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Photoionization Time-of-Flight Mass Spectrometry
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Department of Chemical Engineering, University of California, Los Angeles, California

ABSTRACT

Gas phase concentrations of individual polycyclic aro-
matic hydrocarbons (PAHs) were measured in real time in
combustion products from a co-flow diffusion flame us-
ing laser photoionization (LP) time-of-flight mass spec-
trometry (TOF/MS). In particular, a naphthalene detec-
tion sensitivity of 4 parts per billion (ppb) was demon-
strated. The use of calibration mixtures with argon indi-
cated the feasibility of naphthalene detection at about 45
parts per trillion (ppt) at a signal-to-noise (S/N) ratio of
20. This suggests the possibility of low-ppt level detec-
tion at a S/N of 1. The novelty of the system is the use of
a heated sampling probe and a continuously purged,
heated-pulse valve that was positioned close to the ion-
ization zone, thereby allowing the generation of photoions
in the high-density region of the sample jet, where con-
centrations of PAH are high. Because the system devel-
oped allows for the real time detection of select species, it
represents a useful tool in continuous emissions moni-
toring (CEM) for environmental compliance as well as
direct process control.

IMPLICATIONS

The development of real-time, ultrasensitive monitoring of
trace air toxics is of considerable practical interest for air
quality. Air toxics include polycyclic aromatic hydrocarbons
(PAHSs), which are the largest single class of chemical car-
cinogens known today. PAHs are generated primarily by
combustion processes. At present, no technology exists
for the real-time detection of PAHs. When PAH emissions
data are needed, this is accomplished by using a variety
of tedious technigues based on gas chromatography/mass
spectrometry or liquid chromatography/fluorescence.
These approaches are time consuming, expensive, and
not suitable for the continuous monitoring of PAHs. Here
we report on the development and use of a laser photo-
ionization (LP), time-of-flight (TOF) mass spectrometer
(MS) system for the ultrasensitive and real-time detection
of PAHSs in hot combustion products. With the further de-
velopment of this technology, we will be able to continu-
ously monitor and, therefore, control PAH emissions from
combustors, thereby allowing the safe operation of these
devices.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are the largest
single class of chemical carcinogens known today,! and
are generated primarily by combustion processes.? The
latter include stationary sources such as power genera-
tion plants, boilers, and heaters, as well as mobile sources
that include gasoline and diesel engines. In addition, PAHs
are often associated with soot production, which itself is
an environmental hazard. Soot formation also represents
a loss in combustion efficiency.

At present, virtually all PAH determinations are made via
the “pre-concentration” method.** In this approach, gases
bearing trace PAHs are withdrawn, by use of probes, from com-
bustion processes and passed over a variety of organic
adsorbents, the most common being XAD (styrene-
divinylbenzene polymer) resins and Tenax (2,6-diphenyl-p-
phenylene oxide polymer), for extended periods of time (any-
where from 10 min to several hours, depending on conditions),
thereby accumulating enough PAHs so that they can be de-
tected by available analytical instruments. The PAHs captured
on the adsorbates are then recovered by Soxhlet extraction,
using solvents such as methylene chloride, cyclohexane, ben-
zene, toluene, and ether, with each solvent providing for the
improved extraction of select PAHs.® The extraction process
typically takes anywhere from 6-48 hrs to ensure the recovery
of most of the PAHSs. The extracts are then concentrated, with
internal standards added, and analyzed using gas chromatog-
raphy/mass spectrometry (GC/MS) or liquid chromatography/
fluorescence (LC/F).

As a consequence of the many steps involved, “pre-con-
centration” techniques are far too slow and expensive, possess
considerable uncertainties, and thus are not suitable for the
continuous monitoring of these pollutants in combustion ef-
fluents. There is a need, therefore, for the development of sen-
sitive, fast, reliable, and cost-effective techniques.

Laser photoionization (LP) coupled to time-of-flight
mass spectrometry (LP-TOF/MYS) effectively solves these
problems and provides near-instantaneous and sensitive
detection of individual PAHs.”-° However, these methods
were not broadly applicable and the reported sensitivities
of detection were on the order of hundreds parts per bil-
lion (ppb) to parts per million (ppm), and therefore not
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particularly suitable for continuous monitoring of PAH
emissions from practical combustion systems.

It should be noted that several optical techniques,
such as laser-induced fluorescence (LIF) and photoioniza-
tion detection (PID), have also been developed over the
years to monitor PAH concentrations in the gas phase.!!4
However, these approaches provide information only on
the total amount of PAHs present in the system, without
speciation. This is a significant drawback because only a
select number of PAHs, such as dibenzo(a,h)-anthracene,
benzo(a)pyrene, and indeno(123,cd)pyrene induce the
greatest health risks.! Consequently, total PAH measure-
ments are an insensitive marker to assess the risks induced
by combustion devices.

In recognizing these problems, we developed a highly
sensitive, real-time detector to monitor PAHs in hot com-
bustion products by exploiting laser photoionization and
time-of-flight mass spectrometry (LP-TOF/MS).

EXPERIMENTAL APPROACH
A sketch of the LP-TOF/MS system developed is shown in
Figure 1 with the co-flow burner used in the flame experi-
ments. The burner was made from three concentric stain-
less steel tubes, with the fuel flow through the inner tub-
ing (1 cm i.d.). The fuel flow was surrounded by the air
flow in the annular region and argon shield gas through
the outermost tube. Flame sampling was accomplished
by withdrawing gases from within the flame along the
central axis of the burner using a heated 6-mm o.d. quartz
microprobe having an orifice diameter of about 0.150 mm
at its tapered tip. A heated quartz wool filter was used to
remove soot and particulate matter from the gas stream.
Because of the possibility of PAHs adsorbing onto soot
surfaces and thereby remaining on the quartz filter, we
kept the filter at a minimum temperature of 200 °C and
at subatmospheric pressure. This approach allows more
than 95% of phenanthrene to desorb off the filter and
remain in the gas phase.? The samples were transferred to
the LP-TOF/MS system through silica-lined steel tubing
and introduced into the vacuum chamber via a pulse valve
through a 0.3-mm diameter orifice. The pulse valve was a
commercially available solenoid unit (Series 9, General
Valve, NJ) that was modified by welding a pair of 1/16"
nickel tubing to the valve body, to provide continuous
purging of the valve orifice area. The sampling system,
which includes the probe, transfer lines, and pulse valve,
was maintained at temperatures between 150 °C and 250
°C and at slightly subambient pressures to minimize the
condensation or adsorption of PAHs on surfaces. The fea-
sibility of this sampling technique for PAH determina-
tion has recently been demonstrated.’

The TOF system consists of two vacuum chambers:
one for the generation of the pulsed jet and photoions
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Figure 1. Sketch of the laser photoionization time-of-fight mass
spectrometer system developed for the real-time, ultrasensitive
monitoring of process emissions.

and the other for ion drift. The first chamber was pumped
by a 1000-L/s turbomolecular pump (Varian TMP1000)
and the drift tube by 300-L/s turbomolecular pump (Varian
HT300). The pressures in the first and second chambers
were maintained at about2” 10°and 1~ 10 torr, respec-
tively, during the experiments. The two chambers were
separated by a 1-cm diameter orifice through which ions
were transported. This orifice was covered with a high-
transmission wire mesh. The TOF/MS system is based on
the Wiley-McLaren design,'® which was equipped with a
reflectron (R.M. Jordan Co., CA).

Sample gases passing through the pulse valve were
then jetted between the repeller and extractor plates of
the TOF/MS in 300-ms pulses at 2-10 Hz repetition rate
using a controller (Iota One, General Valve, NJ). One of
the unique features of this system has been the close prox-
imity of the pulse valve to the repeller and extractor plates.
This called for a novel repeller and extractor plate design,
as shown in Figure 1. Briefly, the repeller and extractor
plates, made from 4-cm square stainless steel sheets, were
spaced about 1.0 cm apart using ceramic posts. The plate
assembly was then mounted onto a base plate, as shown
in Figure 1. The top 0.50 cm of the repeller and extractor
plates were bent about 45° towards each other to mini-
mize the electrical field penetration by the pulse valve
into the ionization region. The exact geometry and spac-
ing of the plates were determined using the SIMION ion
trajectory program.!” As seen in Figure 1, the resulting
plate design also provided a skimming action to the jet
emerging from the pulse valve, thereby improving both
the resolution and signal-to-noise ratio of the measure-
ments. The minimum plate spacing at the top was about
4 mm. With this plate design, it was possible to position
the pulse valve within 1.5-2.0 cm of the ionization point
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with minimal field penetration effects. The close proxim-
ity of the pulse valve allows the generation of photoions in
the high-density region of the expanding free jet, where
PAH concentrations are also high. The gases eventually reach
molecular flow regime further downstream, a condition
under which most prior work has been conducted.”®

The core of the skimmed jet was then intercepted by
a KrF excimer laser light ( 2.5 ns pulse, 100 Hz, MPB PSX-
100, Canada). The laser light was synchronized with the
pulse valve using a timed delay mechanism. The photoions
generated were then rapidly removed from the gas jet
using high extraction voltages (i.e., 3100 V and 2100 V at
the repeller and extractor plates, respectively) to mini-
mize ion molecule collisions. Another unique feature of
the experimental system developed was the use of a ce-
ramic shroud ring between the extractor and the base
plate. This ring protects the photoions as they move into
the drift tube from collisions with neutrals.

The KrF (248 nm, 5.0 eV photon energy) excimer la-
ser light was used in the experiments because many aro-
matic hydrocarbons have high UV absorption cross sec-
tions in the 200-300 nm range,'® and the production of
their photoions by 2-photon ionization process is an effi-
cient one.’ Consequently, the detection of a large spec-
trum of PAHs is possible using this one-color light source.
The photoionization of background gases, which include
H,O, CO,, CO, N,, and O,, are also largely avoided be-
cause of their higher ionization potentials and the low
probability of 3-photon ionization process.'’

Once the photoions were formed and extracted, they
entered a 100-cm field-free drift region. The times of ar-
rival of the ions were then recorded by dual microchannel
plate (MCP) detectors, in either the normal or the reflectron
mode. In the normal mode, the ions are directly detected
by a line-of-sight MCP unit. In the reflectron mode of op-
eration, the ions enter a reflecting field, which reverses their
direction and improves resolution, and are detected by an-
other MCP detector. The latter method was used in all the
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Figure 2. Single laser-shot LP-TOF/MS spectrum of a 5-ppm mixture
of PAHs.
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experiments reported here. Signals from the MCPs were
then amplified by a fast amplifier (EG&G VT120A) and
recorded either by a digital oscilloscope (LeCroy 9350A)
or a multichannel scaler (EG&G Turbo MCS).

RESULTS AND DISCUSSION

Experiments were conducted first to evaluate the sensi-
tivity, resolution, and time-of-flight response of the sys-
tem developed. To attain these goals, a calibration gas
mixture was prepared by introducing 1 mL of liquid stan-
dard solution containing PAHs into a 2-L stainless steel
tank that had been previously heated and evacuated. For
this, a commercially available PAH calibration mixture in
methylene chloride solution was used (Ultrasystems Inc.,
RI). The tank temperature was maintained at about 250
°C to minimize the adsorption of PAHs on surfaces. The
transfer line from the tank to the pulse valve was kept at
200 °C and the pulse valve was kept at 180 °C. As will be
evident from the results presented below, even higher tem-
peratures would have been desirable to further reduce
adsorption-desorption effects.

Following the introduction of the liquid sample, the
tank was slowly pressurized to 2 atm using argon gas. The
pressure in the tank was monitored by a high-precision
capacitance manometer gauge (MKS, Burlington, MA), and
maintained at the same pressure for a period of 30 min-
utes to ensure the complete mixing of PAHs and argon
bath gas. The resulting gas-phase concentrations of PAHs
were then determined from the liquid standard solution
introduced, the pressure and volume of the tank, and the
ideal gas law equation.

In Figure 2, the TOF spectrum of a 5 parts per million
(ppm) PAH mixture is shown. As evident from this figure,
excellent sensitivities with high signal-to-noise ratios and
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Figure 3. Results of sensitivity study for naphthalene detection, relative
jon signal vs. concentration of naphthalene.
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Figure 4. Concentration profiles for species with molecular weights
78 (benzene), 128 (naphthalene), and 178 (phenanthrene) as a function
of distance above burner surface for a co-flowing methane diffusion
flame.

resolutions were attained. The time of arrival of the vari-
ous PAH ions to the detector were also determined to be
correlated by the relationship t, .= a + bOM, where M is
the molecular weight and a and b are instrument-specific
empirical constants. Moreover, it should be noted that
the spectrum generated in Figure 2 represents a single la-
ser-shot measurement and not an average of many shots
over a period of time.

In addition, experiments were made with a naphtha-
lene-argon mixture to better assess the ultimate detection
sensitivity of the instrument. This was achieved by sys-
tematically reducing the naphthalene concentration in
the calibration tank and by monitoring the ion signal
intensity. Naphthalene concentrations were reduced by
venting the tank to a suitable lower pressure and then re-
pressurizing it to 2 atm with pure argon. The resulting
gas mixture was then passed through the transfer lines
and the pulse valve system for a period of 10-15 minutes
to establish the new adsorption-desorption equilibria at
the new naphthalene concentration.

In Figure 3, the relative naphthalene ion intensities mea-
sured in all of the experiments are plotted as a function of
concentration, in parts per billion by volume units. As can be
seen from this figure, a linear relationship was observed be-
tween naphthalene levels and signal intensities over a broad
concentration range. It should be noted, however, that differ-
ent instrument settings at different starting naphthalene con-
centrations were used to generate the composite results pre-
sented in Figure 3, yet the detector gain was kept at a constant
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Figure 5. Concentration profile for species with molecular weight
128 (naphthalene) as a function of distance above burner surface for a
non-sooting, non-luminous co-flowing methane diffusion flame.

value. In addition, the ion signals reported in Figure 3 corre-
spond to single laser-pulse measurements, without averaging
or scaling. With multichannel scaling, improvements in sensi-
tivity on the order of 100 can be attained.*®

As indicated in Figure 3, the lowest naphthalene concen-
tration that was reliably detected was 45 parts per trillion (ppt)
by volume. Experiments at lower naphthalene concentrations
were also conducted but are not reported here because of des-
orption rate limitations. These were apparent even in the 45
ppt experiments, as evidenced by the departure of the ex-
perimental data from the 45° line in Figure 3. It should be
possible to reduce desorption effects by conducting the experi-
ments at higher temperatures. The use of longer equilibration
times would not be feasible because of significant reductions
in the sample tank pressure, which, in return, reduces the pulse-
valve delivery pressure and thereby the amount of sample in-
troduced into the TOF/MS system. In addition, excessive de-
lays in measurements render the technique unsuitable for con-
tinuous emissions monitoring.

The measurements at 45 ppt naphthalene concentration
also resulted in ion signals with S/N ratios of approximately
20. This suggests the feasibility of detection of nearly 4 ppt
naphthalene at a S/N ratio of 1 in each laser shot. With signal
averaging or scaling, even sub-ppt detection limits appear
feasible. The 4-ppt naphthalene sensitivity is substantially
below the 500-1000 ppt limit reported in the literature’
and establishes a new standard for continuous emissions
monitoring. The dashed line shown in Figure 3 indicates
the expected low ppt detection limit.
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Finally, experiments were conducted using the co-flow
burner to measure PAH levels in the diffusion flames of
methane. In these experiments, a heated quartz micro-probe
was used to withdraw samples from within the flame fol-
lowed by LP-TOF/MS analysis in the manner described
above. The probe and sampling line temperatures were also
maintained at 200 °C. Two separate flames were studied in
this series of experiments. In Figure 4, the concentration
profiles for benzene (78 amu), naphthalene (128 amu), and
phenanthrene-anthracene (178 amu) along the central axis
of the flame are presented for the following pre-combus-
tion flow rates: CH,, 2.17 cc/s fuel; O,, 15.15 ¢/s; Ar, 59.44
cc/s in the annular region; and an Ar shield gas flow of 59.9
cc/s. Under these conditions, the flame exhibited a yellow
tip, indicative of soot and carbon formation. Although
higher molecular weight PAHs were formed, they were not
observed in these experiments because of their adsorption
on surfaces in the probe or transfer lines at the low tem-
peratures employed (200 °C). The profiles presented in Fig-
ure 4 also represent the average of 3 sets of experiments,
with each data point determined from the average of 50
laser shots at 5 Hz. As evident from this figure, the PAH
profiles exhibited trends as expected along this flame. That
is, the PAH concentrations first increased as the flame front
was approached, and then decreased in the post-flame zone
due to oxidation. In addition, the peak locations shifted
towards longer reaction times with increasing molecular
weight. From Figure 4, it can be seen that PAH levels along
this flame were substantial, reaching levels as high as 70
ppm. As a result of these high PAH levels, it was not pos-
sible to probe this flame for low PAH concentrations.

Consequently, another flame with slightly lower CH,
and higher O, flow rates were also studied. This flame, which
did not exhibit yellow tipping, had the following pre-flame
flow rates: CH,, 1.91 cc/s fuel; O,, 18.18 cc/s; Ar, 100 cc/s in
the annular region; and 119 cc/s of Ar shield gas. In Figure
5, the concentration profile for naphthalene along this
flame is presented. These results also correspond to the av-
erage of 3 sets of experiments and 50 laser shots at 5 Hz for
each measurement. As evident from this figure, naphthalene
concentrations varied over several orders of magnitude along
the flame, and the LP-TOF/MS system was able to provide real-
time detection over this entire range. It is particularly signifi-
cant to note the feasibility of detection of naphthalene at lev-
els as low as 4 ppb in combustion products in real time. At
these levels, the experimental S/N ratios were about 1-5. Al-
though this detection level is gratifying, it is significantly higher
than the 45 ppt naphthalene sensitivity determined by the
calibration mixture experiments.

Further research is underway to improve the detection
sensitivity of naphthalene and other PAHs in combustion
products via resonance-enhanced multiphoton ionization
(REMPYI) process. In this approach, a laser beam with a specific
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photon energy (obtained from a tunable laser) is used for the
REMPI of a desired target molecule. Because REMPI efficien-
cies are generally very large, it will be possible to significantly
increase the number of ions generated and, therefore, the de-
tection sensitivity under this mode of operation.

It is important to note that the LP-TOF/MS developed
holds the promise of being a universal real-time detector.
The universality comes from the fact that any compound
can be detected by mass spectrometry, and that the selec-
tive photoionization of species can be accomplished by the
use of suitable lasers. As a result of its universality, sensitiv-
ity, and real-time capability, the LP-TOF/MS represents an
attractive continuous emissions monitor (CEM) for envi-
ronmental compliance purposes. In addition, the LP-TOF/
MS also opens the possibility of implementing real-time
process control to minimize process emissions and main-
tain product quality.
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