0.1-0.2 ppm, respectivelygpecirum shown iffFig. 2(b) (ion reaction time: 10 ms) while

greater than in normal air. The enhancement of bothatd
NO, can promote the efficient formation of NO via several
pathways as follow§s,13,14]

they were present in the spectrum showifrig. 2(a) (1.0 ms).

3.3. Formation of HNO3

The primary negative ions generated in a corona discharge

are O and Q. Both react with NQ to form NOG,~, which
can be converted to ND by a reaction with @[15]:

O +NOz - NO, +0, k=10 x10%cm®/s (1)
O, +NO; — NO, + Oy, kr=7x10cm’/s  (2)
NO, + O3 — NO3 + Oy, k3 =12x 10 %cm’/s (3)

The O and @~ ions also react with to produce @~. NO3™
ions are then formed by the reaction witg"Oand NG [15]:

O 403> 03 +0, ki=80x101%nm’/s (4)
Oy, +03— O3 + 0, ks =6x10Pcm’/s (5)
O3 +NO; — NOj3 + Oy, ke = 2.8 x 10%cm?/s  (6)

The reactions of Cewith O~ and @~ lead to the formation of
CO3™ ions, which subsequently reacts with N form NO3~

The results of this study confirm the formation of HRO
in a corona discharge in air, since ions associated with EINO
CO37HNO3, HCO37HNO3, and NG~HNO3 were detected.
Since the electron affinity of HN®is large among neutral
species in air, HN@reacts with most of the primary negative
ions to form NQ~ ions[17]. Therefore, HNQ@ formed by the
discharge plays an important role in negative ion evolution: neg-
ative ions are efficiently converted to NO by reactions with
HNOs. This could be another reason for why negative ions other
than NG~ ions declined rapidly as shown ifg. 2(b).

We conclude that the production of HN@ strongly depen-
dent on the concentration ofB. Fig. 3shows the negative ion
mass spectra at three different®lconcentrations in purified air.
The measurements were made with three guard rings (reaction
time: 10 ms). Indry air (HO: 25 ppm), NQ~ predominated and
the abundance of N HNOsion was very small, indicating that
HNO;3 formation was not very prominent. However, as th&H
concentration increased, the abundance of thg NHINOs ion
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§ NO3~(H20), ions were predominant. The yield of OfH,0),
E r varied depending on the concentration ofHFig. 5shows the
© ) relative abundance of OHH»0), ions, which increased with
Z NO3 HNO; the concentration of pD. This dependence implies that OH
ions resulted from a reaction involvingB. The reaction of O
0 At and HO appears to be the most probable reaction for explaining
[x101] 3 _ 13 3
oL © O +H,O — OH™ + OH, k11=6x10""cm’/s (11)
NO; HNO . . .
- r ' ! If this reaction is responsible for observed Okdns, OH must
5 4L NO; be simultaneously produced, which probably accounts for the
E | formation of HNQ as discussed above. In air rich i @nd
S NO;(HNO;), NO,, OH™ can be further converted to neutral OH by the reaction
R / with Oz and NG [15]:
I OH +03— 05 +OH,  ki2=9x10Ycmd/s  (12)

0 50 100 150 200 250 300
m/z OH™ +NO; - NO; + OH,  kiz=11x10"%cm?/s
Fig. 3. Dependence of negative ion mass spectra in purified air on the concen- (13)

tration of HO: (a) [H20] =25 ppm; (b) 1.1x 10° ppm; (c) 6.1x 10° ppm.

became larger. At a #0 concentration of 6.k 103ppm, the  3.5. Formation of HCO3™ ions

signal of HNGQ~HNO3 exceeded that of N§'. In addition,

HNOs;~(HNOs), appeared, indicating that the concentration of ~ We initially assumed that the ion with/z =124 was due to

HNO3 had increased substantially. Consequently, it is clear thdOs™ ions. Unlike NG~ and NG~HNOg ions, however, this

HNO;z production increases with increasing®iconcentration. 10N peak was prominentonly in mass spectra obtained inambient
The formation of HNQ is thought to proceed by the reaction air. In mass spectra in purified air, the abundance of this ion was

shown below[18]:

15 T T T T
NO, + OH + M — HNO3 + M, — ' ' ' '

k10 = 3.3 x 10 cmP/s (10)

=
—
I

Since the concentration of NQlid not show any significant
dependence on the concentration efH the production of OH

radicals seems likely to be enhanced by the increase;® H
concentration.

Relative Abundance (%)
—

3.4. Formation of OH

) ) ] , 0 T000 2000 3000 4000 . 3000
More direct evidence of the formation of OH radicals can 0o
be found in the spectrum of ions produced in a shorter reac- [H,0] (ppm)

tion time using purified air, as shown Ifig. 4. In the spec- Fig. 5. Dependence of the relative abundance of QH#$0), on the concentra-
trum, OH (H20), were clearly observed while{d(H20), and tion of H,O in purified air at a reaction time of 1.0 ms.
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usually much smaller than that of NOHNOs3. To determine “ NO.- .
the neutral species responsible for this ion, we addeg, KO, o / i \)k
and HO to the purified air. While the peak remained small in E — 0O; 0 NO; — NO, HNO,

0,

the presence of added N@nd HO, the addition of C@ and

o
H,O caused a substantial increase in the signal of this ion. This co. § Iy +
suggests that CO's involved in the formation of the ion peak 1“:" Co;
atm/z=124. Since HO was also necessary for producing this
ion, the contribution of OH and/or OHcan be inferred. From I | U]
these results, we presumed that Okeacts with CQ to form e HNO,
HCO;™ [16]: co. 1
OH™ +CO2 + M — HCO; + M, HCO; b HCO, HNO,
—28 6
kia=7.6x10""cm’/s (14) Fig. 6. Reaction scheme for the evolution of negative ions in air by a corona

and the HC@~ ion is involved in the formation of the ion with "

mlz=124. As a consequence, we assignedrihe= 124 ion to
HCO;~HNO:s.

The formation of HC@~ as one of terminal ions at 18s  HCO3™ ion is the one between HGO(H20) and HCOOH to
under the tropospheric conditions was predicted by Huertas &ive HCO;"HCOOH [20], but it is of little importance except
al. by calculation{10]. In fact, the HCQ~ (m/z=61) ion was for an environment in which the concentration of HCOOH is
observed along with HC§ HNO3 in the spectrum iffrig. 2a).  extremely high. No other reactions have been reported.

It is interesting, however, that HGO almost disappeared and
only a cluster ion of HC@ HNOs3 remained when the reaction
time was increased to about 10 ms, as showRi@ 2(b). In 4. Summary
contrast, both HN@~ and HNGQ~HNO3 were present in the

spectrum at comparable intensities, as showrign 2(b). This Although the evolution time observed in this study was only

suggests that the association of HN@ith HCO3;~ was faster a small fraction of the total ion lifetime, several features of the

than that with NQ~. evolution of negative ions produced by a corona ionizer were
revealed.

3.6. Reactivity of NO3~ and HCO3™ ions in air First, O3 and NQ generated by discharge were shown to

strongly influence the early stages of the negative ion evolution.

Ithas been shown that negative ions produced by a coronaiof-hese byproducts efficiently lead to the dominance ozNO
izer in air evolve into N@Q~, HCO37HNOg3, and NG~ HNO3 ions.
within about 10 ms after ionization. The question arises as to More importantly, the presence of,® was found to be a
how long these ions persist in air. Once HTons are formed, crucial factor in controlling the terminal ion species and their
they react only with molecules with greater electron affinitieslifetimes. HO is the source of OH, and can lead to the forma-
than that of NQ. Since the electron affinity of N§is greater  tion of a large amount of HN@ This accelerates the conversion
than those of major air constituents, only a few compounds i®f primary negative ions to N§ ions, forming NQ~ and
air would be able to react with N ions. One such moleculeis NO3~HNOgz terminal ions. HO also serves as a source of OH
H,SQy, and the reaction of N§ with H,SO4 has beenreported  which reacts with C@ to form HCQ;~. The HCQ~HNO;3

to proceed rapidly19]: cluster ion was one of the terminal ions observed in this study.

_ 8 The reaction scheme for explaining this series of reactions is
NOz +H2SOQy — HSO, + HNGs, described irFig. 6. It should be noted, however, that the scheme
kis = 2.6 x 102 cm®/s (15) Mmay be modified under different operating conditions of corona

discharges or when different types of discharges are employed

However, the concentration obI80, in air is usually very small  because the rates of production o§,NO,, as well as O
and it takes time for the conversion of NOions into HSQ™ (which can produce OH and OHby reaction with HO) could
ions. According to the calculation by Lufgl], HSO;~ ions  be affected by such changes. Considering ion reactivityy NO
dominate over N@™ ions at about 80 s after ionization in unpol- ions are likely the most long-lived ion species in negative ion
luted air. This time may be comparable to the lifetime of the ionevolution in indoor air.
in indoor air (<100 5s). Corona discharge ionizers have been actively utilized in the

There have been a few studies reported on the reactivitiechniques of atmospheric pressure chemical ionization mass
of HCO3™. The binary reaction of HC¢ with SO, to form  spectrometry (APCIMS) and ion mobility spectrometry (IMS)
HSO;~ has been reported to be raid]. Since the concentra- as non-radioactive ionization sourdés3,21] The results of the
tion of SO is normally higher than that of ¥5Qy, the lifetime  present study also provide additional information on the process
of HCO3™ may be shorter than that of NO. However, the fate by which both reactantions and product ions are formed in these
of HSOs;™ is not certain. Another reported reaction relevant totechniques.
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