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A relative rate study has been performed on the reactionrsCCH O, + NO, + M — CH3zC(O)O:NO; +

M (1) and CHC(O)Oy + NO — CHz* + CO, + NO; (2) in an atmospheric flow system in which the relative
yields of CHC(O)O:NO; (PAN) have been measured as a function of the ratio of reactants [NQJ[NO
Over the temperature range 24798 K, at a total pressure ofl atm, the ratio was independent of temperature,
ki/k, = 0.414 0.03, where the error limits arex2 The results are discussed with reference to other relative
rate measurements kf/k, and to absolute measurementskopfindk,. The atmospheric implications of the
ratio ki/k; in relation to PAN are briefly considered.

Introduction spheric chemistry of PAN. Computer-modeling studies of the

Peroxyacetyl nitrate (CH€(0)OONG, PAN) is formed in troposphere have shown _that the_ uncertainties in the rate
the atmosphere in the oxidative degradation of many organic constants of the PAN chemistry are important when calculating

compounds of both anthropogenic and biogenic origint is the ozone formatiof. The kinetics of the thermal decomposition

an important oxidant component of summer smog and can cause?lz P)Aa'\rleh\z\éﬁ gsetzgl?asﬁ:gi\gglig?;g gggﬁfizzﬁéeh;?ggg:gts
eye irritation and plant damage Moreover, PAN acts as a 1 )

8 . .
temporary reservoir for reactive intermediates involved in :ﬁsggl?réem:z%rﬂtéeo%(f:tII(o%\%e?n: rtgﬁri 2?\tlgrgeg?a?gfe;ec_?ﬂtedr'§gt
summer smog formation, and it plays an important role in the 2 9 P :

transport of NQin the troposphere. It is therefore essential to fgtiﬁgsgizgat;gr'kgfhb?ssa%%eg T;V?S;;Z?O'nosgve;?l);e:fé'\fe
establish accurate data on the kinetics and mechanisms of itsnitrateslfflg’ 9 peroxyacy
formation and removal for inclusion in models of atmospheric o o .
chemistry. Prior to the present study, however, only indirect determina-

: : tions of the ratidk/k, for PAN have been carried out. Cox et
The precursor of PAN in the atmosphere is the acetyl peroxy _~, )
radical (CHC(0O)OO), which is mainly formed from the al. d ark1)d C;o? an.dlgoﬁiyprgtla\lasurgddthg L\;Idokt(} h@on\/k¢r5|§) n
hydroxyl radical initiated oxidation of acetaldehyde. The initial Zzal as.:o.rl: %ly.'ﬁ chm le gact'sr?vschezmrgn all—|elrr1]derlc and
reaction produces an acetyl radical which is rapidly oxidized ysis Invoving piex : : Y

13 i 14 . .
to the corresponding acetylperoxy radical under atmospheric Kenley; * Kirchner et al.,* and T_uazon et &ﬁlnvestlgat.ed the
conditions: rate of the thermal decomposition of PAN as a function of the

[NOJ/[NO,] ratio and obtained values &i/k, at temperatures
above 283 K.

In the present work, the ratidi/k,, was measured by a
method involving the production of acetylperoxy radicals from
the photolysis of biacetyl in the presence of O

HO" + CH,CHO — H,0 + CH,CO'
CH,CO + 0, + M — CH,C(0)O0 + M

In the polluted atmosphere, there are two main competing .
reactions for the acetylperoxy radical: (CH;CO), + hw — 2CH,CO 4)

K, ; -
CH,C(0)OT + NO, + M 5= CH,C(O)OONG, + M CHCO + 0, + M —CHC(O)0T +M ()

1.-1) By measuring the resulting relative PAN concentrations as a

K function of the [NOJ/[NQ] ratio, we have been able to measure
CH,C(0)O0 + NO— CH,C(O)O + NO,  (2) ki/k, at atmospheric pressure and at lower temperatures than
hitherto reported.
where reaction 2 is followed by the fast reaction
st . Experimental Section
CH,C(0)T — CHy + CO, (3) Materials. The synthetic air (PanGas) was a mixture of 20%
0O, and 80% N. Mixtures of nitric oxide (1004t 2 ppm) in
N2 and nitrogen dioxide (96& 2 ppm) in synthetic air were
supplied by Carbagas. The following chemicals were used
without further purification other than bulb-to-bulb distilla-
tion: biacetyl (2,3-butadione, Fluka 99%), acetyl chloride
* Author for correspondence, FAX:+44 121 472 8067; e-mail (Fluka, .299%)’ acet_ald_ehyde (Flgkaz_99.5%). PAN Wafc’ .
A.KERR@bham.ac.uk. synthesized by the liquid-phase nitration of peracetic acid in
® Abstract published irAdvance ACS Abstractdyovember 15, 1996. n-tridecane solutioR?21

Note that since PAN is relatively unstable, its decomposition
via reaction—1 has to be included.

The ratio of the rate constant&;/k,, and the thermal
decomposition rate constart,;, are key values in the atmo-
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m MFC MFC i consisting of a 1:1 mixture of propylene glycol and water was
circulated (thermocirculator, Lauda RKS 20) through the middle
25 dm3 chamber to maintain a uniform temperature in the reaction
m MFC NP MFC vessel. Before entering the reaction vessel, the gas mixture was
g equilibrated at the reactor temperature by passage through a
tube Pyrex coil surrounded by the thermostated fluid in the middle
el L m chamber. A metal shield was wrapped around the outer surface
£l reaction cell i{ NOfilter | arc of the inner glass tube to prevent the irradiating light beam from
E|1 .r‘l - [ame entering the middle chamber. The outermost chamber was a
Se-vent vacuum jacket, to reduce the heat flux between the reactor and
5o "!Ox‘ its surroundings.
ECD/FID | | analyser The reaction vessel was illuminated by a solar simulator

) — _ (Polytec XS 1000) consistingf@a 1 kW Xe arclamp. The
Figure 1. Schematic diagram of the atmospheric flow reactor system. |ight passed to the flow reactor through a set of collimating
lenses, a water filter, an air mass filter (AM2, cutoff at 330
reactant entr ’ . ! L
°°°‘a“‘\e:'ry c ) ‘) y nm) and an N@ filter. The latter was used to minimize

light ; photolysis of NQ in the reactor and consisted of a glass cell
with quartz windows filled with air containing about 1.5% MO
& " A \ at atmospheric pressure and had a transmission of 10% at 400
rdtop I T oatngeooing | oeee™ nm and 20% at 460 nm. Under these conditions biacetyl was
circulating coil ]";:fk‘g{m jacket Y ot photolyzed over the spectral region 3560 nm but photolysis
reactant exi

of NO, was negligible.

Analysis. The PAN was measured using a gas chromato-
- . graph (Carlo Erba HRGC 5300) operated at°85and fitted
Flow System. A schematic diagram of the apparatus is with an electron capture detector (ECD) at 200 Gas samples

Sr;?orvrr]el?hlr:cl)gufalr.\ 'J;gg'aet);%e:ggigf 'U%Ogigsfgg:gg ?;:Icr)f were drawn from the exit of the reactor thréug 2 mfused
IXtu ug Irradi Wi ' ' silica capillary (i.d. 0.56 mm) at a flow rate of 20 émin~?!

about 50 s and analyzing the reactants and PAN product either . . . .
by gas chromatography (GC-ECD-FID) or with an Nebemi- and transferred via an automatic gas sampling valve using a

luminescence analyzer. The experiments were carried out athO”L stainless steel loop into a cryotrap (Carlo Erba). The
atmospheric pressure (9655 hPa) and over the temperature compounds were separated on a 16 m capillary coffi#?e

range 247-343 K. PS-255) with H as the carrier gas at a flow rate of 10 Tm

iy . . .
A steady flow of synthetic air containing biacetyl, NO, and min"®. The PAN retention time was 2.0 min under these

. ; . conditions.
NO; in the ppm range was established through the reaction . . S .
vessel. Mass flow controllers (MFC, Brooks, Model 5850E) Linearity and calibration checks of the ECD were carried out

i - . by measuring ppb levels of PAN simultaneously with the GC-

consisting of a flow sensor, a control valve and an electronic
control S)?stem allowed the separate control of all the concentra- ECD, the NQ analyzer, and an FTIR spectrometer (BIORAD
tions without affecting the total flow, which was constant over FTS45)'. The_ PAN samples fo_r the cahbra_tlon were prepared
the time scale of the experiments and usually at the rate of 400by passing air f[hrpugh a solution of PAN mtrldepang and
cm® min~t. The mass flow controllers were calibrated for air subsequently diluting this gas stream with pure air using mass
(80% N, and 20% @) and were unaffected by the low flow controllers. The ECD response for PAN was linear up to
concentrations of reactants in the mixtures. These calibrations® MXINg ratio of 500 ppb and the detection limiojdvas 0.5
were regularly checked using soap-bubble flow meters. : ] ] o

NO in nitrogen and N@in air were taken from commercial NO and NQ were measured with a commercial chemilumi-
cylinders. For biacetyl, an 8000 ppm mixture in synthetic air Nescence NONO,—NOy analyzer (Thermo Environmental
was prepared and stored in a 25%dgtass bulb at a pressure of Instruments Inc., Model 42) fitted with a stainless steeLN®

about 1250 hPa. To prepare such a mixture, the evacuated bulfNO converter operating at a temperature of 6Z5 The
was first filled with about 10 hPa of the biacetyl using a instrument was calibrated with standard mixtures of NO and

precision pressure gauge and then synthetic air was addedNOz Additionally, the conversion rate (99%) was checked by
Preliminary attempts to generate the-gbiacetyl mixture by ~ 9a@s-phase fitration of the NO standard with ozone.

Figure 2. Detailed drawing of the flow reactor.

multiple dilution of a slow flow of air bubbled through a liquid Measurement of the Rate Data. During each experiment
sample of biacetyl failed, owing to the lack of long-term only the concentrations of NO and N&@ere varied. All other
stability. parameters such as temperature, total flow, reaction time, light

The combined gas streams from the MFCs were passedintensity, and the biacetyl concentration were kept constant. A
through a gas-mixing device consisting of a glass tube containingtypical set of experimental results under the fixed conditions
a series of Teflon baffles (Sulzer Chemtech) prior to entering described above is shown in Figure 3. Starting with no NO in
the flow reactor. All connections were made with Teflon or the mixture, the [NOJ/[NQ] ratio was increased to a value of
PFA tubing (3 mm i.d.) which was covered with aluminum foil about 4 and subsequently decreased stepwise back to 0, and at
to prevent prephotolysis of the reactants. each selected value of the [NO]/[N[Qatio the relative amount

The flow reactor (see Figure 2) has already been used toof PAN formation was measured. This procedure confirmed
investigate gas-phase reactions under conditions related to théhat the system was stable over the time scale of the experiments.
tropospheré223 The Pyrex reaction vessel consisted of three Typical levels of reactants and products, in units of ppm, were
concentric chambers. The inner tube was the actual reaction[NO] 0—4, [NO;] 15, [biacetyl] 25, and [PAN] 0.020.1.
vessel with an internal diameter of 2.9 cm and a length of about  As a check on the proposed mechanism for PAN formation
56 cm. The vessel was irradiated through evacuated glassin this study, a range of additional experiments was carried out
stoppers with quartz end windows. A thermostated fluid as follows: (i) as described above but with different flow rates,
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Figure 3. Plot of the measured relative mixing ratios of PA®)(as
a function of [NOJ/[NQ] (¥) for T = 25 °C. The dashed line shows
the PANNCI=0 yalue used in the calculations.

153 and 916 chmin~1; (ii) with the photolysis of CHCOCI

as the radical source; (iii) with the photolysis of,Gh the
presence of CBCHO as the radical source; (iv) with the reaction
vessel lined with a thin Teflon sleeve. In all cases the kinetic

data were consistent with the results of the main studies (see

Results and Discussion).

Results

In the presence of relatively high concentrations of NO and
NO;, the formation of PAN and C&is governed by reactions
1 and 2. Thus we can write the rate equations:

d[PANJ/dt = k,[CH,CO,]INO,], 0}

(I

on the assumption that reactierl is negligible, which holds
at low temperatures. Taking the ratio of eqs | and Il and
integrating over time assuming that [NO&nd [NQ)]o are
constant give the following equation

d[CO,J/dt = k,[CH,CO3,[NO],

[PAN], _ k; [NOJ

1l

(€O, ~ K, [NOI, ("
where the subscripts 0 ardindicate concentrations at the
beginning of the experiment and at tiherespectively.

Initially we had intended to measure the £formation as
well as the PAN formation. This, however, was not possible
as we discovered that the PAN decomposed to yielg ®O
the infrared instrument which was used to measure the CO
from the reaction. There were also additional problems in
dealing with the ambient levels of GGn the atmosphere of
the laboratory which interfered with the product Clevels in
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[PAN]=°  [NOJ, k,
[PAN],  [NO, k,

V)

On the basis of eq V the ratio of the rate constantk,
was derived by a linear least-squares fit from the plots of
[PAN]NOI=%[PAN]; as a function of [NOJ[NG]. A typical
plot of the present data is shown in Figure 4, which is derived
from the raw data of Figure 3.

The rate coefficient ratios found in this study are listed in
Table 1, where the errors quoted are. 2No significant
temperature dependence is found in the temperature range 247
298 K, and the average of these measurements is0.8D3,
where the error is 2 times the standard deviation. Above 298
K the decomposition reactionl cannot be neglected, and these
measurements yield a ratio which is underestimated as will be
discussed later.

Discussion

Checks on the Proposed Mechanism of PAN Formation.

As noted in the Results and in Table 1, the measurements of
ki/k, at 310 and 343 K show considerably lower values of the
ratio than over the temperature range 2288 K. This effect
can be explained by the onset of the decomposition of PAN,
reaction—1, in relation to the time scale of the flow experiments.
Thus at 343 K we calculate the half-life of PAN at high [NOJ/
[NO] ratios to be 3.5 s compared to the residence time in the
flow system of~50 s for the standard flow rate of 400 &m
min~1. As further evidence of this situation we have compared
the experimental results to those from a kinetic model of the
reaction scheme (reactions—%) using the rate coefficients
recommended by IUPAE. Details of the modeling calculations
are presented elsewhéfeand the results are shown in Figure
5, where the agreement is reasonably satisfactory.

Further checks on the mechanism were carried out with
alternative sources of acetyl radicals, namely, the photolysis of
CH3COCI (with the air mass filter removed) and the photolysis
of Cl, in the presence of C}HO. In both cases the results
for ki/kz were consistent with the data derived from the biacetyl
photolyses. It should be noted, however, that when we used
relatively high ratios of [CHCHO]:[CI,], the values ofki/k,
increased te~0.6. This we believe was due to the presence of
substantial concentrations of OH radicals in the system, gener-
ated from the oxidative chain reacti@mvolving CH; radicals
produced as result of reaction 2. These OH radicals add to the
generation of PAN via OH-initiated attack on @EHO which
affects our assumption that the rate of formation of the acetyl
radical is independent of the [NO]/[NDratio. Such additional
OH-initiated PAN formation is not possible with the photolytic
radical sources, C4€OCOCH; and CHCOCI, since OH attack
on both of these molecules is unlikely to yield acetyl radicals

the ppb range. We have therefore resorted to a kinetic analysisand hence acetylperoxy radicals and PAN under the conditions

based solely on the measurement of the PAN formation.

If the production of the acetyl peroxy radical is independent
of the [NOJ/[NO;] ratio and there are no reactions of the acetyl
peroxy radical that are dependent on the [NO]/pNftio other
than (1) and (2), then the sum of ([PAN} [COyy) is
independent of the [NOJ/[N@ ratio. This sum can be
determined by measuring [PAN?=°, which is [PAN} when
[NOJ/[NO7] = 0 and therefore [Cg); = 0. Thus, independent
of the [NOJ/[NO;] ratio, [CO;]; can be expressed as

[CO,), = [PAN]"'=° — [PAN], (Iv)

Combination of egs Ill and IV yields the expression

of the present experiments.

Additional experiments were performed with the main radical
source from the photolysis of biacetyl but with higher and lower
flow rates through the reaction vessel, as recorded in Table 1.
The results show no systematic trend with increasing flow rate,
although in view of the higher errors involved at the lower flow
rate and the relatively low mixing ratio of NO and N@t the
higher flow rate, we have not included these data in calculating
the average value d¢d@/k; over the temperature range 24798
K.

Langer et aP% have reported that heterogeneous reactions of
PAN are too slow to have an influence on PAN decomposition
under typical atmospheric conditions but may affect laboratory
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Figure 4. Kinetic plot of the ratio of PAN measured as a function of
[NOJ/[NO;] according to eq V foil = 25°C, based on measurements
shown in Figure 3.

TABLE 1: Rate Constant Ratios, ki/k,, as a Function of
Temperature at Atmospheric Pressure (965 hPa)

temp/K ka/ka? temp/K ka/k?

247 0.417+ 0.019 290 0.43@& 0.025
253 0.391+ 0.015 290 0.444- 0.0469
263 0.401+ 0.015 290 0.468 0.0199
273 0.436+ 0.02 298 0.405+ 0.013
282 0.428+ 0.018 310 0.324- 0.01%
283 0.417+ 0.02 343 0.044+ 0.009
289 0.407+ 0.01

aErrors are the sum of@from linear least-squares fit andr Df
PANMNOI=0 determination®? Acetyl chloride as the radical source.
¢ Acetaldehyde+ Cl, as the radical sourcé.Teflon sleeve inserted
into the reactoré Total flow 153 cni min~2. f Total flow 916 cni min=2.
9 Not used to calculate the average (see text).
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Figure 5. Comparison of present data &ak, with a kinetic model
of the reaction scheme @] measured ratios, (solid line) modeled ratios.

measurements of PAN, through the decomposition of the
acetylperoxy radical or PAN itself at a surface. In the present
system, with a surface-to-volume ratio of about 1.4 ¢mand
relatively high mixing ratios of NO and Nf the possible
heterogeneous reactidfsire negligible in relation to the short
residence time~<50 s) in the flow reactor. As further evidence
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Figure 6. Comparison of present data &yik, with literature values:
(@) this study, Q) this study, at temperature where reactief is

significant; (») Cox et al.*! (v) Cox and Roffey?? (O) Kirchner et
al.* () Tuazon et al® (- - -) Hendry and Kenley? (—) ratio of the
absolute rate coefficients of Bridier et%hnd Villalta and Howard;

(— — —) ratio of the absolute rate coefficients of Bridier et &nd

Maricqg and Szent&.

changes in the mixing ratios of N@nd NO brought about by
these reactions are relatively small since the sum of the mixing
ratios of NO and N@was at least an order of magnitude higher
than the mixing ratios of the products, PAN and £Qn
addition, the photolysis of NPwas minimized by the presence
of the NQ filter in the light train. Direct experimental
confirmation of the essential stability of the ratio [NOJ/[MO
during the course of a reaction was obtained by switching on
and off the light or the flow of biacetyl while monitoring NO
and NQ.

The photolysis of the PAN product during the course of the
experiments can be neglected for a number of reasons. First
there is very little overlap of the absorption spectftiof PAN
with the photolytic light £ > 330 nm). In addition, during the
course of a rur< 0.5% of the biacetyl was photolyzed, and the
absorption cross sections of biacetyl are orders of magnitude
higher than those of PAN under the experimental conditions.
Finally, if the PAN photolysis was significant it would be
expected that the values ki’k, would show a dependence on
contact time i.e., flow rate through the reactor, which is not the
case (see data of Table 1).

Comparison with Literature Data. Figure 6 shows a plot
of the present results in relation to previous determinations of
ki’k, as a function of temperature and at pressures close to 1
atm. Our temperature independent valu&d, = 0.41+ 0.03
is in agreement with the vallg/k, = 0.48=+ 0.07 recommended
in the IUPAC evaluatiohand by Wallington et a8 on the basis
of the data of Cox and Roffel¢,Kirchner et al1* and Tuazon
et al’®> Note that in the present study we have been able to
extend the relative rate measurements down to a temperature
of 247 K and at the same time have considerably improved the
precision of the measurements.

Also shown in Figure 6 are values ki/k, calculated from
absolute measurementslafandk,. The values ok; are from

that heterogeneous reactions are not important in the presenBridier et al.’ which form the basis of the recommendations
system, an experiment was carried out with the Pyrex reaction for k; in the IUPAC evaluatiohand the NASA panel evalua-
vessel lined with a Teflon sleeve. The kinetic data measured tion.?® These two groups differ in their representation of the

with the Teflon surface were consistent with the results of the

main studies carried out with a Pyrex surface (see Table 1).
The above kinetic treatment assumes that [NO] andJNO

do not change significantly during the course of the reaction.

pressure effect ok; according to the Troe formulation. Here
we have calculatek; at 1 atm pressure as a function of
temperature from the valudg = 2.7 x 10-25(T/298) 71 [M]
cm® molecule! s, ke 1.21 x 10714T1/298)°° cm?

Of course, reactions 1 and 2 affect the mixing ratios of these molecule’* s71, F, = 0.30, and\; = 1.41 derived by Bridier et
two compounds, and every methyl radical produced leads to al. over the temperature range 24893 K. Thesek; values

further NO to NQ conversiort! However, in our system the

have been combined with the two recent determinations of
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to derive the lines plotted in Figure 6. Villalta and Howard N (6) Bridier, I.; Caralp, F.; Loirat, H.; Lesclaux, R.; Veyret, B.Phys.
- 12 1 Chem.1991, 95, 3594-3600.

h_alve reportedk; 8.1 x 107 exp(270F) cm’® m.0|eCU|€ (7) Addison, M. C.; Burrows, J. P.; Cox, R. A.; Patrick, Ghem. Phys.

s * over the temperature range 20402 K, from a direct study | o1t 198q 73, 283-287.

of the acetylperoxy radicals using mass spectrometry. Maricq  (8) Basco, N.; Parmar, S. $it. J. Chem. Kinet1987, 19, 115-128.

and Szenté? on the other hand, have reported= 2.1 x 10712 136298) Villalta, P. W.; Howard, C. JJ. Phys. Cheml996 100, 13624~
1g1 .

exp(5707) cm? molecule't s over the temperature range 228 (10) Maricg, M. M.; Szente, J. 3. Phys. Chem1996 100, 12380~

353 K, from transient IR absorption of N@nd time-resolved 12385,

UV spectroscopy of the acetylperoxy radicals. Itis clear from  (11) Cox, R. A;; Derwent, R. G.; Holt, P. M.; Kerr, J. Raraday Trans.

the two resulting lines shown in Figure 6 that there is a 11976 72 2061-2075. . .

significant difference, about 30% at 298 K, in the calculated 90((3%2) Cox, R. A Roffey, M. JEniron. Sci. Technol1977 11, 900~

values ofki/k; at atmospheric pressure based on the studies of (13) Hendry, D. G.; Kenley, R. Al. Am. Chem. Sod.977, 99, 3198~

Villata and Howarf and of Maricq and Szenf®. Until this 3199.

. . s e (14) Kirchner, F.; Zabel, F.; Becker, K. Ber. Bunsen-Ges. Phys. Chem.
discrepancy is resolved, it is difficult to compare the calculated 1990 94, 1379-1382.

values ofki/k, with those measured in the relative rate studies,  (15) Tuazon, E. C.; Carter, W. P. L.; Atkinson, R.Phys. Chem.991
although at face value the calculated rati@4, derived from 95, 2434-2437.

the study of Villata and HowaPdare in better agreement with (16) Zabel, F.; Kirchner, F.; Becker, K. Hat. J. Chem. Kinet1994

the present data than are those of Maricq and SZénte. 26’(213%7 _K8e4r?" J. A.: Stocker, D. WJ. Photochem1985 28, 475-489.
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(25) Seefeld, S. Laboratory Kinetic and Atmospheric Modelling Studies

of the Role of Peroxyacyl Nitrates in Tropospheric Photo-Oxidant Forma-
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