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Abstract

A novel method has been developed to study the OH and &@lution in the laser pulse initiated photo-oxidation of hydrocarbons
in NO, containing gas mixtures. In this method, long-path laser absorption (LPLA) for the time resolved detection of OH radicals in the
(AZ> "+ — X2T]) system at 308.417 nm is combined with cw-LIF for the time resolved detection g&NEY excitation at 488 nm at pressures
around 50 mbar. It is shown that simultaneous measurements of these two species represent a detailed and sensitive signature of the elemen
processes that occur following pulse initiated oxidation of hydrocarbons with photolytically generated OH radicals. The information contained
in such profiles together with detailed numerical simulations permit: (i) to extract and to validate rate coefficients of otherwise difficult to
access elementary processes of alkylperoxy and alkoxy radicals, (ii) to determine the extent of chain branching and OH regeneration an
(iii) to derive the overall number of NO/N{xonversions (NOCON factors) in the complete oxidation chain of hydrocarbons. The latter are
considered of substantial relevance to the assessment of individual hydrocarbons in the formation of ozone in photochemical smog mechanisr
where they may be used to generate lumped oxidation schemes. The present paper describes the operation of the technique as well as
definition and derivation of NOCON factors. Because the species monitored (OH andaiOnot specific for any individual hydrocarbon,
the technique is considered of wide applicability. A first application of the technique to the pulse initiated oxidation of propane by OH radicals
at7=298K is presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction rates of hydrocarbon oxidation is an essential pre-requisite to
the understanding of such complex reactive systems.
Hydrocarbon oxidation is an integral part of the com- Traditionally, the oxidation of hydrocarbons has been

bustion of fossil fuels in high temperature environments. studied in smog chambers using the detection of the hydro-
Moreover, the oxidation of volatile hydrocarbons in the atmo- carbon loss as well as the formation of products as the objects
sphere has also been identified as being an important sourcef analysis by either GC (GC/MS) or spectroscopic (FT-IR)
of ozone under NQcontaining sunlit conditiond—3]. With technique$11-14] Such technigues have been very valuable
the advances made in this field, it has also been shown thain generating rate constants for the initial attack of an oxidant,
the oxidation chains of hydrocarbons impact on the levels of such as OH or N@as well as in identifying product distri-
important atmospheric oxidants, such as OH radiegat40]. butions[11]. With the development of more advanced tech-
Therefore, the detailed knowledge of the mechanisms andniques, i.e. pulse initiated OH generation and time resolved
OH detection using resonance fluorescefi&e-17] or LIF
* Corresponding author. Tel.: +49 201 183 3073; fax: +49 201 183 4307. [18,19] rate constants have become available more directly.
E-mail address: reinhard.zellner@uni-essen.de (R. Zellner). Such techniques have also been developed for some of the

1010-6030/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2005.08.011



A. Hoffmann et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 260-269 261

combustion chain intermediates, such as alkoxy radicalslaser photolysis and is monitored on the time scale of its over-

[20-25] alkylperoxy radical$26] and HG radicals[27]. all decay, e.g. several ms. Simultaneously with the decay of
As a result of the availability of improved techniques as the primary oxidant one of the oxidation products (NG

well as of the increased attention that this field has receivedalso measured. Compared to a conventional smog chamber

over the last 2—-3 decades there is now very satisfactory stateechnique, the present technique operates on a compressed

of knowledge on detailed oxidation rates and mechanismstime scale with enhanced but measurable oxidant concentra-

of hydrocarbons as exemplified by a number of evaluations tions. The uniqueness and strength of the present technique

[28—32] This certainly applies to smaller hydrocarbons for can be summarized as follows:

which all elementary reactions are known with sufficient

precision to model their oxidations successfully in low and 1. Itrepresents a highly sensitive method of detection of the

high temperature environments (e.g. master chemical mech-  evolution of OH and N@ and hence the detailed mech-

anism (MCM)[31,32). The same, however, does not apply ~ anisms involving HQ and NQ. species in hydrocarbon

to larger as well as substituted or partially oxidized hydro- ~ Oxidation reactions under N@ich conditions. Since it is

carbons where the number of elementary reactions increases independent of the nature of the hydrocarbon it is of high

substantially or where changes in rates and product chan- applicability.

nels are induced by substitution. Notable examples include 2. Due to the extremely low initial oxidant concentrations

hydroxy or halogen substituted alkoxy radicals. (approximately 18'cm=3), the monitoring of OH and
One possibility to overcome the lack of direct data inthe ~ NOz only encompasses processes which occur along the

oxidation of larger and more complex hydrocarbonsistheuse ~ ©oxidation chain of the parent hydrocarbon and which

of structure-activity-relationships (SARs). SAR approaches  proceed to the next stable product, e.g. a carbonyl com-

are now available for anumber of types of reactions, including ~ Pound. Subsequent reactions of carbonyl compounds can

initial OH attack{33] or alkoxy[34—37]and alkylperoxy26] be entirely neglected.

radical reactions. Needless to say though that the operationaB. It allows to determine the extent of radical recycling, i.e.

quality of SAR approaches is based on the quality of available  the efficiency of OH regeneration in hydrocarbon chain

data which have been used in the development of SARs or  Oxidation under NQrich conditions.

else in the quality of theoretical ab initio quantum chemical 4. It permits to define and to measure NOCON factors,

and dynamical calculationg85-37] Even to date there is i.e. the number of NO molecules converted to Naer

remaining need in the provision of high quality experimental ~ molecule of hydrocarbon oxidized. Because N®the

and theoretical data to be used in the further development of ~ photochemical source of ozone in the lower troposphere,

SARSs. this number represents the mechanistic propensity of a
Despite the need for improved detailed knowledge on oxi- hydrocarbon to contribute to ozone formation. NOCON

dation mechanisms there is also a need for the reduction of ~factors are substance specific but depend somewhat on

such mechanisms. This is particularly the case for situations ~ the NO; level due to the interaction of the oxidation chain

where chemistry needs to be coupled with fluid dynamics, ~ With NO, in some of the elementary processes.

such as in CFD modellinf88—41] or in multi-dimensional

chemical-dynamical models of the atmospHér8,42] Due

to computational limits these models require reductions of 2. Experimental set-up and data analysis

their chemical codes without too much loss of chemical iden-

tity. A prime example where such lumpingis consideredisthe 2.1. Laser photolysis/long-path absorption (LPLA)/LIF

RADM- [43] and RACM-mechanisii#4] which are used in  system

many chemical-dynamical assessments to predict ozone lev-

els, acid deposition, etc. The experimental technique applied in this study is a
The method which has been developed and applied in thiscombination of laser pulse photolysis for the direct (i.e. pho-

work improves on both, detailed chemical mechanisms andtolysis of alkylhalogenides) or indirect (OH or CI attack

integrated representations. It is based on measurements obn hydrocarbons) generation of alkyl radicals in the pres-

temporal evolutions of both OH and N@ situations where ence of GQ/NO and simultaneous detection of OH and NO

a hydrocarbon is subjected to pulse initiated photo-oxidation concentration—time profiles using long-path laser absorption

in the presence of NO As will be shown the technique is  and LIF, respectively45—-49] From such profiles rate con-

suitable to validate and confine existing rate coefficient of stants and/or branching ratios for several of the elementary

elementary oxidation reactions as well as to generate newreactions involved can be derived by numerical simulations

rate coefficients with the aid of detailed model simulations. using a complete chemical mechanism. Because the evolu-

It also quantifies overall reaction mechanisms and thereforetions of OH and NGQ have quasi-independent and different

improves on currently available reduction schemes. sensitivities to the individual elementary reactions, the com-
The present technique can be considered agilged bination of the two helps to improve the accuracy of the

smog chambertechnique inwhichin anair/hydrocarbon/NO  derived rate coefficien{g8,49] A schematic representation

atmosphere an initial oxidant (i.e. OH) is generated by pulsed of the experimental set-up is shownkig. 1
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Fig. 1. Schematic representation of laser photolyis/laser long-path absorption (LPLA)/cw-LIF technique for simultaneous and time restitwedfdetéc
and NQ in the pulse initiated oxidation of hydrocarbons.

In cases such as propane, the oxidation has been initi-ration were used to maximize the detection efficiency. The
ated by OH radicals which were generated by excimer lasertypical absorption path length of 33.6 m yielded a detec-
photolysis of BO, at 248 nm. With a typical B0, con- tion limit of approximately 1x 10° cm3. Details of this
centration of 3.0« 1023 cm™2 and a typical laser fluence of  experimental arrangement have been described elsewhere
approximately 30—40 mJ cm3, the initial concentration of  [47,48,50]

OH radicals was estimated to be of the order of‘dn—3. The reaction mixture consisted of2Ml, NO, propane

The NG generated in the subsequent oxidation as aresultand HO,. The flows and hence the concentrations of all
of the interaction of the oxidation intermediates (alkylper- reactants were controlled by mass flow controllers. Oxygen
oxy and HQ radicals) with NO was monitored by cw-laser and NO were directly taken as delivered by the manufacturer
induced fluorescence (LIF) after excitation at 488 nm with (Messer-Griesheim). A propane gas mixture was prepared by
the direct output of a 1W Arlaser. The excitation beam expanding 50 mbar of propane into a 20| storage bulb and fill-
was coupled into a White cell to maximize the excitation ing the bulb to a total pressure of 1000 mbar with Rropane
volume and hence to decrease the detection limit which in was used without further purification (Messer-Griesheim,
this set-up was approximatelyx11019cm~3. After detec-  3.5). b0, was supplied to the gas flow using a stabilized
tion of the fluorescence light by a PMT, the LIF signal was H>02/H>0 solution (60 wt.% HO», Solvay) which was sat-
further processed by a lock-in amplifier and a digital storage urated by a N flow at 295K and 0.5 bar overpressure. The
oscilloscope before being stored in a computer. In the quan-exact HO» concentration was determined in separate exper-
tification of the time resolved detection of small amounts of iments using the measured decay of the OH concentration in
NO,, we have encountered two difficulties: (i) we have noted reaction with BO5 itself under first order conditions.
the production of small amounts of background N our Typical concentrations were: FP=1.2x 1018cm 3,
gas mixture which needed to be subtracted from the overall [NO] = (0.2-1.2)x 10 cm~3, [propane]=1.0«< 105cm—3
signal monitored and (i) the amount of N@enerated dur-  and [HO2] =3.0x 103cm~2. All experiments have been
ing the course of the oxidation chain was found to be slightly carried out at 298 3K and a total pressure of 50 mbar.
declining as a result of diffusion out of the generation vol- Although there is basically no constraint to use still higher
ume. This effect was corrected for by applying a first-order pressures this value was chosen as a compromise between
diffusional loss constant of 48. the needs to reproduce atmospheric conditions on the one

OH radicals were detected by laser long-path absorp- hand and the decrease of the N@etection method due to
tion in the centre of the @4) line of the AX* — X2T1(0, fluorescence quenching on the other hisig.

0) transition at 308.417 nm. The detection wavelength has

been supplied by an Aflaser pumped ring-dye laser. The 2.2. NOCON factors: definitions and derivation

dye laser was equipped with an SHG unit converting the

fundamental wavelength of 616 nm into the UV wavelength Hydrocarbon oxidations under N@ich atmospheric
required for OH detection. Again mirrors in White configu- conditions are sequences of reactions in which — follow-
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ing the initial attack of a parent hydrocarbon by an oxidant,
such as OH - reaction intermediates (alkyl, alkylperoxy and
alkoxy radicals) interact with @or NO to produce a carbonyl

compound. These reactions are generally chain propagatnocoN=

ing. Depending on the nature of the hydrocarbon and/or the
concentration level of atmospheric N@ fraction of these
reactions may also be chain terminating to produce nitrites
and/or nitrates. Moreover, unlike alkyl and alkylperoxy rad-
icals, alkoxy radicals tend to be thermally unstable and are
likely to decompose or isomerize whereupon new alkyl type

radicals are formed and the reaction chain is re-started. An
important question therefore is how such behaviour can be
accounted for in lumped oxidation mechanisms. Such mech-

anisms are urgently needed in order to simplify the detailed
mechanistic information in complex chemical-dynamical sit-
uations encountered e.g. in modelling of smog episodes.
As a useful descriptive tool of the net interaction of the
oxidation chain of hydrocarbons with N@ generate N@
so called NOCON factors have been suggeft&49]. The
essence of this factor is to permit to condense detailed oxi-
dation mechanisms of hydrocarbons in form of one single
mechanistic equation of the form:

VOC + aNO + B0, — yR'CHO
+3R'CH20,NO, + eNO,

In here, the factot is the NOCON factor, i.e. the ratio of
the number of moles of N&formed per mol of hydrocarbons
oxidized. The factory and? reflect the total amount of the
hydrocarbon which is oxidized to a carbonyl and which is
transformed into chain terminating products such as nitrites
(x=1, y=1) and nitratesx(=1, y=2), respectively. From
mass balance considerations 8 +¢. Although the above
equation is the overall balance equation of a multitude of ele-
mentary reactions describing the oxidation of a hydrocarbon
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In the present definition, NOCON factors are represented
by the ratio:

[NO2]
ANOC]

where the number of hydrocarbon molecules oxidized
(A[VOC]) and the number of N® molecules generated
(A[NO2]) include all relevant processes of the mechanistic
steps in VOC oxidation. Whilst the loss of VOC is normally
only afforded in reaction with OH the formation of NGn
reaction of NO with the oxidation intermediates (Rénd
HOy) is in competition with the formation of nitrites and
nitrates. Nevertheless, the amount of N@oduced can be
measured directly in our laboratory experiment. The amount
of hydrocarbon consumed(VOC]), however, is more dif-
ficult do determine.

To afirstapproximation, the amount of VOC oxidized may
be taken as being equal to the concentration of radicals which

. initiate its oxidation. The basis of this approach is the notion

that all oxidants present are exclusively consumed in reaction
with the parent hydrocarbon which is present in large excess.
In case of OH as a radical precursor, it is simple to calculate
the amount of initially formed radicals from the parameters
of the laser photolysis of its precursop® (laser pulse flu-
ence, monochromatic absorption coefficient). However, this
approach only provides a lower limit &f[VOC] since OH
radicals are also regenerated in the course of the oxidation
reaction. The time scale of this regeneration is comparable
to the time scale of initial oxidant consumption. As a result,
the amount of VOC oxidized is increased during the course
of the reaction. The same applies to the amount 0§ NO

To correct for the effect of radical recycling on the con-
sumption of VOC, we have chosen to use the OH integral
fOT[OH] dras an equivalent measure fafVOC]. As much
as the OH concentration itself this integral can be measured

(as e.g. exemplified in the subsequent detailed mechanism of it relatively high precision. As can be shown from a simple

the oxidation of propane) this equation still describes the rate
of the overall evolution of reagents and products provided all

mathematical analysis of the OH radical profile, the product
of this integral with the initial VOC concentration ([VOg)]

subsequent steps are fast compared to the initial rate of oxida—and the OH rate constakdy is equal toA[VOC].

tion of the parent hydrocarbon. Accordingly the rate of NO

formation is given by the rate of the hydrocarbon oxidation

reaction multiplied by the NOCON facter For OH as the

oxidant this rate then becomes:

d[NO>]
dr

Equations of this type hold for all hydrocarbons present

= kou[OH][VOC]e

The decay rate of OH for excess VOC is given by:

d[OH]
dr

which upon integrations leads to:

—kon[OH][VOC]g

[OH]; = [OH]o exp(—kon[VOC]o7)

in an air mass including their oxygenated analogues, such as The time integral of the OH profilE, viz.

carbonyls, alcohols or acids. As a consequence, with the aid

of NOCON factors the overall local rate of N@ormation

in an air mass could be calculated simply on the basis of
the composition, the concentration of the oxidant and the
individual NOCON factors. However, because of the NO
interactions with the hydrocarbon oxidation chain which lead
to chain terminating products, NOCON factors are somewhat
NO, dependent.

F:/0 [OH]Tdrz[OH]O/0 exp(—kon[VOC]gr) dr
is

F =[OH] eXp(—kOH[VOC]of)} .

{ 1
—kon[VOClg
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12 T T T it needs to be validated using established oxidation mecha-
nisms.

In the following we present results of integrated oxidation
studies of propane as a model compoun@af98 K. This

8
5
2 08 compound has been chosen, because its oxidation mechanism
= ] is well understood and hence no larger errors are expected to
.§ 0.6 O -avoe ] be introduced by unknown reactions and/or unreliable rate
% — [[OH]dt kg [vOC],| ] coefficients. We will first present experimental observations
g 04r : ] of OH and NQ profiles and will then discuss the derivation of
8 ] NOCON factors for this compound. Finally we will show how
02 ] this factor is modified for different experimental conditions.
0.00 20 a0 80 B0 100 120 140 160 180 3.1. Experimental observations

time [ms]
The oxidation of propane has been studied using the
Fig. 2. Simulated: [propane] in comparison with the results from integra-  |aser pulse initiated generation of OH radicals in the pres-
tion of simulated OH profiles for different reaction times. ence of propane ([propam)e} 9.5x% 1014 Cm_s) and NO
(INO]o=2.0x 1013to 1.2x 104 cm—3). Hydrogen peroxide
has been used as an OH precursor which was photolysed at

For all reaction times- 10 ms 248 nm using the output of an excimer laser (Lambda Physics

EMG 200). The total pressure has been chosen to be around
F= [OH]O{kOH[\/OC]O} 50 mbar. _ _ _

Typical concentration profiles obtained for OH and NO
and hence are presented iRig. 3a—c. The different parts of this figure
Fkon[VOC]o = [OH]o = A[VOC] are for different initial NO concentrations but otherwise iden-

tical conditions. Whilst in each case, the initial decay of OH
is a very satisfactory approximation. is of comparable rate (as shown by the individual inserts) the

In practice, the integration is performed by averaging over behaviour of OH at longer reaction times is very much depen-
two adjacent data points of the time resolved OH profile dent on the NO level. Whilst for [NO]=2.2 10*3cm™3
and multiplying the result with time increment of the sim- (Fig. 3a) there is substantial OH recycling producing even
ulation or data acquisition. The sum of these values over aa secondary maximum in the OH concentration and a slow
number of time increments corresponds to the OH integral overall decay, this is not the case for high NO concentrations
for that reaction timeFig. 2 demonstrates the correctness (i.e. 1.2x 10 cm™3). In this caseFig. ), the decay of OH
of this procedure by showing a comparison between inte- is more monotonous and faster. Similar conclusions hold for
grated OH signals and[propane] data, both obtained from the evolution of NQ.
simulation studies, for different reaction times. As can be By a comparison between initial OH and final N®ig. 3
seen, the agreement between the two is perfect over the entiralso demonstrates the extent of OH recycling. Although, in
time scale which lends confidence to the approach adopted.each of the cases presented the initial OH concentration was
It should be emphasized, however, that the applicability of 3.2x 10 cm~2 the final NG concentrations vary between
this approach to derive[propane] data in real laboratory  1x 10'2 and 3x 102cm3, depending on the NO concen-
experiments requires high precision OH measurements at aration. Hence, the average chain length of OH is in the order
very low concentration levels. We believe that this is the case of 3.5-10 (see below).
with the present technique. In order to reproduce our experimental observations we
Fig. 2 also demonstrates that although the decay of the have performed modelling calculations using the GEPASI
initial OH concentration occurs on the time scale of only a software[51-53] for OH and NQ as well as other prod-
few ms the OH integral and hence the loss of VOC tend to ucts from this reaction (see below) based on the mechanism
grow up to at least 60 ms. Hence, the effective lifetime of OH outlined in Table 1 (see table below).This mechanism is
in our experiment is roughly extended by a factor of 10 due a composite of all available reactions which deem essen-
to radical recycling. tial in the oxidation of propane and the rate constants of
which have been taken from a number of recent evaluations
[26,29-32,54-56]As can be seen from the comparison of
3. Results and discussion measured and simulated profiles ify. 3 the agreement
between the two is excellent. This agreement lends substan-
As has been mentioned above the present technique idial support to the mechanistic and kinetic data base used as
of high versatility because the species monitored (OH and well as to the strength of the present technique to test such
NOy) are independent of the nature of the VOC. Nevertheless mechanisms.
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Fig. 3. Comparison between experimentally obtained (solid lines) and simulated (dotted lines) OH aldrdentration—time profiles in the oxidation
of propane The measured M@®oncentration is corrected for diffusion (see text). Concentrations (irPxnfpropane] =9.5¢< 1014; [H,0,] =3.2 x 10%3;
[02]=1.1x 10'8; [NOJ: 2 x 1013 (a); 6x 103 (b); 1.2x 10 (c). The strong initial N@ signal is caused by stray light from the photolysis laser and is rejected
in the analysis of the concentration profiles.

It should be emphasized that the modelling calculation their results will be reported in a forthcoming publication
contains no adjustable parameter, not even the initial OH con-[57].
centration, and that henceforth we are presenting an oxidation  The evolution of the other oxidation products (aldehydes,
experiment with very well controlled conditions at extremely HNO, and RNQ), as obtained from the model simulation but
low oxidant levels. not measured in this experiment, is showifrig. 5. The two

In order to characterise the extent of OH recycling in more parts (5a and b) are for the same experiment but for different
detail we have performed additional model simulations in time scales.
which the OH radicals generated each time the oxidation As is apparent from this figure, these stable products
chain was completed were identified and labelled. The resultappear with a time constant similar to that of the forma-
from this simulation together with that for N@re presented  tion of NO,. Moreover, the main products of the oxidation
in Fig. 4. of propane are the carbonyls acetone and propanal, the for-

As can be seen there is indeed considerable OH recy-mation of which correspond to complete propane oxidation
cling during the course of the reaction. Simultaneously, following either central or terminal attack of OH. Only a
the concentration of N® builds up in successive chain smaller fraction of the product distribution is from inter-
cycles and only approaches a “final” value after about actions of the oxidation chain with NQforming notably
45ms, which corresponds to a total of >5 chain cycles. propylnitrite and propylnitrate.
As a result of recycling the overall decay of OH is gen-
eraIIy non-exponential or may even exhibit intermediate 3.2. Measurements and model simulations of NOCON
maxima depending on the choice of experimental condi- factors
tions. One possibility to separate initial and recycled OH

experimentally is the use of isotopic OD in the initial- As has been discussed above, NOCON factors are impor-
isation reaction. Such experiments are in progress andtant quantities in characterising the extent of NO to NO
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Table 1
Reactions and rate coefficients used for simulating the oxidation of propane
No. Reaction k (298 K) A n EaIR Lit.
1 OH + GHg > n-C3H7 + H,O + AVOC 3.00E-13 [30] Web version, March 2005
2 OH + GHg > i-C3H7 + H,O + AVOC 8.00E-13 [30] Web version, March 2005
Overall 1.10E-12 7.60E-12 0 585 [30] Web version, March 2005
3 OH+HQO, >0, +H,O 1.10E-10 4.80E-11 0 —250 [29]
4 OH+NO=>HONO 7.34E-13 Termolecular see néte [29]
5 OH +HNO> H,0 +NO 151E-11 8.00E-11 0 499 [55]
6 OH+H, 02 > HO, + H,0 1.70E-12 2.90E-12 0 160 [29]
7 OH + GH5CHO> Prod1 2.00E-11 5.10E-12 0 —405 [30] Web version, March 2005
8 OH +acetone- CH,C(O)CH; + H,0 1.70E-13 See not® [30] Web version, March 2005
9 OH+NQ, > HONO;, 1.75E-12 Termolecular see néte [29]
10 n-C3zH7 + Oy > n-C3H70, 6.00E-12 6.00E-12 0 0 [30] Web version, March 2005
11 i-C3H7 + O, > i-C3H70, 1.10E-11 1.10E-11 0 0 [30] Web version, March 2005
12 n-C3H702 + NO > n-C3H70 + NGO, 9.21E-12 [30] Web version, March 2005
13 n-C3zH702 + NO > n-C3H70ONO, 1.88E-13 [30] Web version, March 2005
Overall 9.40E-12 2.90E-12 0 —350 [30] Web version, March 2005
14 n-C3H702 + NO; > n-C3H700NQ, 5.65E-12 Not available Estimated froft]
15 n-C3H700NQ, > n-C3H70, + NO, 5.20 6.70E+15 0 10368 Estimated from R&b)
16 i-C3H70, + NO > i-C3H70ONO, 3.78E-13 [30] Web version, March 2005
17 i-C3H702 + NO > i-C3H70 + NGO, 8.62E-12 [30] Web version, March 2005
Overall 9.00E-12 2.70E-12 0 —360 [30] Web version, March 2005
18 i-C3H702 + NOy > i-C3H7;00NO, 5.65E-12 Not available [1]
19 i-C3H700NG; > i-C3H702 + NO, 5.20 6.70E +15 0 10368 [26]
20 i-C3H70 + NO> j-C3H7;ONO 3.40E-11 Not available [30] Web version, March 2005
21 i-C3H70 + NO> acetone + HNO 6.50E12 Not available [30] Web version, March 2005
22 n-C3H70 + NO> n-C3H70NO 3.80E-11 Not available [30] Web version, March 2005
23 n-C3H70 + O, > CoHsCHO + HO, 1.00E-14 2.60E-14 0 253 [30] Web version, March 2005
24 n-C3H70 + NO, > n-C3H70ONO, 3.60E-11 Not available [30] Web version, March 2005
25 i-C3H70 + O, > acetone + HQ 7.00E-15 1.90E-14 0 300 [30] Web version, March 2005
26 i-C3H70 + NO;, > i-C3H7ONO, 3.40E-11 3.40E-11 0 0 [36,31]
27 NG, > Prod2 4.0 Not available This work
28 HQO, +n-C3H7 > OH +n-C3H;0 4.00E-11 Not available [52]
29 HQ; +i-C3H; > CH3CHO + CH; + OH 4.00E-11 Not available [52]
30 HO, + HO, > Hy 00 + Oy 1.60E-12 2.20E-13 0 —600 [30] Web version, March 2005
31 NO+HQ = NOz +OH 8.80E-12 3.60E-12 0 -270 [30] Web version, March 2005
32 n-C3zH702 + HO, > n-C3H7;00H + O, 1.19E-11 1.51E-13 0 —1300 [36,31]
33 i-C3H70, + HO, > i-C3H7;00H + O, 1.19E-11 1.51E-13 0 —1300 [36,31]
34 OH> Prod3 10.0 Not available This work

a Termolecular rates are calculated according to as described in Chapter 2.1 of source b.
Rate constants for termolecular reactions

Reaction Low-pressure limito(T) = k3°°(7/300)™ High-pressure limik(7T) = k3%9(7/300) ™" Reference
1300 N 4300 m

OH + NO-% HONO 7.0+1.0 (-31) 2.6+0.3 3.6£1.0 (-11) 0.1£0.5 b

OH + N0, HONO, 2.0 (-30) 3.0 2.5(11) 0 b

To obtain the effective second-order rate constant for a given condition of temperature and pressure (altitude), the following formula([34)séq:=

ko(nM 12

1+ [log 10 0007 }

<’% 0.6{ [ ( e )] . The fixed value 0.6 that appears in this formula fits the data for all listed reactions adequately, although in
koo (T)

principle this quantity may be different for each reaction, and also temperature dependent.

b Temperature dependence of acetone + OH (reaction (8)). 8.8BExp(-1320/) + 1.7E-14 exp(4207) from Ref.[33] Web version March 2005.

conversion in the oxidation of VOCs in lumped oxidation isfactory agreement with simulated profiles. However, due
mechanisms. Henceforth, it is of interest to demonstrate to the need to include NO in the reaction mixture there
whether or not these quantities can directly be measured. is also substantial recycling of the initial oxidant OH as

As we have already demonstrated our experiments per-well as chain termination. This must be taken into account
mit the detailed monitoring of OH and NOwhere the when a characteristic quantity, such as a NOCON factor is
profiles observed for each of these species are in very sat-determined.



A. Hoffmann et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 260-269 267

6.0e+10 : ! : ! 2.0e+12
1.8e+12f NO:
5.0e+10 NO:
1.6e+12
;?—- (-'?_‘ NO2 (n)
£ 4.0e+10 g 1-4e+i2p n=05
o O
2 = 1.2e+12f
S s
ie] i<
= 3.0e+10 = 1.0e+12f
E T 8.0e+11}
8 2.0e+10 8
g S 6.0e+11} n=o0
O [&]
1.08+10 4.0e+11f
2.0e+11f
0 10 20 30 40 -0 10 20 30 40
(a) time [ms] (b) time [ms]

Fig. 4. Simulations of OH (a) and Nb) concentration/time profiles as specific for individual chain cyalesi=5) in the pulse initiated oxidation of propane.
The OH (NQ) profile without index are those from the complete mechanism for infinite number of chain cycles. Concentrations)if@Hio = 3.2 x 10,
[propaneg = 9.4x 10%; [02] = 1.1 x 10'8; [NO] =6 x 10'3; [H,0,] =3.1 x 103,

For the case of the OH induced oxidation of propane, the NO,. Only for VOCs which in their oxidation mechanisms
sequence of major oxidation reactions, is: generate additional alkyl radicals through, i.e. isomerization
OH + CsHg— CsHy + Hp0 and/or decomposition reactions of alkoxy radicals, viz:

RCH,O + M - R + CHO + M
CaH7+ 02+ M — CaH702+ M the effective chain lengths are increased and NOCON factors

larger than 2.0 will be produced. Unlike the effect of chain
C3H70; +NO — CaH70 + NO, length the effect of chain termination tends to reduce the
NOCON factor. This is because reactions such as:

RO, + NO(NO,) — RO,NO(NO,)

C3H70 + O, — CszHgO(acetone and propanal) HO»

HO2+NO — OH + NO;

If we neglect the additional reactions in which alkoxy and RO + NO(NG,) —~ RONO(NG)
alkylperoxy radicals interact with NQto form nitrites and are consumption processes of the VOC (and of NO) but
nitrates in chain terminating reactions, the above sequencethere is no associated conversion toN{M summary, there-
produces a theoretical NOCON factor of 2.0. This value is fore, NOCON factors (and their deviations from the standard
characteristic for simple oxidation chains in which there is value 2.0) provide valuable insight into the overall oxidation
only one RQ@ and one HQ interaction with NO to generate  mechanisms with particular emphasis on nebN@mation.

2.0 r T T r T T T
T NO,
. 15} P
@ e
£ &5 ,/
e g 1.0p / Carbonyls
© o
= ©
c b
S =
s 9
Z s
7] E=]
o c
8 1.0l ~4Gsf,
08 . . . . 15 s L s . s n s .
o 2 4 5 8 10 0 20 40 60 80 100 120 140 160 180
(a) time [ms] (b) time [ms]

Fig. 5. Simulated evolution of the oxidation products in the oxidation of propane for different time scales 1(ans; (b):=180 ms).— ACzHg denotes
the negative difference betweengzldg]o and [GHg];. Carbonyls are the sum of,85CHO, acetone and G&HO; HNQ, the sum of HNO, HONO and
HONO,; RNO; the sum 0-CzH7ONO, n-C3H70NO, i-CgH7ONO, andn-CzH;ONO;. Concentrations (in ci?): [OH]o = 3.2 x 10t [CaHglo=9.4x 104,
[NOJp =6 x 10'3; [Ho02]0 =3.1x 103; [02]p=1.1x 108,
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Fig. 6. Experimentally obtained NOCON factors for different NO con-
centrations and reaction times in comparison with calculated data. The
experimental data for 180 ms (triangles) are displaced to slightly lower NO
values for clarity.
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In general, the experimental observations are in very sat-
isfactory agreement with the results from the model simula-
tions using a complete mechanisms. It should be emphasized
that experiment and simulation contain no further adjustable
parameter and therefore the agreement must be considered

very gratifying.

4. Summary and outlook

In the present paper, we have demonstrated the feasibil-
ity of direct time resolved measurements of OH andoN®
study complex oxidation reactions. Moreover, in an applica-
tion of this technique to the laser pulse initiated oxidation of
propane by OH radicals it is demonstrated that experimental
and simulated concentration profiles are in excellent agree-
ment even at extremely low oxidant levels. On one hand,
this agreement confirms the mechanistic and kinetic correct-
ness of the oxidation process. On the other hand, it provides

Since both, chain length enhancement and chain termina-the possibility to identify and quantify unknown mechanistic
tion are substance specific and [NO] dependent, respectivelysteps and their rate coefficients. Therefore, we conclude that
NOCON factors cannot be universal. To determine substanceour experimental technique —albeit technically quite involved

specifity as well as the NQlependence is the aim of the cur-
rent approach.

As has been elaborated above, the amount of her-
ated in the oxidation chain can be extracted directly from the

and not simple — will find very useful applications in further
studies of VOC oxidation reactions.

A patrticular strength of our method is to test and quan-
tify the extent of radical recycling. What has already become

measurements with sufficient confidence. The same is notobvious, namely the detection of intermediate maxima in the

true for the amount of propane oxidized, which cannot be
determined experimentally. To circumvent this deficit of our

OH profiles will become more pronounced if other oxidants,
i.e. Cl atoms or isotopically labelled species, such as OD,

technique, we have used the measurements of the OH profileare used in which case the generation of OH in the course of

for which the time integral is related to the concentration of
propane consumed.

Measurements of NOCON factors as made from simulta-
neous observations of OH and NProfiles are summarized
in Fig. 6. The data shown are for different NO concentrations

the reaction will be very pronounced. Previous applications
of this method have already been demonstr§d&57] To
clarify the role of radical recycling is an unresolved problem,
for instance, in the oxidation of aromatif&s].

It has also been shown in this paper that NOCON factors

and for different overall reaction times. As can be seen, the are sensible definitions of NODelated informations of VOC

data obtained are around 146%.1 with little dependence
on these variables. The deviation from the ‘theoretical’

oxidation mechanisms which can be measured within certain
error limits by the current technique. NOCON factors are 2.0

value 2.0 is ascribed to the extent of termination reactions for all simple oxidation sequences of VOCs in which there

involving NO,.

is no or little chain length extension or chain termination in

Inorderto analyse these effects in more detail we have alsoparallel or subsequent reactions. Deviations from this value

performed corresponding modelling calculations in which
from the simulated concentration profiles the values for
A[NO2] and A[propane] were extracted. The results of this
calculation are equally presentedHig. 6. This computa-

are indications of extended chain propagations and/or chain
terminations which can be used for their identification and
quantification. It should be additionally noted that although
the NQ, concentrations used in our experiment are consid-

tional result demonstrates yet in more detail, the dependencesrably larger than those encountered in the atmosphere, our

of the NOCON factor on reaction time and NO concentra-

experiments still simulate these conditions since the ratio of

tion. As can be seen, the dependence on these variables i8lO, to oxidant are comparable in either case.
substantially stronger than demonstrated by the experimental
data. This is because a substantial drop of the NOCON factor

is simulated for low NO concentrations and short reaction
times. Under these conditions, the peroxy + NO chemistry,
which is responsible for the formation of NOceases. The
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