Atmos. Meas. Tech., 2, 81823 2009 y —K .

www.atmos-meas-tech.net/2/813/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under G Measure_ment
the Creative Commons Attribution 3.0 License. Techniques

A laboratory flow reactor with gas particle separation and on-line
MS/MS for product identification in atmospherically important
reactions

J. F. Bennett, F. Collinl", and D. R. Hasti¢

1Department of Chemistry and Centre for Atmospheric Chemistry, York University, 4700 Keele St., Toronto,
Ontario, M3J 1P3, Canada
“now at: Universié Paris Descartes, CNRS UMR 8601, Paris, France

Received: 12 May 2009 — Published in Atmos. Meas. Tech. Discuss.: 3 June 2009
Revised: 20 November 2009 — Accepted: 29 November 2009 — Published: 14 December 2009

Abstract. A system to study the gas and particle phaseproblem, impacting climate, visibility and human health
products from gas phase hydrocarbon oxidation is describedDockery et al., 1993; &schl, 2005; Krewski et al., 2004).
It consists of a gas phase photochemical flow reactor fol- Secondary particulate matter is that formed by atmo-
lowed by a diffusion membrane denuder to remove gasespheric gas phase reactions producing low vapour pressure
from the reacted products, or a filter to remove the parti-products. Aside from the oxidation of sulfur dioxide and ni-
cles. Chemical analysis is performed by an atmospheriarogen oxides, the major contributor to secondary particulate
pressure chemical ionization (APCI) triple quadrupole massmatter is the oxidation of large hydrocarbons. Generally the
spectrometer. A diffusion membrane denuder is shown tooxidation of hydrocarbons with less than six carbon atoms
remove trace gases to below detectable limits so the partidoes not produce significant amounts of condensable prod-
cle phase can be studied. The system was tested by exaracts under atmospheric conditions, but larger hydrocarbons,
ining the products of the oxidation of m-xylene initiated by particularly those that are unsaturated or aromatic can have
HO radicals. Dimethylphenol was observed in both the gashigh yields of condensable products.
and particle phases although individual isomers could not be To understand and potentially control particulate concen-
identified. Two furanone isomers, 5-methyl-2(3H)furanone trations in the atmosphere requires a complete understanding
and 3-methyl-2(5H)furanone were identified in the particu- of the chemical reactions occurring in their production and
late phase, but the isobaric product 2,5 furandione was nothe ability to incorporate this knowledge into computer based
observed. One isomer of dimethyl-nitrophenol was identi- chemical-meteorological models of the atmosphere. Cur-
fied in the particle phase but not in the gas phase. rently the production of secondary organic particulate mat-
ter is not sufficiently well understood to meet this objective.
While the rates of oxidation reactions of the parent hydrocar-
bons are generally well known, (Atkinson and Arey, 2003)
1 Introduction the products of these reactions are not nearly as well known.
This is particularly true for the larger hydrocarbons as our
The oxidation of volatile organic compounds in the atmo- knowledge of reaction products is mostly extrapolated from
sphere is a key chemical process in the production of tropothe large body of data on small molecule reactions but the
spheric ozone and secondary organic particulate matter. Traarger molecules additionally undergo isomerization and cy-
pospheric ozone has been shown to be a major component efizations that cannot occur in the smaller molecules (Kroll
photochemical smog and is responsible for significant negand Seinfeld, 2008). This shortfall in product information
ative human health impacts (Bernstein et al., 2004). Partichas two direct impacts on our ability to construct chemical
ulate matter is increasingly seen as a major environmentainodels. The reaction products undergo further reactions, and
inclusion of these reactions requires knowledge of the iden-
tity and yields of all such compounds. Even more critical to
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The strong dependence of vapour pressure on chemical strucrass spectrometers that can yield structural information on
ture means that the identification of products is a critical firstthe products. (Hearn and Smith, 2004; Aschmann et al.,
step in improving the predictions of particle production algo- 2002) Identification and quantitation of reaction products,
rithms. such as carbonyls, hydroperoxides, and hydroperoxy acids
Reaction product identification is usually undertaken in has been demonstrated using an APCI source and the MS/MS
laboratory systems by performing reactions under controlledcapability of an ion trap mass spectrometer (Warscheid et al.,
conditions and applying qualitative and quantitative analyti-2003; Hoffmann et al., 2002; Reinnig et al., 2009)
cal methods to the reaction products. Optical spectroscopic Chemical reactors can range from small continuous flow
methods, most notably Fourier transform infrared (FTIR), reactors to large batch reactors “smog chambers” that use
are suitable for simple gas phase molecule identification (Li-either natural or simulated light sources. In batch reactors,
brando and Tringali, 2005; Larsen et al., 2001). Sample colchemical reactions can proceed from reactants to products
lection on filters or cartridges followed by chromatographic under similar conditions to those in the atmosphere, although
separation and mass spectrometric analysis has been the mastalytical constraints often require experiments to be done
widely applied method (Larsen et al., 2001; Jaoui and Ka-at higher than ambient concentrations. They have large vol-
mens, 2003; Forstner et al.,, 1997). Long sampling timesumes and so there is ample material for analysis making them
mean that large air volumes can easily be sampled and theompatible with the filter and cartridge sampling. They have
collected compounds can then be desorbed, either thermalllgigh volume to surface ratios that lower the importance of
or using solvent, for gas or liquid chromatographic separa-complicating wall reactions, and those that rely on sunlight
tion. Continuing advances in methods of preparing deriva-as a light source more closely mimic the real atmosphere.
tives of target compounds (Claeys et al., 2007; Temime et al.Long sample collection times are needed to collect enough
2007; Chiappini et al., 2006) and in chromatography, such agnaterial for most of the analytical methods, and this is usu-
2-D methods (Hamilton et al., 2005), continue to widen theally done by passing the reaction mixture through a collec-
classes of compounds that can be analyzed. Mass spectrorien medium after a reaction has been stopped or has run to
etry is now the most common chromatographic detector withcompletion. This precludes following products through the
MS/MS (Librando and Tringali, 2005) and M3Larsen et  course of the reaction, i.e. at different reaction times. By
al., 2001) analysis being more widely applied. contrast, in a continuous flow reactor the reagents enter from
On-line mass spectrometry has some significant advanene end of the reactor and the reaction proceeds as the reac-
tages over other methods. It does not require sample work-upants flow down the tube. Thus the reaction only proceeds for
prior to analysis and is not restricted to particular elements ora time determined by how long the gases spend in the reac-
functional groups. Instruments have very fast response timesor and so they provide complementary strengths to the batch
and high sensitivity so that integration times can be kept shorteactor. They can be run for long periods under identical re-
allowing reaction products to be followed in real time. The action conditions so that large amounts of sample represen-
only constraint for on-line mass spectrometry systems is thatative of particular reaction conditions can still be collected.
the sample must be presented to the ion source in the gaBy tuning the reaction time samples can be analyzed for in-
phase. This is easily achievable for gas phase products angérmediate products, which is not usually possible in a batch
can be extended to less volatile products by using heated inreactor.
lets and ion sources. Particulate measurements using a high The separation of particles from trace gases for indepen-
energy laser for ablation and ionization (Gard et al., 1997;dent analysis of both phases is highly desirable. In particular,
Thomson et al., 2000; Pratt et al.,, 2009) have been sucthe observation of products in the gas phase can be used as
cessful although the ionization process results in extensiva qualitative test of the knowledge of the vapour pressure of
fragmentation. Two laser systems that separate the ablatioa compound and observations in both phases will test our
and ionization are less destructive, and have been shown thnowledge of equilibrium in the particulate bound system.
be quantitative for known compounds (Woods et al., 2001).The particle phase can be easily removed from an air stream
The aerosol mass spectrometer (Drewnick et al., 2005; Allarusing a filter but the reverse problem is more taxing. Since
et al., 2003) has found extensive deployment but the dissogases have a much higher diffusion coefficient than particles,
ciation resulting from the thermal dissociation and electrondenuders where the gases preferentially diffuse to absorb-
impact ionization also limits the identification of molecular ing surfaces are the most common method. Surfaces such as
species. In the gas phase, PTR-MS (Hansel et al., 1995; Tareharcoal (Temime et al., 2007; Warscheid et al., 2003; Ding
imoto et al., 2007) utilising low pressure chemical ionization, et al., 2002) and XAD resin (Temime et al., 2007) can absorb
is potentially valuable especially as the inclusion of high res-significant amounts of material and have been used exten-
olution mass spectrometers has allowed single mass pealsvely. Practical considerations are often a problem where
to be assigned elemental composition (Jordan et al., 2009surface absorption can saturate and since the surfaces can
Atmospheric pressure chemical ionization (APCI) methodsbe active, gases can be emitted. Rejuvenating these surfaces
have been applied sparingly but have shown good results ilmnce contaminated can be difficult. A viable alternative is a
product identification particularly when coupled to tandem diffusion membrane denuder where the wall of the denuder is
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cylindrical Pyrex reactor with quartz windows at each end.
An air flow of 0.60 L mir 1 is maintained through the reactor
by a calibrated flow meter (MKS, Andover MA) to give ares-
idence time of 4.5 min. A comparatively small flow of nitric
Péi:ﬂf oxide from a cylinder of 100 ppmv NO in nitrogen is added
pump to the air flow to produce an NO concentration~e® ppmv

No @ in the reactor. The hydrocarbon reagent and the isopropyl
oV nitrite (IPN) radical source are added to the air stream at a

filter

air —[FE source known rate from individual vials via a syringe pump (Har-
: vard Apparatus Holliston MA) to give nominal concentra-
ouadlil%'li Mass Ill Ill tions of 100 ppbv and 10 ppmv respectively. The pressure in
Spectrometer , , ; , the cell is maintained at ambient pressure (typically 740 torr)
Syringe Pump with  Syringe Pump with .
M-Xylene Isopropyl Nitrite (IPN) and monitored by a baratron (MKS, Andover MA) pressure
gauge.

Fig. 1. Experimental set up for photochemical reactions and product  Light for the photolysis of the IPN (see below) is provided

identification. (CFMD: the counter flow membrane denuder, MFC: by an Hanovia (1000 W) high pressure xenon arc lamp. This

mass flow controller, CPC: condensation particle counter). is an ozone free lamp with a UV cut off above 240 nm so
ozone cannot be produced from the photolysis of oxygen.

. . . Theradiation from the lamp raises the reactor temperature to
a membrane with essentially zero trace gas concentration Oprroximater 26C.

the other side so the trace gas diffuses out of the sample flow 110 system under study was the oxidation of m-xylene ini-

(Ruiz et al., 2006). Such systems are less likely to becomgjateq by HO radicals. The HO radicals were produced pho-

overlogded and so require considerably less maintenance. tochemically through the photolysis of IPN and subsequent
In this paper we describe a system to study the products ofg5ctions:

the reaction of atmospherically relevant hydrocarbons. This

system was built to be versatile and incorporates a numbeftCHz)2CHONO+ /v — (CH3)2CHO+NO (R1)
of the features described above. It is composed of a gas
phase chemical flow reactor which has a UV source to initi- (CH3)2CHO+ 02 — (CH3)2CO+HO; (R2)

ate photochemical reactions. This is followed by a diffusion
membrane denuder to remove gases from the reacted proéi_loﬁ'No_) HO+NO

.uc.ts’ ora f|Itgr to remove the pa}rtlcles. Finally the S‘f"mplelPN was chosen as the photochemical HO source because the
is introduced into the atmospheric pressure chemical ioniza-

(R3)

present some results from a study of the reaction of m—xyleneoxide is added to ensure Reaction (R3) rapidly converts HO
with HO radicals.

to HO. The photolysis of N@produces ozone through Re-
actions (R4) and (R5) but the high NO concentration keeps

2 Experimental its concentration low, through Reaction (R6):

2.1 System description NOz2+hv—NO+0O (R4)

A schematic diagram of the reaction system is shown inO+OZ+M_) Os+M (RS)
Fig. 1. Chemical reactions take place in a photochemicalo 4+ 0; — NO,+ 0O, (R6)

flow reactor. Particles or trace gases are selected for analysis

by passing the sample through either a counter flow mem-

brane denuder (CFMD) or a quartz fibre filter respectively.2.1.2 Separating gas and particles

Particle number is measured using a condensation particle

counter (CPC) and chemical analysis is performed using & articles can be removed from the air stream by passage

triple quadrupole mass spectrometer. through a 25mm in-line quartz fibre filter (Pallflex Tis-
suquartz, Pall, East Hills NY). We assume that the particu-
2.1.1 Reactor late matter on the filter remains in equilibrium with the gas

phase species. Since the conditions in the flow reactor do not
The reactor is set up for a continuous flow of air and reagents€hange within a particular experiment, this is a reasonable
so the reaction time is constant for a particular experimentassumption.
Reactions take place in an 82 cm long and 6.5 cm in diameter
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— \;\4— Table 1. Determination of the penetration of molecules and parti-
e Lo Goses o - F Jrin cles through the CFMD. Values @, come from gas phase theory
! (for the first two entries) ankT C. /37 nd (k: boltzmann constant,
X T; Temperature(,: slip correctiony air viscosity) for the remain-
. b » der.
Particl & (‘ Particles
Tracae g:sses in — w\ out
& Particle
PTFE membrane Trace Gases Stainless steel mesh diameter Diﬁusign Cfeﬁicient Penetration
/ d (um) D, (cm™ s -@298K) " P,
— — = : 4_/-\ir in
TfaciuGtaS.eS_ F ) 0.00037 1.9E01 4.6E+01 9.1E57
— 0.001 1.2E-02 3.0E00 2.0E04
Differential 0.01 5.3E-04 13E-01 6.3E-01
Pressure/Gauge 0.015 2.4E-04 5.8E-02 7.8E-01
0.02 1.4E-04 3.3E-02 8.5E-01
Fig. 2. Exploded diagram of the counter flow membrane denuder. 0.05 2 4E-05 5.7E-03 9.5E-01
The directions of the air flows are shown as are the desired outcomes .1 6.8E-06 1.6E-03 9.8E-01
of the diffusion. 0.5 6.36-07 15E-04  1.0E+00
1 2.8E-07 6.6E-05 1.0E+00
. . 5 4.9E-08 1.2E-05 1.0E+00
Trace gases are removed from the air stream using a 10 2 JE-08 58E.06  1.0E+00

Counter-current_flow memb_rane denuder (CFMD). This foIT 50 4.8E-09 11E-06  1.0E+00

lows that described by Ruiz et al. (2006) and a schematic

diagram is shown in Fig. 2. The denuder consists of three

machined aluminum blocks separated by membranes to give

90cm long by 10cm wide channels. The centre channel ishannel and, is the diffusion coefficient for the particle in

1cm deep and is for the sample gas, while the two outerjr,

channels are 1.5cm deep and are for the purified air. The Nout 2 4

PTFE membrane (Porex PM23J 2 micron pore size, 0.25mm "~ ;. =~ 1-1.526u5 +0.151140.0342.3

thickness, Fairburn GA) is supported on 90 mesh stainless for ; < 0.05 2)

steel for mechanical strength. Access to the sample and air

channels are through Swage@kube to pipe thread unions.

The sample and purified air flow through their respective P, = 0.9104exg—2.8278u) +0.0531exg—32.147u)

channels in opposite directions. Inconsistent denuder perfor- 1.0.01528exp—93.475) +0.00681exj9—186.805)

mance in early experiments was attributed to pressure differ- for ;> 0.05 3)

ences across the membranes. This is now monitored by a dif-

ferential pressure gauge (Omega PX2650-2BREB00 Pa, Some representative calculations using the above assump-

Stamford CT) connected between the central and one of théions are presented in Table 1. The two lowest diameters rep-

outer channels, so such problems can be readily identified. resent gas molecules of nitrogen and a molecule with a mass
The performance of the CFMD is described by the pene-20 times higher, with the remaining entries encompassing

tration P, which is the ratio of the number of particles exiting representative atmospheric particle sizes. The table shows

the denuderroy) to the number enteringzf,). This can be  less than 1% of trace gases exit the centre channel of the de-

estimated assuming a laminar flow in the centre channel an@uder but that more than 80% of particles of diameter greater

that the transmission of molecules is through a rectangulathan 0.015:m will be transmitted.

cross section tube with perfectly adsorbing walls. The con- The denuder has been designed to effectively remove the

centration at the walls will never be truly zero, however the trace gases. It could, however, also remove material that

counter directional flow of the sample from the air ensures€vaporates off the particles in the CFMD. Maxwell's equa-

that the maximum concentration gradient will be achievedtion (Hinds, 1999) can be used to estimate the loss of ma-

across the membrane at all positions_ For the ideal Casgerial. For a pure solvent in which evaporation is controlled

the penetratior?,, can be determined from the dimension- by the loss of gas phase molecules by diffusion, the evapora-

less parameter using the equations in Soderholm (1979) as tion rate is a function of the droplet diamet&rthe diffusion
modified in Zhang (2005). coefficient of the evaporating molecule in d,, and the

difference between the vapour pressure of the species at the
8D,LW ,
=—f (1) droplet surfacey; and the ambient gas pressyre(assumed
30H to be zero here).
where H, W, and L are the height, width and length of the 27 D,Md
centre channel respectivel@ is the flow rate through the = T(ps —p (4)
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For a 70nm particle made up of a compound of molarof molecular and cluster species. Since the target products
mass MM=100 g with a saturated vapour pressurgct and, in some cases, the reagent can generate ions of the same
1x 10~1%atm (0.1 ppbv) at 298 K, the loss rate from the par- m/z the mass spectrum alone cannot be used to identify iso-
ticle is approximately 0.12%4<. For such a compound up baric (same molar mass) species. Therefore the mass spec-
to 10% of the original material will be lost to evaporation in trum can only be used to indicate possible molecular and
this system. Thus this system is not optimized to preservecluster species. True product identification requires the tan-
particle mass, but is perfectly adequate for qualitative prod-dem or MS/MS mode to give structural information on the

uct identification. precursor ion and allows more definitive assignment of the
peaks in the mass spectrum. In this mode a single precursor
2.1.3 In-line heater ion is selected in the first quadrupole. It is then injected into

the second quadrupole with a known and controllable energy.
Particles can be heated to drive volatile compounds from théThis quadrupole contains argon at comparatively high pres-
particle phase into the gas phase for analysis by the massures so that the precursor ion can be fragmented through
spectrometer. The heater is an 8 cm long by 0.635 cm diameeollisions with the neutral molecules and focused into the
ter quartz tube surrounded by a heating coil controlled by arthird quadrupole for analysis. Examination of these frag-

in house proportional thermocouple heater controller. ment ions gives structural information on the precursor ion
and so allows more definitive assignment of the peaks in the
2.1.4 Triple quadrupole mass spectrometer mass spectrum. Further refinement is possible by controlling

the energy imparted to the ions prior to entering the collision
Chemical identification of the reagents and reaction productsell, as stronger bonds require higher collision energies to
was undertaken by an APCI triple quadrupole mass specproduce characteristic fragments from this bond cleavage.
trometer (TAGA 6000E, MDS Sciex (Dawson et al., 1982).
This instrument is configured for atmospheric trace gas anal2.1.5 Other instrumentation
ysis and to obtain the required flow through the ion source
the sample flow is diluted with purified air. For particle Particle numbers were counted using a condensation parti-
phase measurements the inlet to the instrument was heatéde counter (CPC Model 3775, TSI Shoreview MN). For de-
to evaporate partially volatile species for analysis. lonizationtermining size distributions a differential mobility analyzer
is achieved by a corona discharge in the sample gas. Sinc®MA, Model 3071 TSI Shoreview MN) was used to size
this takes place in air, and the instrument is being used irS€lect particles prior to counting.
the positive ion mode, the relevant primary ions produced in
the corona discharge arejNand G which in the presence

of water vapour produce intermediate ionsg@¥ (H20), M-xylene (Sigma Aldrich, Toronto 99+ %) was used as re-

n=0,1,2...). For most hydrocarbons the proton affinity (PA) ceived. Isopropyl nitrite was prepared in house (Noyes,

Is greater than that of t_he hydrated hydronium ion so proton1936) and used without distillation. Air was obtained by
transfer to produce an ion of molar mass plus 1 u (M)

energetically favoured. For hydrocarbons with much Iowerpumymg room air with an AADCO 737-11 operat_mg W't.h'
S ) .~ out a methane catalyst (AADCO, Cleves OH). Nitric oxide
proton affinities, including m-xylene, the true molecular ion

(M™) is regularly observed. The high pressure in the APC| “aMme from cylinders of 103 ppmv NG in nitrogen (Air Lig-

source allows both ion molecule reactions to produce higherUIde Toronto).
m/zions and fragmentation to produce smaller ions. Typi-
cally the ion molecule reactions give addition products (of-
ten referred to as clusters). In addition to clusters with wa-2 2 1  Reactor

ter, (Good et al., 1970a, b) protonated molecules of general

formula (M{HM2)* where M, and M, may be the same or  The concentration of m-xylene was followed by the MS/MS
different species are observed. The most prominent form osignal originating from the (M+H) ion atm/z107 fragment-

this cluster in the current study involves the highly abundanting to the ion atm/z92 (written asm/z107— 92). With the
acetone with other products. Fragmentation in the ion sourceonfiguration described above, the production of HO radicals
has been shown to interfere with some MS/MS spectra but itsnd the reaction time of 4.5 min resulted in the reactive loss
impact on the spectra and compound identification is small. of approximately 50% of the m-xylene.

In this work the instrument was used in both the mass Particle production was confirmed using the condensa-
spectrum and tandem mass spectrum (MS/MS) modes. Ition particle counter and typical number concentrations of
the mass spectrum mode one of the quadrupoles (Q1) scari€® cm~3 were obtained. This gave a sample rate-af 108
the mass spectrum of the sample and the other quadrupolgmarticles per scan in the mass spectrometer. The particle
are set to transmit ions resulting in a conventional mass specsize distribution as measured by the DMA/CPC system gives
trum. This spectrum is used for the preliminary identification a geometric mean and standard deviation of 128 nm and

2.1.6 Reagents

2.2 Characterization of the system

www.atmos-meas-tech.net/2/813/2009/ Atmos. Meas. Tech., 2823832009
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50

a) Table 2. Mass balance experiment: % of acetol recovered in the

0 outer channel flow as a function of that flow.

w
=}
i

Outer channel flow % recovery of acetol

\ Lmin—1

Penetration (%)

2 \ 2 105+23%
" . 4 100+32%
k . 6 88+25%
0 i T 1
-10 T T T T T T 1
0 1 2 3 4 5 6 7
Total Upper and Lower Channel Flow Rate (I min™) flow is maintained at 6 L min! and the centre channel flow

varied. No acetol is detected for centre channel flows less
than 1 L mirrL,
b To ensure the trace gas was being removed by diffusion
into the outer channel air flow, and not simply adsorbing
. onto the surfaces of the CFMD, three mass balance exper-
80 / iments were conducted. The concentration of acetol leaving
/_ the outer channel of the CFMD was measured and expressed
60 as a percentage of that admitted to the centre channel; the re-
/ sults are presented in Table 2. Admitting the higher flow rates
to the dilution system of the TAGA lowers the stability of the
/ measurements so the results are more scattered, however the
recovery of the trace gas is within error of 100%. This indi-
cates that adsorption of the trace gas is not a significant loss
mechanism, even for a polar oxygenated gas. The conclu-
sion of the gas phase experiments is that for centre channel
Fig. 3. Penetration of gas phase acetol through the CF(dfPene-  flows of ~0.6 L min~* and outer channel flows of 6 L nin
tration as a function of outer channel flow for a fixed centre channelthe trace gas removal by diffusion gives a sample flow where
flow of 0.6 L min~L. (b) Penetration as a function of centre channel the trace gas signal is below detectable levels.
flow for a fixed outer flow of 6 L mimL. These conditions were then tested for the penetration of
particles. Ammonium sulfate particles were prepared by
passing a flow of 5L min! through a 0.5 g E! ammonium

1.66 respectively. The reactor system could be run contingitate solution in a Collison nebulizer (May, 1973) (BGI

uously for several hours, governed by the volume of reagentgy,itham MA). The resulting droplets were passed through a

in the syringe pump. diffusion dryer containing silica gel which decreased the rel-

ative humidity of the aerosol stream to 33-40%, and through
a Po-210 charge neutralizer. The particles were passed
through the reactor and the size distribution showed broad

Trace gas removal and the mass balance in the CFMD : . :
. . : polydisperse aerosol with a maximum at 35nm. Therefore
were determined using gas phase mixtures of 1-hydroxy-2+

. 7 “these particles are much smaller than those leaving the re-
propanone (acetol). This compound was chosen primarily

) . : o actor and so provide a more stringent test of the CFMD us-
because it was a small multifunctional organic with a use-.

. . S ing particles that were inert and did not evaporate. Of this
able vapour pressure. Flowing air over a liquid acetol Sampleflow 0.6 L min~! was admitted to the central channel of the

gnd further diluting with air produced an air stream c_:ontaln—CFMD with between 1 and 6 L mirf of purified air in the
ing approximately 100 ppmv of the acetol. The relative con- . .
outer channels. The total number of particles bypassing, or

centrations of the acetol were determined using t_he_TAGA enetrating through the CFMD was measured by the CPC.
6000 mass spectrometer in the MS mode by monitoring th . . ’ ;
he penetration of particles through the denuder is shown in

protonated acetol an/z75. Figure 3 shows the penetration of Fig. 4 which shows that the particle penetration is indistin-

the acetol through the centre channel. In Fig. 3a a fixed flow

! 0 . " :
of 0.6 L min-! was passed through the centre channel, for agwshable from 100% for our experimental conditions. This

. . : . ~denuder has been running continuously for several months
residence time of 90 s, and the penetration was determined : L L .
. ; : without any indication of becoming irreversibly saturated,
as a function of the air flow in the outer channels. For flows

greater than 2 L min® there is no measurable acetol left in unlike the XAD coated annular denuders previously in use.
the centre channel air stream. In Fig. 3b the outer channel

120

Penetration (%)

20

0.0 0.5 1.0 15 2.0_1 25 3.0
Centre Channel Flow Rate (I min ™)

2.2.2 CFMD
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120

— 24°C
— 100°C
100 4 1 : ! . I — 125°C
: 150°C
175°C
200°C

80

60

Relative Number

Penetration (%)

40

w /

0 T T T T T T 1 T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 50 100 150 200
Total Upper and Lower Channel Flow Rate (I min'l) Diameter (nm)

Fig. 4. Penetration of ammonium sulfate particles through the Fig. 5. Effect of in-line temperature on the size distribution of par-
CFMD. The insert shows the size distribution of the particles usedticles leaving the reactor.

for this experiment.

shows the MS spectra of the particle phase and gas phase
reaction products normalized to the highest signal. Fig-

ure 6¢ shows the unreacted reagents (in the absence of light)

The in-line heater was tested on reaction product particle%r comparison. The hydrocarbon is barely visible as the

to ensure it (.:OUId evaporate at Iea_lst the more volatile mate(M+H)+ ion atm/z107, consistent with the low proton affin-
rial into the ion source. Two particles sizes were sampled

by a DMA from those leaving the reactor: 120 and 190 nm. g 10(; arm/at;{catshp;erctﬁs :nedctt:;digtggﬂ&Z?eﬁeéeﬁté,oﬁ !?g_
The effect of the heater temperature on the size distributio ppmv. P y '

for the 190 nm particles is shown in Fig. 5. As the tempera- one and propanol contaminants of the IPN, their dimers and

ture of the heater was increased the diameter and the numngrUSters' The product and reagent spectra are vastly different

of particles decreased. with mean sizes dropbing to 50 an(\4vith both gas and particle spectra show significant numbers
P ' ppIng d:)f ions with m/z greater than the m-xylene (M+H)ion at
70 nm by 200C. The volume, and therefore mass, decrease L .
X m/z107. Thus there are multiple ions on which to base prod-
markedly by 40% when the heater was raised by ©0and uct studies
by 97% at 200C. Thus for these non seeded particles most :

of the mass is available for analysis provided there is effi- 10 test the utility of this system we applied MS/MS to
cient transfer from the heater to the ion source of the masé".hree reaction products, of which each has potentially more
than one isomer: dimethylphenol, methyl-furanone, and

2.2.3 In-line heater

spectrometer.
P dimethyl-nitrophenol. At least some of each of these isomers
has been previously identified as particulate phase products
3 Application to the analysis of m-xylene oxidation of smog chamber m-xylene oxidation (Forstner et al., 1997).
products The dimethylphenol products result from HO radical addi-

tion to the aromatic ring followed by reaction with©r NO,

The system has been tested in a study of the oxidation prodéAtkinson and Arey, 2003; Andino et al., 1996). Andino etal.
ucts of the HO initiated oxidation of m-xylene. Within a suggest the most favourable addition would be ortho to one
single experiment, chemical analysis was performed on bottof the methyl groups with the addition to the 2 position, to
trace gas and particle phases. The filtered gas phase progroduce the 2,6-dimethylphenol slightly more favoured over
ucts were sampled directly into the TAGA. The particulate addition to the 4 position, to produce the 2,4-dimethylphenol.
phase sample from the CFMD was heated prior to admis+orstner et al. (1997) identified primarily the 2,4 isomer with
sion to the ion source. Little difference was observed in thea below quantifiable amount of the 2,6 isomer. These prod-
observed mass spectra for in-line heater temperatures froricts would be expected to be more likely found in the particle
50 to 150C, but to minimize concerns about the potential phase than the m-xylene as they are more polar and so would
pyrolysis of minor products the results reported here werehave a lower vapour pressure.
performed with the inlet heater temperature of AD0 The primary ion from dimethylphenol is expected to be

The first step in product identification was to perform an the protonated molecule at/z123. However, the MS/MS
MS mode scan to obtain the mass spectrum of all the ionspectra showed there are multiple species contributing to
generated by the APCI source, with true product identifi-m/z123 in the samples from the reactor. This forced the
cation coming from the MS/MS mode. Figure 6a and b use of the M ion atm/z122 to probe for the presence of
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Fig. 6. Mass spectra of samples from the reaction of m-xylene with Fig. 7. MS/MS spectra oin/z122. (a) the particle phase sam-
HO radicalg(a) particle phase samp() the gas phase sample and Ple, (b) the gas phase sample with no heating prior to analysjs,

(c) the unreacted reagents.

nol.

dimethylphenol.

dimethylphenol. The MS/MS spectrawmiiz122 at three col-
lision energies from the particle phase sample, the gas phagd@igh vapour pressures of these compoundsx 1074 atm
sample, and the headspace gas above authentic samples (@70 ppmv) at 25C (CRC handbook). It is also conceiv-
2,6 and 2,4 dimethylphenol are shown in Fig. 7. The MS/MSable that these signals could have come directly from par-
spectra of the 2,4 and the 2,6 dimethylphenol isomers ardiculate phase product entering the ion source. However, this
not sufficiently different to be useful in distinguishing be- signal still remained despite placing a filter after the CFMD
tween the isomers. The major ion peaks in the trace ga$o remove the particulate phase products. This confirms the
spectrum (b), namelyn/z121, 107, 79, and 77, and their evaporation of particle phase dimethylphenol occurred in the
variation with collision energy are the same as those in theCFMD, the transfer lines or from filter bound particulate mat-
authentic samples indicating the presence of at least one isder.
mer of dimethylphenol in the gas phase. Based on the same There are two previously identified methyl-furanones:

ions, at least one isomer of dimethylphenol is also indicateds-methyl-2(3H)furanone

and

the headspace gas above an authentic sample of 2,6 dimethylphe-
(d) the headspace gas above an authentic sample of 2,4

3-methyl-2(5H)furanone

by the particle phase spectrum. The increased prevalence @Forstner et al., 1997). These are 5 carbon species resulting
them/z43 ion in the particle phase spectrum remains unex-from aromatic ring opening followed by a 3 carbon fragment
plained. Somewhat surprisingly, removing the heating hadoss and subsequent cyclization. Although of a lower mass
little impact on the observed particle phase spectrum. Thdhan the dimethylphenols these products would also be
gas phase product leaving the reactor would have been reexpected to be present in the particle phase because the
moved by the CFMD and assuming the particulate phasenultiple functionality would encourage a lower vapour

is not directly vaporized and ionized in the ion source, thispressure.
signal must originate from gas phase dimethylphenol that The dominant ion from authentic samples of the methyl-
evaporates from the particle phase in the CFMD and in thefuranones is the protonated moleculenatz99. Figure 8
transfer line to the ion source. This is consistent with theshows the MS/MS spectrum af/z99 from the particle and
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754
501 i i in the MS/MS spectrum of the 5-methyl-2(3H)furanone and
25+ _ _ the high relative intensity ain/z71 in the spectrum deter-
0l e .| Py ] o mined at 10 eV of that compound both confirm the presence
0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100 of thisisomer. The peak at/z41 only appears in the MS/MS

of the 3-methyl-2(5H)furanone at collision energies greater
than 20 eV confirming its presence. Identifying or eliminat-
Fig. 8. MS/MS spectra oim/z99 (a) the particle phase sample Ng, 2,5 furandione as a possible product requires a unique
heated to 100C, (b) the gas phase samp(e) an authentic sample  Signature of the furandione. The spectra of the furandione
of 2,5 furandiong(d) 3-methyl-2(5H)furanone an@) an authentic ~ shows a peak ah/z27 that is present at all collision energies
sample of 5-methyl-2(3H)furanone. with the other major fragment peakratz45 appearing in the

20 eV spectrum and being dominant at 30 eV. Each of these

m/zpeaks are very small contributors to the methyl-furanone
gas phase samples compared with that from the headspasgectra. In the sample spectra there is no measurable con-
gas above authentic samples of 3-methyl-2(5H)furanone antribution atm/z27 at 10 eV collision energy ami/z45 is a
5-methyl-2(3H)furanone along with a likely isobaric prod- very small contributor at 20 and 30eV. It is never possible
uct, 2,5 furandione identified by Forstner et al. (1997). Theto exclude a product with this kind of analysis, it would ap-
authentic samples of the methyl-furanones (Fig. 8c and dpear that there is no measurable 2,5 furandione in the sample,
show fragment peaks an/z98, 71, 53 and 43, and the fu- butboth furanone isomers are present in the particulate phase
nandione shows fragmentsmatz71, 45, and 27. The reac- samples.
tion gas products show only a single fragment ioméz43. The dimethyl-nitrophenols are ring retaining products that
Therefore there is no evidence for either of the methyl-can result from the oxidation of one of the dimethylphenol
furanones or the furandione in the gas phase reaction prodsomers. This necessitates a second radical reaction with
ucts. The MS/MS spectra of the particulate phase productsthe m-xylene reaction product and results in a product that
in Fig. 8a, show the same fragment peaks as both methylis 60 amu heavier than the parent hydrocarbon and is more
furanone isomers. This is compelling evidence for the pres{olar and so would also be expected to have a lower vapour
ence of at least one of the methyl-furanones. Furthermorgressure.
there are small differences in the MS/MS spectra of the iso- The dominantion from the only available authentic sample
mers that allow clarification of the reaction product iden- of dimethyl-nitrophenol, 2,6-dimethyl-4-nitrophenol, is the
tity. The peak atn/z57 observed in the sample only appears protonated molecule an/z168. Figure 9 shows the MS/MS

m/z
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spectrum 0fm/z168 from the particulate phase reaction mix- minor product. Dimethylnitrophenol that is probably formed
ture, the gas phase and that from the headspace gas abofrem further reaction of dimethylphenol was also only ob-
authentic samples of the 2,6-dimethyl-4-nitrophenol. Theserved in the particle phase.

10eV spectrum of the gas phase sample shows an indication The performance of this combination of reactor, denuder
of dimethyl-nitrophenol but generally there was insufficient and mass spectrometer has demonstrated it can contribute to
signal atm/z168 to reliably ascribe its presence, as in the 20the identification of gas and particle phase products of atmo-
and 30eV spectra shown. The MS/MS spectrum from thespherically important reactions

particulate phase reaction products shows spectra that have

all the major peaksm/z151, 122, 121, 91, 76 over all the AcknowledgementsThis work was done with support from the
collision energies of the authentic sample. Hence it appeardlational Sciences and Engineering Research Council of Canada
that the nitrophenol is only consistently observable in the par{NSERC), the Canadian Foundation for Climate and Atmospheric

ticulate phase samples. There is no evidence for evaporatioficiences (CFCAS), and the Ontario Ministry of the Environment.
of this product in the CFMD or in the transfer lines. Contributions from J. Auld, N. Karellas, and J. Merritt are grate-
fully acknowledged.
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A laboratory system to study the products of atmospherically

important oxidation reactions has been described. Reactiong «farences

are carried out in a photochemical flow reactor which has the

advantage over batch reactors of providing a continuous supajian, J. D., Jimenez, J. L., Williams, P. I., Alfarra, M. R., Bower,
ply of products for analysis. Changes in flow rate can be used K. N., Jayne, J. T., Coe, H., and Worsnop, D. R.: Quantitative
to vary the reaction time but practical considerations mean sampling using an Aerodyne aerosol mass spectrometer: 1. tech-
they must be close to the current value of 4.5min. A robust niques of data interpretation and error analysis, J. Geophys. Res.
membrane denuder that requires almost no maintenance canAtmos., 108, 4090, doi:10.1029/2003JD001607, 2003.

separate the particle products from the accompanying trac&ndino, J. M., Smith, J. N., Flagan, R. C., Goddard IIl, W. A.,
gases without evidence of denuder loading or breakthrough. and Seinfeld, J. H.: Mechanism of atmospheric photooxidation

With the alternative of filtering the particles from the gases, igg;%mfggg A theoretical study, J. Phys. Chem., 100, 10967~

eit_her gas_ or particle phase products can be Sel??t?d for an%&'schmann, S. M., Atkinson, R., and Arey, J.: Products of reaction
ysis. A triple quadrupolg mf.:ISS' Sp?Ctrometer utIIIZng aFm(_)_ of OH radicals with alpha-pinene, J. Geophys. Res. Atmos., 107,
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the MS/MS mode for product analysis. For complex mix- Atkinson, R. and Arey, J.: Atmospheric degradation of volatile or-
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