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bstract

A proton transfer reaction-time-of-flight mass spectrometer (PTR-TOFMS) has been developed for real-time measurements of volatile organic
ompounds in air. The instrument is designed to be operated with a hollow cathode discharge ion source and an ion drift tube at relatively high
ressures. Each component of the system, an ion source, a drift tube, an ion transfer region, and a time-of-flight mass spectrometer, are in detail
haracterized by a number of laboratory experiments. The optimized instrumental configuration enables us to gain high intensities of hydronium
H3O+) ions, typically ∼7 × 105 counts for 1-min integration at a drift tube pressure of ∼5 Torr. It also suppresses background signals, and
nterferences from sample air (NO+ and O2

+), which undergo fast reactions with volatile organic compounds, to ∼0.5% of those of H3O+ ions.
e find that the use of the custom-built discharge source show higher overall sensitivities than of a commercially available radioactive source.

otentials to detect oxygenated VOCs (aldehydes, ketones, and alcohols), halocarbons, and amines are also suggested. The detection limits for

cetaldehyde, acetone, isoprene, benzene, toluene, and p-xylene were determined to be at the sub-ppbv levels for a 1-min integration time. A good
inear response at trace levels is certified, but slight sensitivity dependency on water vapor contents is revealed. We finally demonstrate that the
nstrument can be used for on-line monitoring to detect large variations from emission sources in real-time.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) are a generic name of

he compounds that are readily vaporized into the atmosphere
t normal temperature and pressure. It is well known that VOCs
re emitted from a variety of sources into the atmosphere, and
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lay important roles in controlling air quality by acting as a fuel
or gas-phase photochemistry, leading to the formation of ozone
nd secondary aerosols [1,2]. However, there exist hundreds of
OCs, in particular, around urban area where VOC emissions

rom human and industrial activities are diverse and strong [3],
rohibiting accurate and precise evaluations of the roles of VOCs
n air quality issues. It is also widely known that overwhelming
mounts of VOCs are emitted from the biosphere including land
cosystems and the ocean into the atmosphere [4,5]. Majorities
f biogenically emitted VOCs are short-lived due to their high
eactivity, and play a part in not only photochemistry but also
n the carbon cycle of the earth [6]. For both anthropogenic and
iogenic VOCs, unsaturated (alkene, diene), oxygenated (alde-

yde, ketone, alcohol), and aromatic hydrocarbons are recently
ighlighted in several field studies [7–11]. Owing to a variety
f speciation and high reactivity (hence short lifetime and low
bundance in air), understanding of the behavior and the roles
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f these VOCs in the atmosphere is still limited by quantity
nd quality of the measurements, and requires advancement in
easurement technologies.
A gas chromatographic (GC) method has been widely used

or identification and quantification of VOCs, often being cou-
led with a mass spectrometer (MS) and/or a flame ionization
etector (FID). Although a so-called GC/MS technique has
n advantage of separating a number of VOC species and
f detecting trace amounts, it commonly suffers from time-
esolution. The GC/MS method needs pre-treatment including
re-concentration with cryogenic traps followed by thermal des-
rption of target species. Also, when air is sampled with canisters
r adsorbents, the analysis is off-line and requires further time.
hus analysis with GC/MS is time consuming, and typically

akes at least tens of minutes per sample [12]. Also, during
ample storage and pre-treatment, species with high reactiv-
ty are subject to possible loss and/or transformation by uptake
nto metal-surface and by reactions with oxidants (e.g., ozone),
espectively [12].

Proton transfer reaction-mass spectrometry (PTR-MS) is a
ewly developed on-line method that might compliment the
onventional GC technique. The proton transfer reaction (PTR)
onization is one of chemical ionization (CI), which enables
oft ionization of chemical species that have a proton affin-
ty higher than that of the reagent species (i.e., water in many
ases). The PTR from hydronium ions (H3O+) occur with many
OCs except low-molecular weight non-methane hydrocarbons

NMHCs), and it produces predominantly protonated ions with
ess fragmentation than electron-impact ionization (El) does.
he PTR-MS instrument was first reported by the group at

nnsbruck University [13,14] who coupled a hollow cathode
ischarge ion source and a drift tube with a quadrupole mass
pectrometer (QMS). This development allows on-line measure-
ents of VOCs at parts per trillion by volume (pptv) levels
ithout any pre-concentrations, and is now used to identify

he speciation of VOCs and quantify their mixing ratios in
nvironmental, medical, and food applications [15]. However,
imultaneous detection of several VOCs is not achieved due to
he use of a quadrupole mass spectrometer for the detection of
ons.

Recently, applications of the PTR ionization method to other
ass spectrometric detections including ion trap and time-of-
ight mass spectrometers (TOFMS) have been reported. The
se of ion trap mass spectrometry (ITMS) has the advantage of
high duty cycle. It also has applications of collision-induced
issociation to help diagnose molecular structure of the target
pecies analyzed. For example, a proton transfer reaction-ion
rap mass spectrometer (PTR-ITMS) has a potential to dis-
inguish isobaric species (e.g., methacrolein and methylvinyl
etone) [16,17]. The use of TOFMS has an advantage of high
ass resolution, leading to explicit identification of the com-

ounds of interest. Proton transfer reaction-time-of-flight mass
pectrometer (PTR-TOFMS) instruments with a high mass res-

lution (m/�m > 1000) have been reported, being coupled with
adioactive and hollow cathode ion sources [18–20]. Practi-
ally, separation of isobaric compounds would be easier with
TR-TOFMS than with PTR-QMS. For example, formic acid

T
T
e
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46.0055 amu) and ethanol (46.0419 amu) can be distinguished
y PTR-TOFMS [20]. However, the sensitivity of this discharge-
ased instrument was far less than that of current PTR-QMS
nstruments. Also, a large amount of NO+ and O2

+ ions were
roduced, likely due to the back-diffusion of air from the drift
ube to the hollow cathode ion source [20]. Since the existence
f NO+ and O2

+ ions makes interpretation of PTR mass spectra
ore complicated by producing unfavorable ions in the reac-

ion with VOCs, the formation of NO+ and O2
+ ions should be

uppressed both in the ion source and the drift tube.
We have developed a PTR-TOFMS instrument for simul-

aneous and real-time detection of VOCs that play important
oles in the formation of ozone and secondary organic aerosols
SOA) in air. These species include unsaturated (alkene, diene),
xygenated (aldehyde, ketone, alcohol), and aromatic hydro-
arbons. Our PTR-TOFMS instrument is a combination of a
ustom-built ion source/drift tube and an orthogonal time-of-
ight mass spectrometer. The hollow cathode discharge ion
ource was designed to be coupled with an ion drift tube oper-
ted at a pressure of ∼5 Torr, which is higher than that of the
urrent PTR-QMS and PTR-TOFMS instruments using a hollow
athode discharge ion source. This has a potential advantage to
nhance sensitivity, because a larger amount of sample gases can
e introduced into the drift tube. We report here the design and
haracteristics of our PTR-TOFMS system, and demonstrate its
verall performance.

. Instrumental description

The National Institute for Environmental Studies (NIES)
TR-TOFMS is a custom designed and built instrument, and
as been characterized by a number of laboratory experiments.
schematic diagram of the instrument is shown in Fig. 1. It con-

ists of four components: (1) an ion source, (2) a drift tube, (3) an
on transfer chamber, and (4) a time-of-flight mass spectrometer.
ir samples are delivered to the instrument by means of 1/8-in.
FA-Teflon tubing with a residence time of less than 10 s. The
ample inlet is pressure-controlled by means of a back-pressure
ontroller, but is not temperature-controlled. No particle filter is
laced at the inlet to avoid artifact from organics deposited on the
lter. The instrument is relatively compact in size, and the over-
ll dimension excluding electronics is 800 mm (W) × 500 mm
D) × 800 mm (H).

In the ion source reagent ions are generated from water vapor
ntroduced as a reagent gas by either radioactive or discharge ion
ources. The drift tube is a region where proton transfer reaction
ccurs from reagent ions to sampled VOCs. In the drift tube, gas
hase samples are introduced at the top of it, and ion–molecule
eactions between hydronium ions and VOCs take place. Each
OC sampled is then ionized to be VOC·H+, as expressed in the

ollowing Eq. (1):

OC + H O+ → VOC·H+ + H O (1)
3 2

he ion transfer chamber is an interface of the drift tube to a
OFMS. The protonated ions outgoing from the drift cell are
xtracted, and then directed to a pulse extraction region through
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ig. 1. Schematic diagram of the NIES PTR-TOFMS installment. A discharge
egion are illustrated. IL, inlet lens; OP, orifice plate; MCP, multi-channel plate

n einzel lens. The ions are perpendicularly tilted, and directed
o an ion detector by pulsed high voltages applied to the pulser.
he mass-to-charge ratios of the ions are determined from flight

ime measured in the TOFMS. Characterization experiments are
escribed in detail in the following sections.

.1. Ion source and drift tube

We use both radioactive and discharge ion sources to bet-
er characterize our PTR-TOFMS instrument developed in the
resent work. The radioactive source was used as the reference
or the discharge source since it acts as a clean ionizer compared
o the discharge source. The radioactive source used is a com-

ercially available linear source with Polonium-210 (370 MBq,
-2021, NRD, New York, USA). For a radioactive source water
sed as a reagent gas for PTR ionization was obtained by bub-
ling ultra-high pure N2 into distilled water (Wako Chemicals,
saka, Japan), and was introduced into the ion source located at

he top of the drift tube. Direct introduction of water vapor, as
ade with a discharge source, did not work well, while reasons

re not clear.
The discharge source was designed and built by our labo-

atory, and has mainly been used for the present experiments
21,22]. Water used as a reagent gas for PTR ionization is taken
rom the vapor over distilled water (Wako Chemicals, Osaka,
apan), and was introduced into the ion source at two 1/4-in. inlet
orts symmetrically located at the top plate of the ion source.
he discharge source region consists of three plates insulated by

hin static dissipative Teflon rings (Semitron ESD500, Nippon

olypenco, Tokyo, Japan). The discharge occurs when the volt-
ge at the top electrode is in the range of 3–5 kV. It mainly takes
lace in the narrow space between the first and the second elec-
rodes, and then expands into the relatively wide area between

i
i
fi
(

urce, a drift tube, an ion transfer region, a pulse extraction region, and a flight

he second and the third electrodes through a capillary (1 mm
.d., and 12 mm long). Since the drift voltage applied to third
late is 2–4 kV, the field strength (E/N) of the drift tube ranges
rom 100 to 160 Td. The ion source is designed to allow high
ressure in the drift tube without increasing the back-diffusion
f sample air to the ion source, and thus to minimize production
f artifact ions NO+ and O2

+. Enhancement of the pressure of
he drift tube contributes to increase the amount of sample gases
ntroduced, and thus to achieve high sensitivity.

The design of the ion drift tube and the inlet region to the
ass spectrometer in our system is similar to that described by
anson et al. [23]. The ion drift tube mainly consists of four

tainless steel electrodes separated by static dissipative Teflon
ylinders. Sample air is introduced at the upstream of the drift
ube, which is pumped out through an exhaust port downstream
f the drift tube by a diaphragm pump (MD-4, Vacuubrand,
ertheim, Germany). Typical pressure in the drift cell is∼5 Torr.

he inlet region to the mass spectrometer consists of two plates,
n inlet lens (IL) and an orifice plate (OP). The IL is 3 mm thick
nd has a 5 mm i.d. hole at the center. The OP is combined with
50 �m thick and 400 �m i.d. aperture disk of stainless steel

Lenox Laser, Glen Arm, MD, USA). The voltages applied for
oth plates can be adjusted to reduce highly clustered ions and
ence to maximize the relative intensity of H3O+ ions. More
etails on the discharge source are described in our previous
aper [21].

Fig. 2 shows distributions of the hydronium ions and its clus-
er ions as a function of the E/N ratio in the drift tube. The
/N ratio acts as an indicator of the collision energy of the
on–molecule reactions in the drift cell. In this experiment, the
on drift tube pressure was kept constant at 5 Torr and the electric
eld was varied with sample air under relatively dry conditions
absolute humidity of ∼0.2%). The high E/N ratios result in
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Fig. 2. Dependence of the H3O+·(H2O)n (n = 0–2) cluster ion distributions on
the E/N ratio in the drift tube (left axis). Also shown is the dependence of
the protonated ions (right axis) for acetaldehyde, acetone, isoprene, benzene,
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oluene, and p-xylene. The drift tube pressure was 5 Torr and the E inlet was
ept at 400 V/cm. The sample air containing VOCs was introduced into the
nstrument under relatively dry condition (absolute humidity of ∼0.2%).

nhancement of H3O+, and in suppression of its cluster ions (i.e.,
3O+·H2O and H3O+·(H2O)2). The H3O+ ions dominate more

han 90% of the total hydronium ions above 100 Td, and reach as
uch as 98% at 160 Td. In contrast, H3O+·H2O ions gradually

ecrease from 8% (100 Td) to 2% (160 Td). The H3O·(H2O)2
ons are only less than 0.2% in the range of 100–160 Td. These
esults suggest that high E/N values promote the dissociation
f water from hydronium ions in the drift tube; similar cluster
issociation might take place in other parts of the instrument
e.g., the exit of the drift tube). The overall signal of H3O+

ncreased from 5 × 105 to 7 × 105 counts with increasing E/N
alue from 100 to 160 Td by 1-min integration at a repetition
ate of 10 kHz. Although this provides an upper-limit estimate
f the H3O+ counts in the drift tube, the actual amount of H3O+

ons in the drift tube was not exactly known, as discussed below
n relation with Fig. 3.

The ion intensities for benzene and toluene substantially

ncreased with increasing E/N values from 100 to 130 Td, with
he maximum around 130–140 Td. The ion intensity for p-xylene
howed a similar, but more moderate trend. The absolute amount
f H3O+ ions in the drift tube increased from 100 to 130 Td,

ig. 3. Dependence of H3O+·(H2O)n (n = 0–2) cluster ion distribution on the
lectric field applied between an inlet lens and an orifice plate (left axis). Also
hown is the dependence of the protonated ions (right axis) for acetaldehyde,
cetone, isoprene, benzene, toluene, and p-xylene. The drift tube pressure and
oltage are 5 Torr and 200 V/cm, respectively, resulting in the E/N value of
35 Td.
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nd therefore the detection efficiencies for these species would
ncrease. However, the actual amount and distribution of H3O+

nd its water clusters in the drift tube could not be exactly
nown with the use of an inlet lens, and the relatively small
ncrease (∼30%) in observed H3O+ ion signals was probably
ot a contributing factor to the strong increase in the protonated
enzene and toluene. At lower E/N values substantial amounts
f H3O+·H2O ions were observed. While benzene and toluene
o not react with H3O+·H2O ions, p-xylene does, but slowly.
uch differences in the reactions of VOCs with water-clustered
ydronium ions would contribute to the observed trends for these
pecies. This assumption is also supported by the trend of ace-
one, which undergoes fast reactions with H3O+·H2O ions and
howed enhanced intensity at lower E/N values.

The ion intensity for isoprene drastically decreases with the
ncrease in E/N values from 100 to 160 Td, implying that frag-
entation reactions take place with isoprene more effectively.

n fact, the ion intensity at 29 amu and 41 amu increases as the
ecrease in the ion intensity of protonated isoprene (69 amu).
his is reasonably explained by the assumption that the 29 amu
nd 41 amu are C2H5

+ and C3H5
+, respectively, produced by

he fragmentation of isoprene. The reaction of isoprene with
3O+·H2O might also contribute to the relative increase of pro-

onated isoprene at lower E/N values. We typically made the
ollowing experiments at values in the range of 130–140 Td,
hich are in good agreement with previous studies [15].
Fig. 3 shows distributions of the hydronium ions and its clus-

er ions as a function of electric field (E inlet) between an inlet
ens and an orifice plate. The inlet lens and the orifice plate are
ften used to focus the ion beam into the transfer region and
o reduce the water cluster ion counts. The resulting effect is
ometimes confusing with respect to the PTR conditions in the
rift tube (i.e., the amount and distribution of hydronium ions
nd cluster ions). Note that the signals displayed here were not
xactly those for the drift tube, where PTR occurs, but rather
he overall ion counts detected by the TOFMS. At low elec-
ric field, substantial amounts of H3O+·H2O and H3O+·(H2O)2
ons are detected. The H3O+·H2O ions are predominant from
75 to 275 V/cm, showing as much as 70% of the total hydro-
ium ions. However, H3O+ ions are predominant at electric field
igher than 275 V/cm, and they are more than 90% in the range
f 350–500 V/cm. This suggests that cluster distributions of the
ydronium ions are largely affected by the electric field at the
xit of the drift cell, and that clusterization of the hydronium ions
lso happen when the ions are ejected from a small exit orifice.
he high electric field at the exit of the drift cell is effective to
aximize the H3O+ intensity by suppressing clustering of the

ydronium ions.
The signals of the protonated ions for acetaldehyde, ace-

one, isoprene, benzene, toluene, and p-xylene show moderately
ncreasing trend with the increase in the electric field. These fea-
ures are in close agreement with those in previous papers [23].
he fact that isoprene shows large dependence on E inlet values,

uggest that it readily undergoes fragmentation by the increase
n collisional energy above 350 V/cm. Although the ion inten-
ity of protonated isoprene starts decreases, we typically set the
lectric field in the range 350–400 V/cm.
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obtained with a radioactive ion source (210Po, 370 MBq). Water
vapor was introduced by bubbling liquid water in the reservoir
with ultra-pure N2 from a gas cylinder. The optimized pressure
and the E/N ratio of the drift tube were 7 Torr and 123 Td, respec-
H. Tanimoto et al. / International Jour

.2. Time-of-flight mass spectrometer

We use an orthogonal TOFMS for the detection of ions. Our
OFMS consists of an ion transfer region, a pulse extraction

egion, and a field-free flight region with a multi-channel plate
MCP) ion detector. For the transfer chamber, the pulse extrac-
ion region, and the flight tube, turbo-molecular pumps (Varian,
alo Alto, CA, USA) with a pumping speed of 320, 750, 250 l/s,
espectively, are deployed, being backed up by two dry scroll
umps (Anest Iwata, ISP-250, Yokohama, Japan). This combi-
ation results in pressures of 10−4, 10−6, and 10−7 Torr in the
ransfer chamber, the pulse extraction region, and the flight tube,
espectively.

The transfer region acts as an interface between the drift tube
nd the TOFMS. It is important to minimize the loss of the
ons in the ion transfer region to enhance the detection sensi-
ivity, and hence the transfer region is designed to minimize
he ion loss by differentially pumping with a conical skimmer
∼2 mm i.d.). Fig. 4 shows ion signals detected as a function of
distance between the drift cell exit orifice and the entrance of

he skimmer in the ion transfer region. Not only internal diam-
ter and angle of the skimmer, but the distance is optimized
o enhance overall ion intensity detected by the TOFMS. The
bserved ion intensity of the H3O+ ions and H3O+·H2O ions
as clear dependence on the orifice-skimmer distance with the
aximum intensity at 12 mm. The ions are then focused and

ransported by means of an einzel lens, a set of three cylindri-
al lenses, toward the pulse extraction module. The pulser is
omposed of three electrodes, to two of which high voltages are
pplied using transistor switches (HTS-81, Behlke, Kronberg,
ermany). The rise-time of the 5-kV pulse voltage applied to

he first electrode of the pulser, defined as the time for the pulse
o rise from 10% to 90% of the maximum, was estimated to be
0 ns. This short rise-time is achieved by the use of relatively
mall resistance obtained by combining six resistors in parallel.
he pulse voltage was then kept during 1 �s when the transis-
or switch was turned on. At 5 kV the fluctuations were in the
ange of ±0.1 kV (±2σ). The overall resistance used between
he first electrode and the ground is 70.5 k�, resulting in a heat
alue of 0.82 mJ per pulse. Since the overall power consump-

ig. 4. The signals of H3O+ (m/z = 19) and H3O+·H2O (m/z = 37) ions as a
unction of distance between an exit orifice of the drift tube and a skimmer of
he ion transfer region.
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ion is substantially reduced, we apply the 5 kV pulse voltage at
frequency of 10 kHz to the pulser. A pulse voltage of 4.5 kV

s applied to the second electrode with another set of resistance
70.5 k�). A two-dimensional steerer and an einzel lens are used
o modify the ion beam direction and to prevent divergence of the
eam. We use a 50 cm long single-path flight tube to minimize
ossible loss of the ions during transport to the detector, while
xcellent mass resolution is not achieved. The ions are detected
ith a dual multi-channel plate (MCP, TOF-2003, Burle, Lan-

aster, PA, USA) ion detector. The ion signals are transferred to
time-to-digital converter (TDC, P7887, Fast Com Tec, Ober-
aching, Germany) with 2 ns time bins, where the ion signals are
iscriminated, counted, and integrated during 1–5 min at a repe-
ition rate of 10 kHz. The mass number is calibrated against the
eference mass spectra obtained in the discharge of noble gases
e.g., Kr and Xe). The full width at half maximum (FWHM) at
urrent conditions is 0.35, 0.56, and 0.60 at 19, 59, and 107 amu,
espectively.

. Results and discussion

.1. PTR mass spectra with a radioactive ion source

Fig. 5 shows PTR mass spectra of zero-air and seven VOCs
ig. 5. PTR mass spectra (upper panel) of zero-air supplied by pressurized
ltra-high purity air, and (lower panel) of seven VOCs (propene, acetaldehyde,
cetone, isoprene, benzene, toluene, and p-xylene) at 50 ppbv mixing ratios
rovided by dilution of the standard gases (5 ppmv) with zero-air, obtained with
radioactive ion source (210Po source, 370 MBq). Pressure and the E/N of the
rift tube were 7 Torr and 123 Td, respectively. The data were integrated during
min at a repetition rate of 10 kHz. The index numbers are: 1, propene, 43 amu;
, acetaldehyde, 45 amu; 3, acetone, 59 amu; 4, isoprene, 69 amu; 5, benzene,
9 amu; 6, toluene, 93 amu; and 7, p-xylene, 107 amu.
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ively. The data were integrated during 1 min at a repetition rate
f 10 kHz. The use of a radioactive source makes it possible
or us to increase the drift tube pressure up to 7 Torr, where the
artial pressure of H2O/N2 and the sample air is 2 and 5 Torr,
espectively. The mass spectra of zero-air supplied by pressur-
zed cylinders of ultra-high purity air show a prominent peak
f H3O+ (19 amu) and a small peak of H3O+·H2O (37 amu).
he peak of H3O+·(H2O)2 is identified at 55 amu, though it

s much smaller than other two peaks. The other minor peak
bserved at 21 amu is assigned to be H2

18O+. The peaks at 33
nd 47 amu, attributed to CH3OH·H+ and C2H5OH·H+, respec-
ively, were probably due to impurities of methanol, and ethanol
nd/or formic acid. There are also some background signals of
cetaldehyde and acetone at 45 and 59 amu, respectively.

The mass spectra are examined for seven VOCs. The
OCs gas standard containing propene (C3H6), acetaldehyde

CH3CHO), acetone (CH3C(O)CH3), isoprene (C5H8), benzene
C6H6), toluene (C6H5(CH3)), and p-xylene (C6H4(CH3)2) is
ravimetrically prepared in a aluminum gas cylinder balanced
n nitrogen (5 ppmv, Japan Fine Products, Kawasaki, Japan). The
tream of the standard gas is dynamically diluted with dry zero-
ir provided by either a zero-air generator or ultra-high purity air
ylinders (99.9999%, Japan Fine Products, Kawasaki, Japan) to
e parts per billion by volume (ppbv) levels. The measurements
ade at the VOC mixing ratios of 50 ppbv show the peaks of
3O+ (19 amu), H3O·H2O (37 amu), and H3O·(H2O)2 (55 amu).

n addition to these three peaks originated from the reagent ions,
ix apparent peaks at 45, 59, 69, 79, 93, and 107 amu and a
ery small peak at 43 amu are observed. These peaks correspond
o protonated VOCs: acetaldehyde, acetone, isoprene, benzene,
oluene, p-xylene, and propene, respectively. The results reveal
hat the instrument background with a 210Po radioactive source
s relatively small, and emerging artifact signals including NO+

r O2
+ ions were not observed. The fact that either NO+ or O2

+

ons are not observed suggest that the background mass spectra
re not affected by the introduction of the sample air. Although
etection of propene is not well achieved, other six species are
learly identified at quantification levels.

.2. PTR mass spectra with a hollow cathode discharge ion
ource

Fig. 6 shows PTR mass spectra of zero-air and seven VOCs
btained with a discharge ion source. Water vapor was directly
ntroduced from the headspace of liquid water in the reservoir
ithout any bubbling. The optimized pressure and the E/N ratio
f the drift tube were 5 Torr and 135 Td, as the discharge is
ot stable enough at the pressure greater than 5 Torr. The abso-
ute abundance of the reagent ions is more intense than that
btained with the radioactive source. It is estimated to be approx-
mately one order of magnitude stronger. The relative abundance
f H3O+·H2O and H3O+·(H2O)2 ions in reference to H3O+

as suppressed at much smaller levels than with the radioac-

ive source, probably because more water vapor was introduced
nto the ion source. The efficiency of the proton transfer reac-
ion from hydronium ions to VOCs became approximately 3
imes higher for all seven compounds. Note that peaks of arti-

t
g
s
m

repetition rate of 10 kHz. Two artifact signals of NO and O2 are indicated
ith asterisks (*).

act signals of NO+ (30 amu) and O2
+ (32 amu) were identified,

ecause these ions can compete and interfere with hydronium
ons in the PTR ionization of VOCs [24–27]. Several other
eaks are also significantly identified in the background mass
pectra, indicating that the discharge source was dirtier than
he radioactive source and provided a higher instrument back-
round. Detailed peak assignments were described previously
21]. However, the levels of these background ions were smaller
ompared to previous studies reporting a PTR-TOFMS with a
ollow cathode discharge source [20], and subtraction of the
ackground mass spectrum from the sample mass spectrum can-
els potential interferences from these background ions for the
etection of trace amount of VOCs, as demonstrated by Inomata
t al. [21].

Measurements of the standard gases show seven apparent
eaks at 43, 45, 59, 69, 79, 93, and 107 amu, corresponding
o protonated VOCs: propene, acetaldehyde, acetone, isoprene,
enzene, toluene, and p-xylene, respectively. This demonstrates
hat all the seven VOCs including alkenes, carbonyls, and aro-

atics are simultaneously detected as the form of protonated
ons at ppbv levels with the discharge source by our PTR-
OFMS instrument. The background signals observed do not
hange except small consumption of NO+ and O2

+ ions, between
he background and the sample mass spectra, indicating that

hese influence can be canceled by frequently performing back-
round measurements during the course of measurements of
ample air, even if the discharge source provides higher instru-
ent background than the radioactive source does.



H. Tanimoto et al. / International Journal of

Fig. 7. PTR mass spectra of several alcohols, ketones, amines, and halogenated
c
E
a

3

t
i
e
m
h
c
d
i
v
c

a
1
t
(

i
i
d
s
n
z
r
o
o
s

t
d
l
n
1
b
o
c
c
(2)):

F
t
H

arbons at ppbv levels with a hollow cathode discharge source. Pressure and the
/N of the drift tube were 5 Torr and 120 Td, respectively. The spectra shown
re sample minus the background.

.3. Performance and demonstration

We explored possibilities of our PTR-TOFMS instrument
o detect other compounds of atmospheric or environmental
nterest. Fig. 7 shows mass spectra of the samples containing sev-
ral alcohols (methanol, ethanol), carbonyls (propionaldehyde,
ethacrolein, methylethylketone), amines (triethylamine), and

alocarbons (chlorobenzene, trichloroethylene) with a hollow
athode discharge source. The samples were prepared by static

ilution of vaporized reagent liquid with dry zero-air. The mix-
ng ratios of each species were at sub-part per million by
olume (ppmv) levels. All the eight species tested are suc-
essfully detected as the protonated ions. For chlorobenzene

[

ig. 8. Instrument responses to VOCs in the range of 0–100 ppbv. Measurements we
he E/N of the drift tube was 135 Td. Signals on the vertical axis are peak area basis

3O+ signals at 1 × 106 counts.
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nd trichloroethylene, the signals are split into two (113 and
15 amu) and four (131, 133, 135, and 137 amu) peaks, respec-
ively. This originates from the existence of chlorine isotopes
35C1 and 37C1), of which natural abundance is estimated as 3:1.

Fig. 8 shows response of the ion signals of protonated VOCs
n the range of 0–100 ppbv levels observed by our PTR-TOFMS
nstrument. Samples of VOCs at ppbv-levels were prepared by
ynamic dilution of gas standards by dry zero-air. The least
quare fits clearly indicate excellent linearity (R2 > 0.99) and
egligible intercepts for acetaldehyde, acetone, isoprene, ben-
ene, toluene, and p-xylene. For propene, however, a poor linear
esponse and a small intercept were observed, probably because
f a lower sensitivity than for the other six compounds and
f fragments from other compounds such as acetone (data not
hown).

The detection sensitivities of our PTR-TOFMS instrument to
he seven species were calculated based on the linear responses
iscussed above, and were normalized against H3O+ signals at
× 106 counts (Table 1). With an integration time of 1 min, the
ormalized sensitivities were 13, 174, 237, 102, 34, 111, and
84 ncounts/ppbv for propene, acetaldehyde, acetone, isoprene,
enzene, toluene, and p-xylene, respectively. In order to compare
ur sensitivities to values obtained previously with PTR-QMS,
onversion factors (c.f.) were applied to convert normalized
ounts/ppbv into normalized counts per second (cps)/ppbv (Eq.
ncps

ppbv

]
= c.f. ×

[
ncounts

ppbv

]
(2)

re integrated during 1 min at a repetition rate of 10 kHz at a pressure of 5 Torr;
of sample minus background measurements, and are normalized to those with
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Table 1
Sensitivities of the NIES PTR-TOFMS instrument to seven VOCs

Species
(detected mass)

Normalized sensitivitya

(ncounts/ppbv)
Conversion
factor

√
19/M

Normalized sensitivitya

(ncps/ppbv)
Hanson
et al. [23]

de Gouw et al. [28],
Warneke et al. [29]

Whyche
et al. [30]

Ennis
et al. [20]

Propene (43) 13 ± 3 0.665 9 ± 2 – 16 – –
Acetaldehyde (45) 174 ± 9 0.650 113 ± 6 90–115 27 50 –
Acetone (59) 237 ± 11 0.567 134 ± 6 240 64 51 28
Isoprene (69) 102 ± 5 0.525 54 ± 3 120 32 – –
Benzene (79) 34 ± 2 0.490 17 ± 1 – 34 – –
Toluene (93) 111 ± 7 0.452 50 ± 3 – 45 26 4
p-Xylene (107) 184 ± 13 0.421 77 ± 6 – 19 – –
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Fig. 9 shows cluster distribution and the dependence of the
sensitivity for seven VOCs on water vapor content in sample
air. The signals are normalized against H3O+ signals. The rela-
tive abundance of H3O+·H2O ions gradually increased with the
a Sensitivities are normalized to those with H3O+ signals at 1 × 106 counts,
er parts per billion by volume; ncps/ppbv, normalized counts per second per p

he conversion factors were calculated with reference to the ion
ntensity of H3O+ (19 amu), and are mass-number dependent
i.e., the factor decreases with increasing mass number), taking
he mass dependency of the duty cycle in TOFMS into account
21].

This eventually provides conservative estimates, even though
ncertainties of the conversion factors are taken into account.
he normalized sensitivities per second for propene, acetalde-
yde, acetone, isoprene, benzene, toluene, and p-xylene were
etermined to be 9, 113, 134, 54, 17, 50, and 77 ncps/ppbv,
espectively, and could be compared to previously reported val-
es obtained with PTR-QMS and PTR-TOFMS [20,23,28–30].

Our sensitivities for acetaldehyde, acetone, and isoprene are
omparable to the values reported by Hanson at al. [23] and are
arger than those obtained in other studies [20,28–30]. This is
ikely due to the relatively high drift tube pressure attained in
ur instrument, as enhancement of the drift tube pressure greatly
mproves sensitivity in conventional PTR-QMS measurements
23]. The fact that isoprene showed a relatively smaller sensi-
ivity, may be because our system was operated at a higher E/N
alue (135 Td) than Hanson et al. (110 Td), allowing more frag-
entation. For aromatics, the sensitivities in the present work
ay not be compared with those from Hanson et al. [23], but

an be compared with PTR-QMS results reported by de Gouw
t al. [28] and Warneke et al. [29]. The sensitivity values for
oluene and p-xylene are comparable to or even higher than
hose reported by de Gouw et al. [28] and Warneke et al. [29],
ut that of benzene is significantly smaller, likely because of the
nknown cluster distribution in the drift tube. Comparisons with
he latest performance values of other PTR-TOFMS instruments
20,30] suggest that the sensitivities obtained in this work are
pproximately double those reported by Whyche et al. [30]. The
arge difference with the values reported by Ennis et al. [20] who
eployed a discharge ion source, was likely due to the difference
n pressure in the drift tube.

We calculated the detection limits for the seven VOC
pecies, based on signals (peak height) and noise (fluctuation
f background level), hence signal-to-noise ratios (S/N) in the
ample—i.e., the background mass spectrum. The background

nd noise levels were found to depend slightly on the mass num-
er. We observed more background signals in the lower mass
egion and less in the higher mass region, due to instrument back-
round signals produced by the discharge source (Fig. 6). The

F
V
a
t
1

ror bars are 95% confidence levels by t-test. ncounts/ppbv, normalized counts
er billion by volume.

ackground ranged from less than 1 to 4 counts and the noise (2σ

uctuations of the background level) around the target peaks typ-
cally ranged from 2 to 5 counts (both as raw signals). The current
etection limits at S/N = 2 were determined to be 2282, 393, 290,
78, 540, 485, and 362 pptv for propene, acetaldehyde, acetone,
soprene, benzene, toluene, and p-xylene, respectively, for a 1-

in integration time. Propene shows the highest detection limit
ue to its low sensitivity. The detection limit for isoprene is not
s good as for other species, likely because of decomposing frag-
entation, which possibly takes place with our current settings.
lthough acetaldehyde and acetone had higher peak heights than

romatics, the noise levels for mass numbers between 40 and
0 amu were also higher, limiting the detection of acetaldehyde
nd acetone.
ig. 9. Cluster distribution (top panel) and sensitivity dependence for several
OC species (middle and bottom panel) on absolute humidity (v/v) in sample
ir. The E/N ratio is 135 Td, and the drift tube pressure is 5 Torr. The room
emperature is 22 ◦C. The signals are normalized to those with H3O+ signals at
× 106 counts.
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Fig. 10. An example of PTR mass spectra observed in car exhaust plume. The
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ackground mass spectrum is subtracted from that of the sample. The spectrum
as integrated during 1 min at a repetition rate of 10 kHz. The ion signals at
5 amu (H3O+·(H2O)2) are masked.

ncrease in absolute humidity in sample air. The tendency of
he dependence differs for each species. The ion signals of pro-
onated benzene and toluene decrease with the increase in the
bsolute humidity. In contrast, the signals of protonated acetone
ncrease with the increase in the absolute humidity. Propene,
cetaldehyde, isoprene, and p-xylene show almost constant trend
long with the absolute humidity. This feature is in close agree-
ent with those reported in previous papers [23,31]. Different

ehaviors in these VOC signals with humidity are probably
ue to differences in reactions with water-clustered hydronium
ons, as there are no PTR reactions of benzene and toluene with

3O+·H2O and H3O+·(H2O)2, but with acetone such reactions
re very efficient [31].

Fig. 10 shows an example of PTR mass spectra observed
uring measurements of exhaust gas from vehicle using gaso-
ine. Plumes from car exhaust were directly sampled by means
f 1/4-in. Teflon tubing for subsequent detection by the PTR-

OFMS instrument. Mainly observed were peaks at the mass
umbers 57, 59, 61, 93, 107, 121, and 135 amu. It should
e noted that one can not explicitly identify the VOCs only
y interpretation of PTR mass spectra, since compounds that

i
n
i

ig. 12. Ion intensities of VOCs from car exhaust as a function of time and the mas
asked. Minutely data are plotted.
ig. 11. Temporal variations of the ion signals for the major seven mass numbers
bserved in car exhaust plume. The ion signals plotted are peak area for minutely
ata.

ave the same mass number including isobaric compounds and
tructural isomers appear at the same mass-to-charge ratios.
lso the PTR ionization sometimes causes fragmentation for

elatively fragile species including alkenes, terpenes, and multi-
unctional organics [32]. Therefore, accurate identification and
uantification of VOCs by PTR-MS in unknown samples needs
uxiliary analysis with well-established techniques, conven-
ionally, for example, gas chromatography–mass spectrometry

ethods [28,33]. Therefore, although explicit identification was
ot made in this work, possible peak assignment suggests
hat butene (C4H8)/2-methyl-1-propene (C4H8) (57 amu), ace-
one (C3H6O)/propionaldehyde (C3H6O) (59 amu), acetic acid
C2H4O2)/l-propanol (C3H8O)/isopropanol (C3H8O) (61 amu),
oluene (C7H8) (93 amu), xylenes (C8H10) (107 amu), trimethyl-
enzene (C9H12) (121 amu), and tetramethylbenzene (C10H14)
135 amu). These mass peaks were detected in the PTR-QMS
easurements of diesel engine exhaust, suggesting that benzene

nd toluene are of pyrogenic origin [34].

Fig. 11 depicts temporal variations of the ion signals observed

n car exhaust. Minutely data are plotted for major seven mass
umbers identified (i.e., 57, 59, 61, 93, 107, 121, 135 amu). The
nstrument is able to follow quickly changing mixing ratios at

s number from 40 to 180 amu. The ion signals at 55 amu (H3O+·(H2O)2) are
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pmv levels of several VOCs from the emission source in real-
ime. Several species including those with mass numbers of 57,
9, 93, 107, and 121 amu show large temporal variation on short
ime scales even on the order of minutes, depending on the
tatus of the engine (e.g., idling or accelerating). In contrast,
he changes in the mass signals at 61 and 135 amu were rather
mooth, implying that behavior of the VOCs emitted from the car
xhaust depends on speciation, or that these sticky compounds
re influenced by memory effects in the gas inlet and Teflon
lumbing.

Fig. 12 illustrates the ion intensities of VOCs from car exhaust
s a function of the mass number and measurement time. Large
on intensity is found at the mass numbers of 57, 59, 61, 93,
07, 121, and 135 amu. The mass number at 121, very likely
hat of protonated trimethylbenzene, reveals the most abundant
ntensity among all peaks identified. Several other peaks are
lso identified at the mass numbers of 43, 45, 69, 71, 73, 79,
3, 85, 87, 119, 133, and 149 amu. Although these peaks are all
n small amounts, their temporal variations correspond well to
hose of major seven peaks displayed in Fig. 11. These behav-
ors highlight two-dimensional views of the variability of VOCs
utgoing of the car exhaust, and demonstrate possible applica-
ions of PTR-TOFMS in emission studies to characterize VOCs
eleased from the primary sources.

. Conclusions

A proton transfer reaction-time-of-flight mass spectrometer
as been developed for real-time measurements of organic com-
ounds in air. A custom-built hollow cathode discharge source
s employed for the ion source to facilitate deployment of the
nstrument in field studies. These efforts enable us to perform
ighly time-resolved measurements of VOCs with improved
bsolute detection limits compared to similar systems.

To summarize the overall performance of the NIES PTR-
OFMS instrument, the system can detect ions as heavy as
0,000 amu with a 10 kHz repetition rate, but we normally record
he mass signals in the range of 10–1000 amu. While the mass
esolution is ∼100, which is not as high as in systems equipped
ith a reflectron [18–20], the absolute detection sensitivity and
ence the detection limit are greatly improved. The duty cycle
s ∼1%. The absolute H3O+ intensity with the discharge source
as about one order of magnitude larger than that with the

adioactive source. We determined the lower detection limit
S/N = 2) with the discharge source to be in the range of sub-ppbv
or acetaldehyde, acetone, isoprene, and aromatic species with
-min integration time. The stability of the ion source is within
% for 6 h, but evaluation of the lifetime of the discharge source,
nd the frequency of the maintenance (cleaning and recovery)
eeds further experiments. Preliminary experiments suggest that
he sensitivity can be significantly recovered by cleaning with
lkaline solution, but not with an acidic one.

Future improvements include deployment of a reflectron for

igh-mass resolution, and improvement of the ion transfer region
o minimize the ion loss. Characterization and optimization of
he sample inlet conditions in the field are further tasks to be
ddressed. The PTR-TOFMS instrument can be a powerful tech-

[
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[
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ique for studies, in which real-time measurements of several
OCs in air at trace levels are needed. These include charac-

erization of VOCs from emission sources, field observations of
hort-lived species, and laboratory studies on chemical transfor-
ation of VOCs.
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