J. Braz. Chem. Soc., Val. 10, No. 6, 483-491, 1999.

Printed in Brazil.

Article

Kinetic Analysis of the Gas-Phase Reactions of M ethacrolein with
the OH Radical in the Presence of NOx

André Silva Pimentel*, and Graciela Arbilla

Departamento de Fisico-Quimica, Instituto de Quimica,
Universidade Federal do Rio de Janeiro, Centro de Tecnologia, Bloco A, Sala 408,
Cidade Universitaria, 21949-900 Rio de Janeiro - RJ, Brazil

Um mecanismo explicito paraareagdo dametacroleina(MTA) com radicais OH, numamistura
NOx - ar, foi simulado resolvendo as equacfes diferenciais ordinérias usando o método Runge-
Kutta-4-semi-implicito. Os resultados simulados sdo consistentes com os dados experimentais
publicados e 0 modelo explica as principais vias de reagdo para a oxidagdo da MTA com radicais
OH na presencade NOx - ar. Usando uma andlise dos autovetores e autoval ores dos coeficientes de
sensibilidade, para todas as espécies quimicas envolvidas em diferentes tempos de reacdo, foi
extraida informagdo cinética do sistema. Este método foi utilizado para reduzir o modelo cinético
deformaobjetiva. Foi utilizado, também, o método tradicional de andlise de vel ocidade de producéo
(ROPA) paraestudar aimportanciarel ativadas reagdesindividuais. Usando ainformagdo daandlise
de componente principal e daandlise de velocidade de producgao, foram identificadas as principais
reacOesindividuais.

An explicit chemical mechanism for the reaction of methacrolein (MTA) with OH radicalsin
NOx-air systems, was simulated by solving the corresponding ordinary differential equations using
Runge-Kutta-4-semi-implicit method. The simulated results are consistent with the published
experimental data and the model accounts for dl the major pathways by which MTA reacts in
NOx-air systems. An eigenvalue-eigenvector analysis is used to extract meaningful kinetic infor-
mation from linear sensitivity coefficients computed for all species of the chemical mechanism at
severa time points. This method is used to get an objective condition for constructing a minimal
reaction set. Also, aclassic method called rate of production analysis (ROPA) was used for the study
of the reactions relevance. Using the principal component information as well as the rate of
production analysis the main paths of reaction are identified and discussed.

Keywords: principal component analysis, eigenvalue-eigenvector analysis, rate of
production analysis, methacrolein
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I ntroduction

Methacrolein is an a,[3-unsaturated aldehyde. It is pro-
duced in asignificant yield from the gas-phase reactions of
isoprene, a vegetative emission’8, with OH radica in the
presence of NOx "% and O3 2, Since the emissions of
isoprene may dominate over anthropogenic nonmethane
emissions on regional and global scales™**®, a knowledge
of theatmospheric chemistry of methacroleinisanecessary
input into the chemical mechanism for the atmospheric
photooxidation of isoprene for use in airshed computers
models'®’. Under atmospheric conditions, the mgjor loss
process for methacrolein is calculated to occur by reaction
with the OH radical .

e-mail: pimentel @iq.ufrj.br

In this work, the gas-phase reactions of methacrolein
(hereafter MTA, CH2=C(CH3)CHO) with OH radicals in
NOx-air systems are smulated and an eigenvalue-eigen-
vector analysis of the linear sensitivity coefficients, called
Principal Component Analysis'®, is used to assess the pa-
rameter-concentration interdependence and obtain a re-
duced mechanism.

Reaction rate analysis for complex kinetic systems in-
cludes the solution of a mathematical model, i. e., a set of
coupled kinetic ordinary differential equations, the study of
the effects of parameter changes on the results and the
exploration of important reaction pathways'>?°. Thisinfor-
mation is important to decide which reactions should be
included in a atmospheric photochemical mechanism and,
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also, which reactions should be experimentally studied. A
good mechanism should be as simple as possible and the
number of its parameters and components should be mini-
mum.

Only one experimental study has been conducted for the
MTA reactionwith OH radicals?®. Inthisstudy the products
of MTA oxidation were measured and identified, obtaining
directly quantitative yields for hydroxyacetone
(HOCH,C(O)CH3) , methylglyoxal (CH3COCHO), for-
mal dehyde (HCHO) and peroxymethacryloyl nitrate (here-
after PMN, CH2=C(CH3)C(O)OONOy). The authors have
also discussed and recommended amechanism to represent
theMTA + OH chemistry. Neverthel ess, to our knowledge,
the solution of kinetic differential equationsand a sensitiv-
ity analysis of the mechanism have not been done up to
now.

J. Braz. Chem. Soc.

Since the calculated results from a deterministic model
are strictly a function of its parameters and variables as
time, temperature and pressure, in these simulations the
initial conditions for the simulations were those of the
experimental work?® in order to comparethe cal culated and
laboratory smog chamber results.

The Chemical Mechanism

Asexperimentally determined®® M TA reactsessentially
with OH radicals by H-atom abstraction, with an overall
rate constant of 3.35 x 10! cm® molecule™ st at 298 K.

The complete chemical mechanismislisted in Table 1.
It includes 38 species and 50 reactions. It was proposed on
the basis of previous mechanisms?®?° and of the known
MTAZ and PMN® chemistry. Thermal rate constantswere
either taken from literature®®* or estimated by comparison

Table 1. Chemical Mechanism for Gas-Phase Reactions of MTA with the OH Radical in the Presence of NOx.

Reactions

Rate Constants at 298 K
Units of molecule, cm3, S

#1) HONO + OH - H20 + NO2

#2) OH + HNO3 — H20 + NO3

3) NO + OH - HONO

4) OH + NO2 - HNO3

5) HO2 + NO - OH + NO2

6) NO+ O3 - NO2 + O2

7) NO+NO3 - 2NO2

8) NO2 + O3 - NO3 + O2

9) HONO + hv —» OH + NO

10) NO2 + hv + (0O2) - NO+ O3

11) HCHO + OH + (O2) - HO2 + CO + H20
12) CH3CHO + OH + (O2) — CH3CO3 + H20
13) CH30 + (02) - HCHO + HO2

14) CH302 + NO - NO2 + CH30

15) CH3CO3 + NO + (O2) — NO2 + CH302 + CO2
16) CH3CO3 + NO2 — CH3CO3NO2

17) CH3CO3NO2 — CH3CO3 + NO2

18) CH3CH20 + O2 - CH3CHO + HO2

19) CH3CH20 + NO - CH3CH2ONO

20) CH2=C(CH3)CHO + OH + (O2) - 0.42 HOCH2C(O2)(CH3)CHO +

ki=4.86x 1012
ka=150x 102
ke?=112x 10
ks=134x 10
ks =8.28x 1012
ke=1.81x 10
k7=2.60x 1011
kg =3.23x 107
jo=1.63x 102
j10=4.26x 10"
ki1 =957 x 102
k12 = 1.58 x 101
k13 =4.59 x 104
kia=7.68x 1072
kis*=9.98 x 1012
kis = 3.63x 1072
ki7=1.81x 10
k1g =9.48 x 101
k19 = 4.40 X 10" (ko)
kao® = 3.35x 10

0.08 02CH2C(OH)(CH3)CHO + 0.50 CH2=C(CH3)C(0)00 + 0.50 H20

21) HOCH2C(O2)(CH3)CHO + NO — HOCH2C(0)(CH3)CHO + NO2
22) HOCH2C(0)(CH3)CHO + (O2) — HOCH2C(O)CH3 + CO + HO2
23) 02CH2C(OH)(CH3)CHO + NO — OCH2C(OH)(CH3)CHO + NO2

24) OCH2C(OH)(CH3)CHO — HCHO + CH3C(OH)CHO

k21®=8.90x 1012
ko2®=7.00x 10*
koa® = 8.90 x 1012
kos®=7.00x 10*
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25) CH3C(OH)CHO + (O2) — CHaC(O)CHO + HO
26) CH2=C(CH3)C(0)00 + NO; — CHz=C(CH3)C(O)OONO;
27) CH2=C(CH3)C(O)OONO2 - CHz=C(CH3)C(0)00 + NO2
28) CH2=C(CH3)C(0)00 + NO — CH2=C(CH3)C(0)O + NO2
29) CH2=C(CH3)C(0)O + (O2) — CHp=C(CH3)Oz + CO,

30) CH2=C(CH3)O2 + NO + (O2) — O2CH2C(O)CH3 + NO2
31) 02CH2C(O)CH3 + NO — OCH2C(O)CH3 + NO2

32) OCH2C(O)CH3 + (Oz) — HCHO + CH3CO3

33) CH2=C(CH3)C(O)OONO2 + OH + (O2) — O2CH2C(OH)(CH3)C(O)OONO;
34) O2CH2C(OH)(CH3)C(O)OONO2 + NO - OCH2C(OH)(CH3)C(O)OONO2 + NO2
35) OCH2C(OH)(CH3)C(O)OONO2 — 0.51 HOCH2C(O)CH3 + 0.51 CO3NO; +

0.49 CH3C(O)C(O)OONO2 + 0.49 HCHO
36) CH3CH20ONO + hv — CH3CH20 + NO
#37) 20H - H2xO2
#38) H2O2 + OH — H20 + HO2
39) HO2 + HO2 - H202 + O2
40) HO2 + NO2 — HO2NO2
41) HO2NO2 — HO2 + NO2
42) NO2 + NO3 - N20s
43) N2Os - NO2 + NO3
44) CH30 + NO - CH30NO
#45) CH30 + NO2 — CH30NO?
46) CH302 + NO2 - CH302NO2
47) CH302NO2 — CH302 + NO2
48) HCHO + (202) + hv — 2HO2 + CO
49) HCHO + hv - H2+CO
50) CH3CHO + (2 Op) + hv —» CH302 +HO2 +CO

Gas-Phase Reactions of Methacrolein 485

kos® = 3.80 x 10°
kos = 3.60 x 1072
ko7 =2.30x 107
kog® = 8.90 x 1012
koo® = 7.00x 10*
kao® = 8.90 x 1012
k31®=8.90x 1012
ka2 = 7.00x 10*
ksz = 3.60 x 1072
kas® = 8.90x 1012
kas® = 7.00x 10*

jse“=2.15x 10
ks7=1.14x 10!
ksg=1.70x 102
kao = 7.73x 102
kao=2.33x 1072
ka1 =1.68x 10
ka2 =656 x 103
kag=2.27 x 102
kag=2.13x 10!
kas = 8.75x 102
kas = 2.93x 1072
ka7 = 1.698
jag=1.76x 10°
ja9=2.66x 10°
jso=3.53x 10°

with similar compounds® when there was no available
information. As photochemical reaction rates are depend-
ent on the experimental conditions and were not reported
by Tuazon and Atkinson?® they were estimated on the basis
of the methacrolein photooxidation experimental data?®.

M ethodology

As usual, the chemical process can be described by a
system of kinetic differential equations,

oc(t)
—-=f(kc(t

o =k c(0)
where c(t) isthe n-vector of species concentrationswith c(t
= 0) = c® and k is the m-vector of kinetic parameters. For
complex systems a numerical solution is required. The

available methods to solve the differential equationsand to
investigate the main features of the mechanism are fully
discussed in the literature!®242536-38,

In investigating a chemical mechanism, it isimportant
to assess the effects of parameter uncertainties on the pre-
dicted concentrations of the variousintermediate and prod-
uct species. This analysis is known as sensitivity analysis
and is useful in determining the main reaction path. An
element of the first order local concentration sensitivity
matrix, S; is given by

0ci (t2)

ok
and isthe linear approximation of concentration change of
speciesi at thetime t> caused by the differential change of

Sj (ko, CO, 11, tz) =
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the parameter of reaction j at timet; from value k®to k. In
thiswork the parametersare the photochemical coefficients
and the thermal rate constants.

Sensitivity coefficientsarenormalizedin order to elimi-
nate their dependence on the dimensions of the kinetic
model. The parameter-concentration interdependence may
be described intwoways: by theoverall sensitivities, which
are the sum of the squares of the normalized sensitivities,
and by the principal component analysis of the normalized
sengitivity matrix. The overall sengitivities give the effect
of asingle parameter on aconcentration group. The princi-
pal component analysis consistsin the identification of the
parameters group which hasjoint influence on aconcentra-
tion group. Thismethod is akind of factor analysisand its
main goal is to decry those hidden factors which have
generated the dependence or variation in responses.

Theeigenvectors of the matrix S'S, where Sisthe array
of sensitivity coefficients, identify parameter groups while
the eigenval ues give information about the effectiveness of
these parameter groups for the change of species concen-
trations. A parameter is considered important if it belongs
toalargee ement of an eigenvector correspondingtoalarge
eigenvalue. The " principal component of the systemisthe
linear compound

Wy=ayXe+...+am Xp

whose coefficients ay, are the characteristic vector elements
associated with the ¢ eigenvalue. The importance and
usefulness of the component would be measured by the
total variance magnitudeattributabletoit, that isby theratio
of its eigenvalue A, to the sum of all eigenvalue.

An alternative way and more classica method for the
investigation of the reactions relevance is the rate of pro-
duction analysis called ROPA %3, This method cal culates
the contribution of each reaction step to thetotal production
rate of each species using concentration data and the rate
coefficients. Although very simple to implement, this
method gives results which are rather difficult to interpret
inacorrect way and sometimes |eads to misleading conclu-
sions. Thus, the combination of species reduction and rate
sensitivity analysis?® seems to be a more effective way for
this purpose, the rate of production analysis is a classic
method for the identification of important reaction path-
ways. This methodology requires the calculation of the Pij
matrix elements*®t, which show the contribution of reac-
tionj to the rate of production of speciesi.

Results and Discussions

The full mechanism and rate constants are presented in
Table 1. The reduced mechanism was obtained after elimi-
nation of the unimportant reactions (denoted by #in Table
1) on the basis of the principa component analysis de-
scribed below. The rank of reactions ordered by overall

J. Braz. Chem. Soc.

sensitivities and rates is shown in Table 2. We calculated
normalized sensitivities for all species at time points 1.9,
6.9,11.9,15.9, 19.9, 24.9 and 40.9 min. Eigenvaluesof S'S
and the corresponding eigenvectors are listed in Table 3.

In the conditions of the modeling, the main source of
hydroxy! radicasis the reaction (5) (HO2 + NO - OH +
NOz) which follows the photolysis of the ethyl nitrite
(CH3CH>ONO + hv — CH3CH20 + NO) and the oxidation
of the CH3CH0 radicals (CH3CH20 + O, » CH3CHO +
HOy). Reaction (5) accounts for ca. 95% of OH radica
formed and the only significant sources of NO are the
photodecomposition of ethyl nitrite (7%) and NO> (93%),
reactions (36) and (10), respectively. Since photolysislight
intensities during the experiments were not reported?, the
ethyl nitrite photodecomposition coefficient was estimated
from the experimental concentration profiles of MTA asa
function of time (Fig. 1). Thismethod of parameter estima-
tion is supported by the facts discussed above: in the smog
chamber conditions, theonly significant source of hydroxyl
radicalsisethyl nitrite phololysisand M TA reactsprimarily
with OH radicals. The selected values gave consistent
resultsfor other photodecompositionsand area soin agree-
ment with the value reported in literature® for NO, in the
same experimental conditions. The set of reactions (Table
1) accountsfor theM TA photooxidation in good agreement
with experimental data (Fig. 1). As presented in Fig. 2,
simulated results for the formation of the main products
where hydroxyacetone and methylglyoxa show a good
agreement with experimental data. On the other hand,
formaldehyde and peroxymethacryloyl nitrate (Figs. 3 and
4), show a dight deviation mainly for longer times.

In these simulation conditions, formaldehydeisformed
both from acetaldehyde, the initial product of ethyl nitrite
photolysis, reaction (36), and by the sequence of reactions
initiated by OH radica oxidation of MTA, reaction (20):

CH,=C(CH3)CHO + OH + (02 - 0.42
HOCH2C(O5)(CH3)CHO + 0.08 O2CH2C(OH)(CH3)CHO
+ 0.50 CH,=C(CH3)C(0)OO0 + 0.50 H20

The rate of production analysis shows that 52.5% of
formaldehyde is formed initially through the reaction se-
guence (20), (28), (29), (30), (31) and (32), 25.4% through
the reaction (13), CH3O + (O2) -~ HCHO + HOp, and
22.1% through the reaction sequence (20), (23) and (24),
which involve the reaction of OCH>C(OH)(CH3z)CHO
with NO. The CH30O radica is formed through reactions
(15) and (14) from CH3COs which is a secondary product
of MTA oxidation, see reaction (32), and a product of
acetaldehyde photooxidation, reaction (12). For longer
times, t > 10 min, the relative importance of these pathsis
changed and 80.9% of formaldehydeisformed through the
reaction sequence (20), (23) and (24), 10.0% through the
reaction sequence (20), (28), (29), (30), (31) and (32), and
9.1% through the reaction (13), CH3z0 + (O2) -~ HCHO +
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Table 2. Rank of reactions by overall sensitivity and rates.

Rank Reaction Overal Reaction Rates** Rank Reaction Overall Reaction Rates**
Sens.* Sens.*
1 36 1.01x 10° 42 1.05 x 10*? 27 24 7.00 11 1.42 x 10°
2 20 1.83x 10° 43 1.02 x 10% 28 23 7.00 33 8.25x 10°
3 1.44x 10° 10 4.25x 10" 29 34 7.00 34 8.25x 10°
4 5 9.47 x 10* 6 2.60x 10t 30 21 7.00 35 8.25x 10°
5 26 6.86 x 10" 8 1.50 x 10% 31 39 6.78 49 6.98x 10°
6 28 6.31x 10* 7 1.28x 101! 32 46 6.74 48 462x 10°
7 10 414 x 10" 46 454 x 10% 33 47 6.74 14 3.69 x 10°
8 40 3.95x 10! 47 454 % 101 34 12 6.44 13 3.62x 10
9 33 2.65x 10" 5 411 x 10%° 35 42 5.95 50 2.95x 108
10 16 2.63x 10 36 3.00x 10%° 36 50 4.07 9 241x10°
11 6 257 x 10" 18 3.00x 10%° 37 43 3.69 29 1.62x 10°
12 15 2.26 x 10" 20 2.40 x 10%° 33 27 1.75 28 1.62x 108
13 1.92x 10t 26 2.12x 10 39 48 7.18x 10! 30 1.62x 10°
14 1.52x 10* 41 1.16 x 10° 40 17 424 x 10" 32 1.62x 108
15 14 1.35x 10* 40 1.16x 10%° a1 11 4.05x 10" 31 1.62x 10°
16 1.13x 10* 16 1.06 x 10'° 42 44 1.68x 10t 15 9.04x 10’
17 8.34 22 1.01 x 10%° 43 19 9.66 x 10 2 2.97x 10’
18 13 7.19 21 1.01 x 10'° 44 45 3.45x 10 3 1.95x 10’
19 41 7.18 27 9.36x 10° 45 1 2.00x 107 38 1.18x 10’
20 18 7.06 4 753x 10° 46 49 556x 10° 45 6.88 x 10°
21 29 7.00 12 7.43x10° a7 37 2.36x 10 1 4.02x 10°
22 3P 7.00 17 3.11x 10° 48 2 1.38x 10 19 1.80x 10°
23 30 7.00 39 1.99x 10° 49 38 448x 107 44 5.19 x 10*
24 25 7.00 23 1.92x 10° 50 37 3.62x 10°
25 31 7.00 25 1.92x 10° *undimensional. **units in molecule, cm® and s, ***Overall sensitivity
26 22 7.00 24 1.92 x 10° for t:Ieaction 35 was not calculated because of numerical convergence
problems.

Table 3. Eigenvalues and eigenvectors for the mechanism of MTA photooxidation.
Eigenvalues®  1.51x 10° 8.95x 10" 7.93x 10" 3.71x 10" 3.25x 10" 2.86x 10" 1.92x 10" 1.49x 10" 1.27 x 10' 1.06 x 10"
Ei genvec’[orsb

(36) .810 (26) 508 (5) -476 (20) 487 (5) 569 (9) 535 (9) -.402 (33) 465 (20) .307 (13) -.375
(20) .323 (28) -.477 (10) -430 (14) .351 (10) -.358 (3) -.394 (40) .379 (41) -.408 (9) -.275 (16) -.359
(4) -.298 (10) -363 (6) .343 (9) .275 (6) .288 (14) -.328 (8) .342 (40) .398 (46) .261 (18) .326
(5) -202 (6) .293 (33) -.338 (16) .260 (14) -.257 (20) .261 (33) -.247 (9) .215 (47) -261 (4) -.288
(33) 274 (36) -311 (3) -234 (4) -241 (15) .241 (7) -.245 (36) -.203 (40) -.257 (41) 285
(20) -.244 (20) 268 (5) .233 (26) -.211 (16) -.236 (20) .242 (4) -241 (15) 283
(40) 227 (12) -.214 (39) -.201 (46) 216 (28) -.233 (8) -.232 (36) -.232
(46) -.213 (47) -216 (26) 222 (39) .229 (40) -.221

47) 213 (39) -.221 (5) -.227

(33) 210 (10) .226

(4) -.209
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Eigenvalues® 9.50 7.69 7.00 7.00 7.00

7.00 7.00 7.00 6.45 6.24

Ei genve(:torsb

1 (8) 491 (18) -.400 (23) -.522 (32) -.685 (30) .713 (31) -.625 (24) .734 (21) -.629 (18) -.409 (42) .565
2 (7) -.334 (13) -.380 (25) 451 (22) .445 (31) -.474 (29) .548 (25) -.676 (23) .565 (15) .401 (43) -.458
3 (41) 314 (25) -.321 (22) -.407 (29) .415 (29) -.402 (22) -.385 (22) -.411 (13) -.365 (18) .258
4 (13) 276 (22) -.321 (32) -.372 (21) -.304 (22) 214 (21) .319 (24) 251 (12) -.293 (23) -.222
5 (10) -.236 (24) -.321 (24) .344 (30) .223 (25) 223 (4) 244 (21) -.221
6 (4) 212 (29) -.222 (30) .255 (9) -.243 (4) .204
7 (42) 212 (32) -.222 (20) .203 (8) -.202
8 (16) 205 (9) .219

9 (50) .210

10 (42) 201

Eigenvalues®  5.68 5.46 457 4.19 3.86 3.36 2.62 1.94 1.63 1.22
Eigenvectorsb

1 (18) -.636 (34) .739 (14) -.399 (28) .389 (12) .440 (26) -.520 (34) .405 (33) -.400 (50) -.433 (3) .506
2 (16) -.313 (4) -.273 (46) -.393 (26) .377 (15) -.421 (28) -.497 (21) .354 (31) -.361 (15) .424 (39) .431
3 (13) 294 (47) 393 (16) -.311 (3) -.315 (16) -.346 (23) .354 (30) -.361 (16) .387 (20) .341
4 (4) -.270 (13) 351 (14) 271 (9) -.289 (50) -.210 (14) .292 (28) -.299 (12) .303 (4) .330
5 (42) 256 (34) .315 (50) -.242 (50) .250 (39) -.260 (29) -.296 (41) -.260 (41) -.244
6 (50) -.239 (15) .305 (21) -.232 (14) -.246 (29) -.243 (32) -296 (3) -.258 (5) .235
7 (43) -.213 (23) -.232 (20) 221 (32) -.243  (3) 244 (4) -.223 (33) .218
Eigenvalues®  1.05 957x 101 5.93x 10" 4.71x 10 2.10x 10 7.94 x 102 4.46 x 102 3.28 x 10 2.91 x 102 1.52 x 102
Eigenvectorsb

1 (39) -.668 (12) 492 (6) -.395 (27) -.795 (7) .424 (43) -.714 (17) -.832 (11) -.803 (7) -.497 (44) .756
2 (12) 316 (50) .487 (40) .393 (41) -.289 (6) -.413 (42) -.551 (48) -.310 (49) -.308 (8) -.424 (17) -.426
3 (5) -309 (13) 332 (7) .367 (40) -.286 (27) .365 (44) -.229 (48) -202 (6) -.407 (19) .363
4 (3) .268 (14) .323 (41) .330 (50) .221 (10) -.349 (19) -.201 (10) -.397 (11) -.218
5 (50) -.264 (15) .310 (27) -.324 (8) .308 (43) -.278

6 (40) -.248 (33) .210 (50) -.225 (41) -.288 (11) -.257

7 (16) .207 (40) -.251 (42) -.225
Eigenvalues®  6.86x 10° 1.27 x 102 5.16 x 10 2.93x 10* 1.55x 10 5.64 x 10° 7.39 x 10° 5.64 x 10° 9.17 x 10”7
Eigenvectorsb

1 (48) -.860 (19) -.812 (45) -.802 (49) .787 (1) -.905 (37) -.843 (2) .995 (38) .994 (47) -.707

2 (44) 398 (44) 383 (1) -.402 (37) 490 (45) .397 (49) .479 (46) -.707

3 (17) .240 (45) -.366 (19) .358 (11) -.282

4 (48) 212

@Each column represents aprincipal component, that isagroup of coupled reactions. The eigenval uesindicate the effectiveness of each group in changing

the modeling results.

Prirgt entry refers to the rate constant for the reaction listed in Table 1 and second entry lists eigenvector components. The eigenvectors give the relative

importance of each reaction in the group.

HOz. Under the modelling conditions, the decomposition
reactionsof formaldehyde, reactions(11), (49) and (48), are
initially 11% of the total and after this the yield increases
up to 45% at the end of reaction. As observed experimen-
tally?®“?, the formed formal dehyde reacts essentially with
OH radicals which are in relatively high concentrations

(calculated values about 0.6-1.3 x 10” molecule cm?). In
comparison with the OH radical reaction (11) (HCHO +
OH + (0O2) - HO, + CO + H0), the photochemical
decompositions (39) and (40) (HCHO + (20O2) + hv - 2
HO2 + COand HCHO + hv - H2 + CO) are of non-negli-
gible importance (30-40%).
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Figure 1. Simulated and experimental datafor the oxidation of the MTA
as afunction of reaction time.

5 | m Tuazon and Atkinson .
= ® Full mechanism
S ,L A Reduced mechanism u
%’ HOCH,C(O)CH;
3
=) L | |
g 3 B
:O ‘
w 2T
iz} !}
Q
g 1r CHC(O)CHO #
e | R
£ S s
0 1 1 1 1 1
0 10 20 30 40
t/ min

Figure 2. Simulated and experimental data for the main products of the
gas-phase reactions of MTA with the OH radical in the presence of NOx
as afunction of reaction time.
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Figure 3. Simulated and experimental data for formaldehyde concentra-
tion as afunction of reaction time.

In the conditions of this simulation, the formation of
acetal dehyde and peroxyacetyl nitrate (PAN) can be attrib-
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Figure 4. Smulated and experimental data for the peroxymethacryloyl
nitrate (PMN) concentrations as a function of reaction time.

uted to the photooxidation of ethyl nitrite?®*2. In compari-
son with OH radical reaction (CH3CHO + OH + (O2) -
CH3COs3 + H20), the aceta dehyde photochemical decom-
positions (CH3CHO + (2 O) + hv » CH30, +HO, +CO)
are of non-negligibleimportance, as shown by the principal
component analysis.

The 1% and 2™ principal components in Table 3 show
that ethyl nitrite photodecomposition, reaction (36), oxida-
tion of MTA, reaction (20), and OH/NO chemistry, reac-
tions (4) and (5), are strongly coupled and are the most
influential reaction sequence in the mechanism. Thus, a
small deviation in ko or jzs should largely affect the simu-
lation results. The same conclusions were obtained in the
simulation of methyl-tert-butyl ether (M TBE)* and methy!
vinyl ketone (MVK)* photooxidation by OH radicals.

According to the magnitude of the eigenvalues and
significant entries (= 0.20) of the corresponding eigenvec-
tor, the individual reactions may be classified in three
groups:

1) Eigenvalues A1 to Az are much larger than the

31 49
remaining ones. Note that z A/ z Aj = 0.9987.

i=1 j=1
Principal components (1 to Ya1 contain steps (3)-(10),
(12)-(16), (18), (20)-(26), (28)-(36), (39)-(43), (46)-(47)
and (50), forming the “basic” part of mechanism. Accord-
ing to Y1, the most influential reaction sequenceisformed
by (36), (20), (4) and (5). Thisfirst component emphasizes
that the largest effect is brought about by setting the pa-
rametersjss and koo. Reactions (4) and (5) largely affect the
NO/NO: ratio and the simulated results. Due to the cou-
pling of theindividual reactions, thisratio not only depends
on the rate of reactions (20) and (36) but aso on al the
reactionsinvolving NOx. Since jss is an estimated parame-
ter, some deviations of the simulated results may be attrib-
uted to it. An uncertainty analysis of this parameter shows
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that achange of 10% in jzs leads to a substantial change of
all product concentrations (4.8% in hydroxyacetone, 4.4%
in methylglioxal, 5.9% in peroxymethacryloyl nitrate and
7.3% in formadehyde). The inclusion of another minor
path of reaction, such the formation of akylnitrates, might
affect the NO/NOxy ratios in a non-negligible amount.

2) According a2 to Yag, reactions (11), (17), (19), (27),
(44) and (48)-(49), are of “transitional” importance. As it
will be shown, in spite of their small contributionsthey can
not be removed from the mechanism.

3) Reactions (1), (2), (37)-(38) and (45) contained in
a0 to Yae With eigenval ues below 2.66 x 1072 are unimpor-
tant and can be eliminated.

As shown in Table 4, eliminating the last group of
reactionscausessmall changesin concentrations. However,
additional elimination of steps (11), (17), (19), (27), (44)
and (48)-(49) (i.e. reactions of “transitional” importance)
leads to large deviations (Table 4). Since all concentration
changes should be small, no further mechanism reduction
ispossible.

The rank of reactions by overal sensitivity (Table 2)
suggests that reaction 49 may be eliminated. However, this
elimination leads to large deviations (e. g. a t = 40.9 min
the deviation for HCHO is 5.9%). The rate reaction rank
(Table 2) gives a different rank of reactions and is not an
effectiveway of reducing amechanism. Individual ratesdo
not consider the interactions between reactions and may
lead to incorrect conclusions about the relevance of indi-
vidual reactions. Anyway, the rate of production analysis
is a good method for the exploration of the reaction path-
waysand providesuseful informationasshownintheinitial
part of thisdiscussion.

Conclusions

The proposed chemical mechanism gives satisfactory
results for the oxidation of MTA by OH radicals in com-
parison with experimental chamber data. Unfortunately the
experimental data were obtained for arather narrow range

Table 4. Comparison of concentration deviations from full mechanism,
eliminating of steps (1), (2), (37), (38) and (45) (column A) and also steps
(112), (17), (44), (48) and (49) (column B).

Deviations (%)

Compounds A B

MTA -0.34 0.64
Hydroxyacetone 0.39 -0.74
Methylglyoxal 0.38 -0.73
Formaldehyde 0.49 25.85
PMN 051 -0.57
NO -1.50 24.95
NO2 -0.75 9.86

J. Braz. Chem. Soc.

of conditions. Since mechanism results are a function of
initial conditions, the conclusions taken from the eigen-
value-eigenvector analysis are only valid for this set of
conditions. Anyway, the results shows that the reaction
mechanism is strongly coupled and confirms that the most
influential reactions are ethyl nitrite photolysis, the MTA
oxidation, PAN and HOx/NOy chemistry. Thisisin agree-
ment with independent evidences that tropospheric chem-
istry iscontrolled by NOx concentrations and OH oxidation
of volatile organic compounds.

On the basis of the calculated eigenvalues, the mecha-
nism can be reduced to 45 reactions. Since reactions (21) -
(35) form the basic part of the mechanism, the estimation
of their rate constants may lead to a considerable uncer-
tainty in the simulated results. Then, further experiments
with this system, in order to study those reaction paths,
would be important in the improvement of atmospheric
photochemical mechanisms.
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