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OzOnio na troposfera

De onde vem este 0z0nio?
“*Troca estratosfera / troposfera

“*Producéao fotoquimica

Para onde val este 0zonio?

‘s Transporte e remocao na superficie

“*Destruicao quimica in-situ



Niveis de 0z0nio s&o expressos tipicamente em parte por bilhao por volume (ppbv
ou ppb), que representam a fracao de moléculas de 0z6énio no total de moléculas
de ar. Niveis tipicos de 0z06nio (razbes de mistura):

background natural (prée-industrial): 10-20 ppb

20-40 ppb (variando por estacao e

Regides remotas no Hemisfério Norte: latitude)

Areas rurais durante eventos de poluicéo 80-100 ppb

Pico de O, em areas urbanas durante

eventos de poluigdo 120-200 ppb

Maximo urbano de O, (Los Angeles,

Mexico City) = [pIple

Camada de 0zobnio estratosférico 15000 ppb

USEPA padrao para a saude de ozonio 125 ppb, 1-hora exposicao
(proposta de revisao): 85 ppb, 8 horas de exposicao
CONAMA (Brasil 80 ppb, 1 hora de exposicao
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Cid.Universitaria-USP-Ipen - 13/10/2014

NO2 co 03 MP2.5
Hg/m3 ppm Hg/m3 Hg/m3
Hora Média Indice / | Média Média Indice / | Média Média Indice/ | Média Média Indice/
Horaria Qualidade| horaria 8 h ualidade | horaria 8 h Qualidade| horaria 24 h Qualidade
1:00 105 1.5 1 2 84 51 41 65
2:00 99 1.8 1.1 2 61 54 41 65
3:00 103 3.1 1.5 1 37 56 41 65
4:00 96 2.1 1.6 2 20 63 42 67
5:00 99 —— 1.7 2 10 68 43 68
6:00 99 2 1.8 1 5 67 44 70
7:00 97 1.4 1.9 5 2 65 46 73
8:00 97 1.1 1.9 20 4 69 47 75
9:00 102 1 1.8 59 12 63 48 76
10:00 83 1 1.7 125 27 64 48 76
11:00 27 0.6 1.3 173 48 58 49 78
12:00 22 0.5 1.1 192 72 44 49 78
13:00 15 0.4 1 206 98 34 50 79
14:00 17 0.5 0.8 234 127 32 50 79
15:00 20 0.6 0.7 246 157 50 51
16:00 23 0.7 0.7 258 187 69 52
17:00 27 0.7 0.6 261 212 81 54
18:00 60 0.9 0.6 196 221 93 56
19:00 69 0.8 0.6 101 212 63 56
20:00 78 0.9 0.7 76 197 36 56
21:00 44 0.7 0.7 117 186 15 55
22:00 42 0.7 0.7 103 170 26 55
23:00 49 0.7 0.8 96 151 38 54
24:00:0 47 96 35
0 == 0.8 131 54
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Cid.Universitaria-USP-Ipen - 15/10/2014

NO2 co 03 MP2.5
Hg/m3 ppm Hg/m3 Hg/m3
Hora Média Indice/ | Média Média Indice/ | Média Média Indice/ | Média Média Indice/
Horaria Qualidade| hordria 8 h Qualidade|hordaria 8 h  Qualidade|hordria 24 h Qualidade

1:00 15 0.4 1 86 134 25 34 54
2:00 8 0.3 0.9 102 109 52 24 34 54
3:00 10 0.3 0.8 96 98 21 34 54
4:00 13 0.4 0.6 95 91 30 35 56
5:00 16 -- 0.5 97 91 37 36 57
6:00 17 0.6 0.4 87 90 34 37 59
7:00 -- -- -- -- -- -- -- --
8:00 41 1.2 0.5 72 91 8 38 61
9:00 38 1.3 0.7 103 93 13 37 59
10:00 35 1.1 0.8 123 96 24 37 59
11:00 32 1.1 0.9 114 99 38 38 61
12:00 31 1.1 1.1 147 106 48 42 39 62
13:00 28 1 1 122 110 53 43 40 64
14:00 21 1 1.1 96 111 55 37 40 64
15:00 21 1 1.1 89 108 51 38 40 64
16:00 28 1.1 1.1 73 108 51 38 39 62
17:00 35 1.4 1.1 59 103 44 34 38 61
18:00 32 1.4 1.1 59 95 35 37 59
19:00 36 1.5 1.2 52 87 32 35 56
20:00 23 1.4 1.2 69 77 35 34 54
21:00 21 1.3 1.3 68 71 22 32 51
22:00 25 1.4 1.3 67 67 16 31 48
23:00 22 1.3 1.4 74 65 21 30 48

24 18 1.3 1.4 75 65 19 29 46
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Concentragdo média horaria de ozénio no més de outubro de 2002, na estacao
Ibirapuera da CETESB. A linha vermelha corresponde ao PQAR (160 ug m3).

Galichio, APLICACAO DO MODELO WRF/chem PARA MODELAGEM DE OZONIO TROPOSFERICO: ESTUDO
DE CASO DE OUTUBRO DE 2002, Dissertacao de Mestrado, 2011



Smog fotoquimico — ozoOnio troposférico

Precursores: compostos organicos volateis (COVs) e NO, (NO + NO,).

Funcéo nao linear de fatores :

» temperatura do ar,

» espectro e intensidade da radiacao solar,

= mistura atmosférica e outros parametros meteoroldgicos,
= as concentragOes dos precursores, razao COVs/NO, e

= reatividade dos precursores organicos.

Reac0Oes entre poluentes e constituintes gasosos naturais do ar
catalisadas por luz solar.

Aparece como bruma castanha ou cinza nas areas urbanas; reagcoes
fotoquimicas s&o comuns em areas urbanas onde a radiacéo solar é
muito intensa.



Concentration (ug m'3)

Perfil horario da concentracdo horéaria sazonal para NO, NO, e O,
medidos pela CETESB (lbirapuera: janeiro de 2002 a dezembro de 2007.
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Razao COV/NOx

Importancia para producao de ozonio troposférico



Os compostos organicos volateis (COVs) podem ser definidos a partir de
suas propriedades fisico-quimicas, ou seja, compostos que a 20°C
apresentam pressao de vapor igual ou maior do 0,01 kPa (European
Union, EC Directive 1999/13/EC).

Porem, os COVs também s&o caracterizados como 0S cOmpostos
organicos que contribuem (reatividade) para a formacao fotoquimica do

ozonio.

Também podem ter impacto negativo a saide humana, seja diretamente
pela toxicidade individual de alguns compostos ou indiretamente a partir
da formacao de oxidantes atmosféricos e mesmo material particulado

organico secundario (SOA, secundary organic aerosol).



Definicoes de COVs

A definicao de COVs varia de acordo com o contexto. Uma
definicao muito geral € “COVs sao substancias organicas que
sao volateis e sao fotoquimicamente reativas”. Abaixo estio as

definicoes de VOCs usadas por varias organizacoes.

UNECE (Comissao Econdmica das Nacoes Unidas para a
Europa):

Todos 0s compostos organicos de natureza antropogénica, com
excecao do metano, que sao capazes de produzir oxidantes
fotoquimicos reagindo com oxidos de nitrogénio na presenca

de luz solar sao COVSs.

Anjali Srivastava and Dipanjali Majumdar, Monitoring and Reporting VOCs in Ambient Air



OMS (Organizacado Mundial da Saude):

A Organizacdo Mundial da Saude definiu COV com base
na faixa de 'Ponto de ebulicao’, “qualquer composto
organico" sera denotado como composto organico muito
volatil (VVOC) se o ponto de ebulicéo estiver na faixa de
<0°Caaté 50 ° C; e sera denotado como composto
organico volatil (COV) se o ponto de ebulicao estiver na
faixa de 50°C - 100°C até 240 - 260°C.



ASTM (organizacéo internacional de desenvolvimento de padrdes):

Qualquer composto de carbono evaporando sob condicbes de teste
especificas; agua e solventes volateis isentos (cloreto de metileno, p-
clorobenzotrifluoreto, acetona, metil siloxanos volateis) nédo estao

incluidos como VOC.

ISO 16000-6 (Organizacao Internacional para Padronizacéo):

Qualguer composto organico no ar interno de residéncias, escritorios e
prédios publicos, bem como compostos organicos, emitidos a partir de
materiais de construcdo e sao detectados na camara de teste”. Esta

definicao refere-se a Qualidade do Ar Interior.



Unidao Europeia (Diretiva 2001/81/EC).

"compostos organicos volateis" e "COV" significam todos os compostos
organicos resultantes de atividades humanas, com excecao do metano,
gue sao capazes de produzir oxidantes fotoquimicos por reacdes com

oxidos de nitrogénio na presenca de luz solar".

Definicdo da EPA dos EUA de Compostos Organicos Volateis
"Compostos organicos volateis (COVs)" significa qualquer composto de
carbono, excluindo monoéxido de carbono, diéxido de carbono, acido
carbdnico, carbonetos ou carbonatos metalicos e carbonato de amonio,

gue participa de reacdes fotoquimicas atmosféricas.



Os COVs podem ser encontrados desde regides remotas até areas rurais e

ambientes altamente urbanizados.

A principal fonte sdo as emissdes biogénicas (BCOVs), sendo a estimativa da
emissao global de isopreno (C:H,;) na ordem de 500 TgC/ano seguido dos

terpenos (C,,H;5) com emissoes acima de 120 TgC/ano (IPCC, 2013).

Além de isopreno e terpenos as emissoes biogénicas incluem alcanos, alcenos,

alcoois, esteres, carbonilas e acidos (Kesselmeier e Staudt, 1999).

Dentre todos os COVs, benzeno, tolueno, etilbenzeno e xilenos (BTEX) sao os
mais monitorados por estarem presentes em praticamente todo ambiente urbano
moderno, muitas vezes em concentracoes relativamente altas, assim como por
serem classificados como carcinogénicos ou potencialmente carcinogénicos para

humanos (Do et al., 2013 e Makar et al., 2003).



Hidrocarbonetos

1 a 4 carbonos = gases

> numero de carbonos = liquidos ou sdélidos no estado puro

< 8 carbonos = sao os mais abundantes

> 12 carbonos = pequenas quantidades na atmosfera

Alcanos (ou parafinas ou alifaticos) = C H,,,
Alcenos (olefinas) = C H,,
Alcinos = C_H,, , (acetileno, HC = CH, emitido predominantemente por veiculos)

Terpenos = C,,H, (emitidos pela vegetagdo. Ex: isopreno, CcHy )



Hidrocarbonetos

Produtos do Petroleo
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O Eter de Petréleo é uma
mistura de
hidrocarbonetos pentano
(CsHy,) e hexano (CgHy,),
utilizado como solvente
em laboratorios,
indUstrias, tinturarias, em
lavagens a seco, como
desengraxante e na
remocao de adesivos.

N&o é Eter Etilico (C,Hs—

O-C,H:). A coincidéncia
de nomes é devida a alta
volatilidade desses
hidrocarbonetos
(semelhante a do Eter
Etilico).

http://labvirtual.eq.uc.pt/siteJoomla/index.php?option=com_content&task=view&id=224&Itemid=415
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D tunnel study [:] emission model inclusive tail wind D emission model, no tail wind

18000 - 3000
16000 ]1:_
2500 - {
14000 -
E —
< 12000 % 2000 - {
£ E
= 10000 | £ = ]T.'
S 8000 T =
= =
2 -2
s f E
4000 - :
500
iR ﬂ*ﬁ ﬂ;ﬁ
0 l t 1 0 t f : f :
> E = o £ = U Z =
A 2 . L 53 ®) Z 2 y @)
p o O Z Z O o
o O 2 2 S EBS8 Z
@ . Z = s Z
substance/vehicle substance/vehicle o -

Comparacao de EF de NOx, NMVOC total e CO. O modelo de emisséo utiliza
resultados de testes dinamomeétricos. Os testes em tunel de vento € simulado
reduzindo a inclinacéo da subida.

John et al., Comparison of emission factors for road traffic from a tunnel study (Gubrist tunnel,
Switzerland) and from emission modeling, Atmospheric Environment 33,1999, 3367-3376



emission factors of light duty vehicles (mg/km)

Exemplo de emissao de hidrocarbonetos por queima de gasolina
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Comparacéao dos fatores de emissao de veiculos leves para hidrocarbonetos
individuais (John et al., Comparison of emission factors for road traffic from a tunnel study (Gubrist tunnel,

Switzerland) and from emission modeling, Atmospheric Environment 33,1999, 3367-3376).



Petroleo contém enxofre (0,1 até 3,7% em peso) em compostos
chamados tiofenos. Quando os derivados de petréleo sao queimados o
enxofre € emitido na forma de dioxido de enxofre (SO,).
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/) ~-N
.;{i ) B | H} CH,CH;

Thiophene  2,3-Benzthiophene  2-Ethyl-4,5-dimethylthiazole

P S, JCH3
N NN e

CHj

Thiazole 2,3,8-Tnmethylquinoline



COV - emissoOes biogénicas
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}zﬁ

Isoprene
Hemiterpeno C5H10

s

Estrutura quimica de
alguns hidrocarbonetos

e
0=

a-Pinene B-Pinene originados da emissao

biogénica

@x

TABLE 6.24 Estimated Global Annual Biogenic
VOC Emissions '[TF: vr )=

il
aSa

Limanene n-TEfpineng wTerpinens Camohens
Monoterpenos C10H16 Other
Source Isoprene  Monoferpenes VOCs?
e | Canopy foliage 460 113 500
| Terrestrial ground cover 40 13 50
and soils
Flowers 0 2 2
Ocean and freshwater 1 < 0.001 10
Terpinolens u-Phellardrene HPhellandrene Animals, humans, and insects 0.003 < (0001 0.003
Anthropogenic (including 0.01 1 93
biomass burning)
Tional ~ 5000 ~ 1300 ~ B30

N

“ From Guenther (1999) and references therein.
® Dther VOCs include all volatile organic compounds other than
methane, isoprene, and monoerpenes.

e Wa
A

Cicimens ACarane p=Cymens

Cimeno é um alquilbenzeno relacionado
aos Monoterpenos  C10H14 Pg. 225-234, Finlayson — Pitts & Pitts, 2000



Estrutura quimica de alguns

compostos oxigenados organicos

originados da emisséo biogénica

HD%—JK

2—dethy—3—uten—2—ol

CH4OH CaH;OH

Methanal Ethanal
CHLOH

NN

i Hexarol

HCHO
Formaldehyde

CHLCHO
Acetaldehyde

O

I
CH4CCH,

Acectone

0

A/

Butarone

CHO

NN

m—Hexanal

Pg. 225-234, Finlayson — Pitts & Pitts, 2000

HCOOH
Farmic Acid

EHEE{}I‘_‘JH
Acetic Acid

Camphor

OH

N

Linalool

VN

(35 Hexenyl acetate

.

1, &—Cineol

0
I

4

E—-lethy-o—hepten—2—one

NN
(32 —Hexenal

CHO
/NN

(2 El—Hexenal

GHO

O

Thujone



Estimativas de tempo de vida de alguns COVs representativos na troposfera.

OH 0, NO, Cl
Organic (1 % 10°em™") (100 pph) (50 ppt) (1 % 10% em™3)
n-Butane 5 days = 1300 yr 205 days 5 days
trans-2-Butene 43 h 36 min 35 min ~4 days
Acetylene 14 days = 400 days > 188 days ~22 days®
Toluene 2 days = 400 days 138 days” 20 days
HCHO 1.2 days > 463 days 16 days 16 days
Pg. 181, Finlayson — Pitts & Pitts, 2000
H *:‘*ZH3 HC — CH
HyC——CH, \:_ o/ |
\ C= \ acetileno
EHE_ EHa H3'C1 H H
H H
n-butano trans 2-buteno 40
HC\
H H H
formaldeido CH3

tolueno



Principal oxidante
de COVs

Estimativas de tempp de viga de alguns COVs representativos na troposfera.

0, NO, Cl
Organic 1x ll]" em ™) (100 pph) (50 ppt) (1 % 10* em 3

n-Butane 5 days = 1300 yr 205 days 5 days
trans-2-Butene 43h 35 min ~4 days
Acetylene 14 days = 400 days = 188 days ~22 days®
Toluene 2 days = 400 days 138 days” 20 days
HCHO l 2 dd > 463 days 16 days 16 days
’ V V \‘ / Importante na
Pg. 181, Finlayson — Pitts & Pitts, 2000 MBL (marine
4 L boundary layer)
Vak HC — CH
\ /C \ acetileno
EHE_ EHa HEC1 H
H H
n-butano trans 2-buteno 40
Importante: HC\
reacdes de 0zonio H =l I
com alcenos!!!
formaldeido CHj

tolueno



Tempo de vida de alguns compostos na troposfera livre (nivel do mar)

Lifetime in free-tropospheric air at sea level

[OH] [HO, | 0] [NOs] [O5]
5 x 10° 3 x 108 3 x 108 5 x 108 1 x 10"

ROG Species  Photolysis molec. cm™* molec. em™* molec. cm™* molec. cm™* molec. cm—?
n-Butane — 9.2d 6700y 480 v l.ey 3"51'] y
trans-2-Butene - 8.7 h 27y 168 d 1.3 h 4 h
Acetylene - 30d -~ 67y - 2.7y
Toluene - 3.8d - 160y 1.8y 2.7y
[soprene - 5.7 h -~ 106 d 1.7 h 23d
Formaldehyde 7 h 2.5d 11.7 h 67 v 40d 16,000 y
Acetone 23d 96 d - — — -




Comparacao entre os tempos de vida de alcanos em funcéo de reacées com diferentes oxidantes
atmosféricos: OH, NO,, CI, Br e Oq

k, cm” molecule™ 57

OH NO, Cl Br ( 0, \

Hydrocarbon Eow10% T k«10" T k » 10" T ' [ T ko 10™ T
Alkanes
Ethane 0.24 424 =10x107* =13y 0.57 67Tmo  31=107  10=10%y = .01 =32y
Propane 1.1 114 0.00021 = (.60 13 o0 d 1] 6.5« 10*y° = (.01 =32y
2-Methylpropana 21 56d = (00007 =18y 13 20 d < 1.0 = =32 = 107y = (.01 =32y
n-Butane 13 524d 0.000046 18y 13 s0d = 1.0 = =32 x 10"y = 0.01 =32y
2 Methylbutane 4 20d 0.00016 070y 2 60 d MNA MA NA MNA
n-Pentane 3 i0d 0.000081 16y 25 46d NA NA NA MA
2 2-Dimethyltutane 2.7 43d NA NA NA NA MNA MA MNA MA
2 3-Dimethylbutane 64 124 0.00041 1104 2 60 d 0.0064 S0y NA MNA
2-Methylpentane 5.6 21d 0.000017 75y 25 47d NA NA NA NA
3-Methylpentans 5.8 20d 0.00002 63y 25 46d MNA MA MNA MA
n-Hexane 5.2 224d 0.00011 12y 11 i3d NA MA NA MA
2.2 4 Trimethylpentane ER: i0d 0.000075 1.7y 23 s0d 0.0068 47 y klﬂ MA Y

EPA, 2005



Comparacao entre os tempos de vida de alcenos em funcéo de reacbes com diferentes oxidantes
atmosféricos: OH, NO,, ClI, Br e Oq

k, cm® molecule ™ 57!

Y

OH NO, Cl Br y
Hydrocarbon k= 107 T ko= 10" T k= 10" T ko= 10° T i = 10™ T
Alkenas
Ethene 83 i3k 1] 2304 0.00 3iZm 0.12 18y 1.6 72d
Propene 26 11k 0.01 494d 23 s0d 53 124 10 1.24d
2-Methylpropens 51 54h 0.34 i3h 0.42 90m MNA NA 11 1.1d
1-Butene 31 90h 0.013 i6d 1.4 65d 34 34d 9.6 12d
trans-2-Butens 64 43h 0.3 23h NA NA 0.23 l4y 100 15h
ciz-2-Butene 1 50h 0.33 3i2h NA NA 63 124 125 23k
1.3-Butadiene 67 41h 0.1 11k 432 18d 57 2.0d 63 184d
Isoprens 100 28h 0.68 16h 51 13d 74 1.6d 13 1b
2-Methyl-2-butens a7 3lh 04 0.12h NA NA 19 61d 400 0.60h
1-Pentene 31 00h 0.7 16h NA NA MNA NA 11 1.14d
trans-2-Pantene 67 41h 1.6 060k NA NA MNA NA 120 0.86 b
ciz-2-Pentene 63 43h 14 0.70h NA NA MNA NA 210 13k
2.4 4-Trimethyl-1-pentens 63 43h 0.51 22h NA NA MNA NA

\ HA MNa ‘

Motes: MA = Feaction rate coefficient not available. Fate coefficients were calculared af 298k and 1 ammosphere. ¥ = vear. d = day.

OH=1=10%m" N0, =2.5 = 10%m"; Cl=1 = 10%cm’; Br=1 = 10°cm™; 0, =1 = 10%cm’. Value for BE. caloulated based on equilibrinm with BriD = 1 ppt.

'Rate Coefficients were Obtained from the NIST Online Kinetics Database for Feactions of Alkanes and for all C1 and Br Reactions.

All Orther Fate Coefficients were Obtained fom the Evaluation

of Calvert et al {20007

*Lifatimes should be regardad as lower limdts.

Spurces: MIST online kinetics database (hitp. kinetics nist gov/index. php).

EPA, 2005



ReacOes de hidrocarbonetos na atmosfera

Emissdes de hidrocarbonetos incluem fontes naturais (vegetacédo), e
antropogénicas (queima de combustiveis fosseis, processos industriais).

Material organico na atmosfera € decomposto principalmente via radical hidroxila,
gue em atmosfera ndo poluida é formado atraves da reacdo de decomposicéo do
ozonio pela radiacdo UV, formando oxigénio atdbmico e oxigénio singlete, que é
extremamente reativo:

O; + hv (A<310nm) —» O, + Ot

o! + HO — 20H°

A alta reatividade do radical hidroxila justifica sua baixa concentracao na
atmosfera.

Areas urbanas com muita vegetacdo apresentam altos niveis de aldeidos
atmosféricos.



Hidrocarbonetos alifaticos reagem com radical hidroxila com perda de

hidrogénio:

CHB'CHz'OO. + NO —) N02 + CH3'CH2'O.

CH;-CH,-O* + ROO* —» ROOH + CH;COH (acetaldeido)



Hidrocarbonetos olefinicos (duplas ou triplas ligacdes) tém

reacOes de adicdo com radical hidroxila:

RHC=CH, + °*OH — RHC(*)-CH,(OH)

RHC()-CH,(OH) + O, — RHC(O0*)-CH,(OH)

@-CHZ(OH) + NO —> NO, + RHC(o-)@

RHC(O*)-CH,(OH) (decomposi¢céo espontanea) —» RHCO




Constantes de velocidade (k) para
reacOes de alcanos com radical OH

OH + RH —» R + H,0

cadeia carbonica T valor de k T

ramificacao da cadeiaT valor de k T

Pg. 182, Finlayson — Pitts & Pitts, 2000

kil e
mialecule ! 5!

Alkane at X8 K
Methane 0618
Ethane 0254
Propane 112
r-Butane 244
2-Methylpropane 219
n-Pentane 4.0
2-Methylbutane i7

2 2-Dvimethvpropane 085
n-Hexane 545
2-Methylpentane 53
1-Methylpentane 54

2 3-Dvimethylbutane 58
n-Heptane 10

2. 2-DMimethvlpentane 34

2.2 3-Trimethylbutane 432
n-Cctane &7

2 2 4-Trimethylpentane 16

2.2 3 3-Tetramethylbutane 1.05
n-Monang 100
n-Decane 112
n-Undecane 129
i-Dodecane 13.9
n-Tridecane 16
n-Tetradecane 18
i-Pentadecane 21
n-Hexadecane 3
Cyclopropane =4
Cyclobutane 15
Cyclopentane S22 (4.8
Cyclohexane 121 (7.2F
Cycloheptane 13




Radical alquila

V

RCH; + OH ———> RCH, + H,0

L Radical peroxialquila
O,, M

minor

RCH,ONO, < NO

RCH,O H{NO, [« [Ng;jg?ppt ~Acido carboxilico
T O do [NO] muito bai
O 3 quando muito baixas
2 Products
v . ~
RCHO + HO, decomposicao
aldeido

Isomerizacao

Resumo da oxidacao dos alcanos pelo radical OH no ar.

Pg. 191-192, Finlayson — Pitts & Pitts, 2000



Resumo das reacOes de oxidacdo dos alcanos em presenca de NOXx, produzindo ozonio

«(OJH + RH — H0 + +R

R+05+M—= ROy + M

4 )
ROy +NO — RO + N0y
| HOy +NO—-OH+NO;
Alta concentracao de NOX,
RO + 0y — R'CHO 4 HO,® aumenta producéo de O,

2N, + hy —» NO + 0)

2000+ Chy A+ M = Oy + M)

RH + 40k + 2Zhy = R'CHO + 20 + H,0
EPA, 2005



Alguns mecanismos de reacao de

oxidacao de COVs



Oxidacao do metano

CH; + OH — CH; + H,0

+HG H +0;
Jl_’ H— c O- Jr, H— c
+D2,NI I_|I D ]f'“u;[l:la,I
H-C — s H-C—0" Mn:thcrx}r Fc:-rmaldn:h}rde
| | ) radical
H H +HO,
Methyl Methylperoxy ‘
radical radical
0, s
Methyl

hydroperoxide



( +hv

A < 360 nm +0,
‘{_) H— C O ‘k’ H— C
2 I—I

_ Mﬁ'thﬂ}f}’ Formaldehyde
| radical

+OH H :

Methyl ‘ I—I—(|: _DfD
hydroperoxide |
H,0 H

_ Methylperoxy
. radical

RO,



H H +OH H H H H

| | +opm || O
H—C—C—H H (|3 (|3 — H {|3 (|: O
|
H H H,0 H H H H
Ethane Ethyl radical Ethylperoxy radical
S
+NO H P|I +0, l|1 O
7
o H—C—C—0 H—C—C
| .
H H o NO, H H HO H H
| / Ethoxy radical Acetaldehyde
H—(E—C—O -,
|
H H J" H H
. M | /,O\ fo
Ethylperoxy radical +NO, —— H—C—(lj—D Nf"
_I_
H H ~o™

Ethylperoxynitric acid



H H H

Propane

+OH

H,0

+NO

H H H

| | +0,M
—— > H-C—C—C—0~

I—I—(|3—C—C-
H H H

n-Propyl radical

HHI—I

H H H _
| | 0

]
H H H

n-Propylperoxy radical
H 0 H

|
%HCCCO%HCC?H

H H H

n-Propoxy radical

HDq

H H

Acetone



Mecanismo

de reacéao
do propano
Hx 0"
C i1 & E':I rl.,.rl"'
0K + HE::"“"' S — = HaOs U — AU
CHa 3t CH3 My CHy
NC|
o l":':" (mLd
Il
O, + Py € Py
Ha CH; H3C CHy
Acetona ou
propanona
g = OND=
M
H:-|ﬂ-f’r# CHx
i ()
Hit =——CH  &CHy == CHy0C
{MICH
(Ol
H':'i"" L ':Hli' i ':H:ﬂ' ¥ I'-Il:lz
formaldeido
Obs: Carbonilas = cetonas + aldeidos EPA, 2005



Mecanismo de

reacao do propeno
¢ prop 02 oo

“OH + AUy T e T e GH.  ~tH
Hyt fr

CHa=0 » HOS
formaldeido




Reacao do isopreno com OH

)
C_C — 0
W\ 21.2%
HZC// CH,
Isoprene
CH
6 =~ .9
— . 0 *
123% HOS v C\Czo‘o 14.1%
\\ H, ,

Isoprene peroxy radicals

Todos estes seis produtos convertem NO para NO,

Mark Z. Jacobson, Department of Civil & Environmental Engineering, Stanford University



Destino dos produtos de oxidacao do isopreno

Producao de metacroleina via o segundo produto

0
~ +
Q s 2 %I C/CH3 . H,
Ho. 1% ‘}" 4 N\ =9
Hz H02
Isoprene peroxy radical Methacrolein Formaldehyde
Producado do metilvinilcetona via o quinto produto
0
O/ CH + 02 CH3 H
H \ "3 H 7 N
F O L o G
B ¢ . H O H
H2 HO2
Isoprene peroxy radical Methylvinylketone Formaldehyde

Mark Z. Jacobson, Department of Civil & Environmental Engineering, Stanford University




Mecanismos de H ==
reacao do isopreno 0.21 ci MVK
com 0zOnio o e o \
D\___a 0.44 ; g ° H}—n

HyG

HsC
+ CI3 Formaldehyde
R O3
o o]
H)—-::f v =
H CH3
0.41 0.51 cit MACR
%0 W0
e -
I I:HE.
Po2 cl4 Formaldehyde
0.05
CHg
— H
Zhang, D., Lei, W., Zhang, R., ‘g,DP + H)L*-'D
Chemical Physics Letter, 358 H

(2002) 171-179.



Reacao do isopreno com 0zonio

/- g U3 H

C—C S oY
g + =0
H2C/ O H'
Methylvinylketone Criegee biradical
CH :
H 3 H, . 0
—c’/ + N—0”
Y v
O CH, H
C_ 4 _» Methacrolem Cl'legee b]radlcal
g N
HZC/ CH, uo. O H
C—C(C n C=0
Isoprene HZC// \O 5 H°
Ozonide product Formaldehyde
PN C\\ + L=0
\ Ozonide product Formaldehyde

Mark Z. Jacobson, Department of Civil & Environmental Engineering, Stanford University



Reacoes de alceno com 0zonio

Eteno
H H
\ / Q
,C= C\ + 03 —p / \
H H O ¢
Hzc— CH2
Ethene Ethene molozonide

H\

37% C=0 *

¢

H
Formaldehyde

6% C=0 +
H
Formaldehyde

Cregee biradical

Excited Criegee
biradical

Mark Z. Jacobson, Department of Civil & Environmental Engineering, Stanford University



Reacoes de alceno com 0z6ni10

Reacdo do biradical Criegee com NO

H
\  —
,C=0
H
Cnegee biradical Formaldehyde

Decomposi¢ao do biradical criegee excitado

~60% CO + H,0

N -’ N
,C—O — /c=o —» < 21% CO, + H,
H H=—0O *
-I—Oz . .
Excited Criegee Excited formic \19% =—» CO +OH+HO,
biradical acid

Mark Z. Jacobson, Department of Civil & Environmental Engineering, Stanford University



Reacoes de alceno com 0z6ni10

/‘ H (. 0
N\
75%  S=0 7 ,c—07

H H
Formaldehyde Methylcriegee biradica

H3( . ,b*
0s5% L0 7T L0
o H H
H\ O/ \O Formaldehyde Excited methyl criegee
,C= CHy + O3 —9 | | —» biradical
H-C CH=CH -
18.5% 2 H'
ropeno i
prop Propene molozonide Acetaldehyde Criegee biradical
H3C\c—o H\(':— 0~ o7
335% o0 ° .
H H

\\ Acetaldehyde Excited criegee
biradical



Reacio de alceno com 0zonio

Methylcriegee biradical reaction

EEON 0 H3(
. ”, _
,C— O ,C— O
H H
Methyl criegee
biradical Acetaldehyde

Excited methylcriegee biradical decomposition

r
‘ 16% CH, + CO,

—> =0 —» < 64% CH; + CO + OH

H3 . (.)* H3
C)c— 0~ ~
H H=—O=*

20% CH;0 + HO, +CO

Excited methyl criegee Excited acetic
biradical acid



Reacoes de alceno com radical nitrato (NO,)

Eteno — radicais organicos de nitrato

0) O o)

: : O
+ 4 / + 4 + 4
I M NOs 0=N_ *9 0" o\? 0O o’
C=Q —> '\ ¢ Ny s HL 7S
* C—CH, O- C—CH, O C—CH, O-
H H 24 Vs 2 4
H H H
Ethene Ethyl nitrate radical Ethylperoxy nitrate Ethoxy nitrate radical
radical
Propeno — radicais organicos de nitrato
@) 0) O
7/ + 4 + 4
H +NO O:N,, +0s H O O=— 7 H O O—N/
N 3H RN 2 ’ N I AN N
N N o> Y—CH, O- C— O-
I C/ I C—CH, 2 2
: H3(,/ H3C/ 35/
Propene Propyl nitrate radical Propylperoxy nitrate Propoxy nitrate radical

radical



Reacao dos compostos aromaticos com radical OH

Oxidacao do
tolueno ' o
+OH
-
H,O
Benzyl
radical
CH;
< [ Tol hyd 1
' + oluene-hydroxyl-
Tol +OH> - H _02’ radical adduct
oluene 20—
- | OH CH;
& OH
1 N .
o-Hydroxytoluene | + HO,
y
\
\ \_ o0-Cresol



Reacao dos compostos aromaticos com radical OH

Reacdo do benzilperoxi radical com NO

H,C—0 =0

Benzylperoxy
radical

-

+NO
—_—

(" H,G—O
. Benzoxy

O=CH
: 02 ©
Benzaldehyde
radical
* L O
HzC—O _N\
O =
Benzyl nitrate



Reacao dos compostos aromaticos com radical OH

Reacao do aducto tolueno-hidroxil radical

CH,

| OH Z

Toluene-hydroxyl
radical adduct



Destino do cresol

Cresol — metilfenilperoxi radical e nitrocresol

: CHj3
‘r + OH, 20, O—0
CH3 2HO,
OH Methylphenylperoxy
< radical
. CH3
+OH '
o-Cresol 9 , O +NO;
+ =
H,0
Methylphenoxy

\
- radical

CH3
OH
| \N
N F, 0
N\

m-Nitrocresol

o~



Reacoes dos alcoois

Ox1da¢ao do metanol por OH (36-h de tempo de vida)

'a . H +O2 O
) U e /]
85% H ? 0 _}_, H—C\
I +OH H ' H
I M2 omaldehvd
H—(— O' _}_) H ormaldenyde
I I
HzO 15% H_?_O°
Methanol H

Methoxy radical



Reacoes dos alcoois

Oxidac¢ao do etanol por OH (10-h de tempo de vida)

i
i
H H

Ethanol

H

U

Ethoxy radical

+0 H O
J-zr e O
[ I
. H H
HO,
Acetaldehyde



Aldeidos podem sofrer mais reacoes formando PAN

Outro importante poluente atmosféerico é o peroxiacilnitrato (PAN), formado a
partir de compostos organicos no ar:

T T
CHsC—H +*OH —> CHsC:
0 0

CH3y3° + 0, —> CHglcl;oo. (radical acilperoxi)

O O
I I
CH,COO* + NO, — > CH3COONO, (PAN)

Entre os principais produtos do smog estdo oz6nio e PAN (peroxiacetilnitrato).
O PAN, como o o0z6nio, € um composto toxico potente e € formado a partir dos
hidrocarbonetos na atmosfera.

A mistura dos gases O, PAN e NO, produzem a aparéncia castanha e/ou
enfumacada no ar.



Estruturas e nomes de alguns peroxiacil nitratos encontrados na

atmosfera ou estudos de laboratorio

Mame Acronym Structure

)
Peroxyaceryl nitrate (peroxyacetic nitric anhydride) PAN CH;COONO,

O
Paroxypropionyl nitrate PPN CH;CH;COOND,
I
Paroxy-n-buryryl nivrae PnBN CH,CH,CH,CO0ONO,
I

Paroxybenzoyl nitrare PHzN C,H; COONO,

H:C O
Paroxymethacryloyl nitrare MPAN Eszll'—J_I'E}{}H{}:

« em geral, PAN >> PPN e outros
» Regides altamente poluidas PAN ~70 ppb
 tempo de vida destes compostos entre 30 e 100
minutos, devido decomposicao térmica = reservatorio de NO, durante a noite

Pg. 218, Finlayson — Pitts & Pitts, 2000



Metacroleina (aldeido produto da oxidagdo do isopreno)

[:[—I? () (H H, ) 1:'I—I1 ()
~ | I
CH,—=C—(C—H CH,=C—C-
Methacrolein J Oz
CH, O CH, O
J, é[ _ xo, A, ! 6 06
CH,=C—~COONO, «— CH,=C—C00- MPAN ~_
MPAN 50 Aﬁ los
Nh- 'h melhacrelein E
20 T 40f B J oo o
Photolysis Eq | h \ﬁ' \ 'u""F %
| |
15 | s y i I*J1IIL | 4 II & | =
OH reaction = 30 I'h* || | ﬁ 03 £
= i A ‘“
Sl panfied
'E 0= MMermal 201 i _ﬂ -0z
E decomposition
L / o1 L 1 | I | P
00:00 0800 12:00 1800  00:00
Time (LT}
T BT ST e VariacOes diurnas das razoes de mistura de

PAN |oss rate (s™1)

: o MPAN e seu precursor metacroleina
Velocidades de primeira ordem

calculadas para perda de PAN (regido rural de Nashville)

Pg. 217-220, Finlayson — Pitts & Pitts, 2000



Efeito de presenca inicial de PAN na producao de o0z0onio:
a) Variacao de propeno consumido; b) variacdo de ozonio produzido

d

GaHg (ppm)
Ly (ppm}

] m--.-. | | | |

' ] 4 :
] &0 120 180 240 300 360 a B0 190 180 240 300 380
Tima (min)
Tirme (min}

Temperamre ~30°C, relative humidity
~B60%, [NO] = [NO, ] = 0.26 ppm, [C;H ] = 0.5 ppm.{ & ) No added
PAN; (@) 0.06 ppm PAN added:; (m) 013 ppm PAN added; ( ) (.26
ppm added PAN (adapied from Carer er al., 1981a).



Escalas de reatividade — conceito baseado na classificacdo dos COVs em

termos do potencial para producéo de ozonio.

Pode ser baseado em diferentes parametros: velocidades de reacao, rendimento
dos produtos e efeitos observados a partir da mistura VOC/NOx em presenca de

radiacao.

Reacdes do radical OH
— fato: responsavel por processos que “consomem” a maioria dos
hidrocarbonetos, produzindo mais radicais livres (HO,, RO,) que oxidam NO

para NO,, causando mais formagéao de O,.



Escalas de reatividade dos hidrocarbonetos com OH

t [ |
Class (298 K) S Tvpical hvdrocarbons
1 <8 w1 = 100 days CH,
1l (B-80) = 10~ ™ 10- 100 days Acetylene, ethane, bergene
I (880 = 1015 1-10 days Lihene, propans, ioluwene
IV (B-80) = 10-12 -24h Propene, o-, me-, and prylene, 124 and 1,2 5 trimethylberzene
W =8 w10 «2h 1 Methyd-2-butene, d-limonens

Nngre J'l.uilpl_.-b:l from Damall e ai (1970)
* Units of em® molecsle =" 571; note that & (OH + CH, ) has been revised dowmward (Chapier &),

® Half-lives in atmasphere with respect o reaction with OH asuming [OH] = 1.5 % 10° mdicals om 2.

Finlayson-Pitts e Pitts, pg. 907-917



TABLE 16.8 Typical Cakubited Incremental Reactivities and Maximum Ckone as 2 Function of the VOC JNO_ Ratio®

YO 780, rutie 1 i K I 12 Ié Hi 4
Rase case max O, ipph!* 72 L 214 s bl 194 150 139
Mulecule (k™ ¢ Incremenial reactiviey (Melecules of 0, #C atoms of VOU added)

024 = 10-9F 11 0025 IEe s e & 32 0,010 0005
Ethane {15 x 10-17) NuIz4 054 iTITH, 1Ry (1004 g 0015 0007
r-Butane (2.4 x 10-17% 0,10 022 016 12 (1008 0.060 0,052 09
Ethene (8.5 = 10-12) .85 LES 0.0 i [1.50] 033 01,30 014
Propene (26 10711 128 204 L3 114 151 kY .25 014
erams-2-Butene (6.4 = 10-1) 142 pd i1 047 2 148 Vky 0.3 0054
Bemzene (1.2 % 10-1%) D18 082 1Tk D 1003 — L2 — 04 — L2
Toluene (&0 * 10-1%) 0.2 0.52 .16 i (i — LR — 58 — L1
Formaldehyde (9.2 5 10-7%) 142 128 1.3 0.7 148 03z 024 01
Acetaldehyde (1.6 % 107"") 1.3 183 .53 .55 147 029 0.24 098
Bemaldehyde (1.3 3 1017} — 111 — 115 — 027 — .34 {137 —id — 041 — {140
Methanod (9.3 x 10-17) 012 027 017 1z 1081 0066 10155 0009
Ethanal (3.2 % 10-1%) 018 037 0.2z 014 110 0065 018 (L00

* From Carier and Atkinson (1989 caloulzied wsing the EKMA model with low dilution and an eight-component surrogeie mixture of
organics chosen bo be representatve of emssions nio Calilomn's South Coast air basin. Nole thai the shsolute values wed may hawe changed
for some components since the original publiation due o further refnement of the model.

* Peak oxone predicied from photolysis of initial hase case mixture m:lh the spunEle-:I YOC /M0, mbio

“ Raie constants for reaction witk OH ai 298 K in wnis of om® mokecule™! s-! bken from Adkinsen (1989, 199¢) and Adkinscn
er of {19972, 19970}



TABLE 169 Maximum Increraental Reactivities (MIR)

for Some VIOCs
MIR*®
Igramss of (), formed

Vi per gram of Y adided)
Carbon monodde 0054
Methane nms
Ethane 025
Iropane .48
ri-Hutans .02
Ethens T4
I'ropene 9.4
1-Bulens ED
2-Mirthylpropene (isobuiene) 53
L3-Bulafene 100
2-Methyl-1, 3 buladiens {Bopren: ) o
ar-lfinene i3
B-linene 4.4
Ethyne {acetylens ) 050
Benzene 042
Toluene )
- Jylene 2
135 Trimethylbenzene 1.1
Methanol 054G
Fthancd 1.
Formaldehyde 2
Apetaldebnyde 55
Fenzaldebyde —0.57
Methyl seve-buty] sther 02
Eihyl sarz-butyl eiher il
Arcetone 054
C, kelones 118
Mathyl nitrite o5

* From Carter (1554).



Incremento maximo de reatividade (MR) de alguns COVs (massa de
O3 produzido por massa de COV)

ETBE
MTBE
acetaldeido
formaldeido

etanol

metanol
m-xileno
tolueno
benzeno
propeno
eteno
n-butano
propano
etano
metano
CO

4 L]

MR (g O5 por g COV)

11

Finlayson-Pitts e Pitts



Isopletas de concentracao de ozoénio (ppb) baseadas em simulacdes quimicas.
NOx = (NO + NO, ) e COVs = compostos organicos volateis (pg. 237, Seinfeld & Pandis, 2006)
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TABLE 6.3 Generalized VOC/NO, Mechanism

Reaction Rate Constant {298 K)
I, RH+0H % RO; +H,0 26.3 x 10124
2. RO: + NO ™ NO: + R'CHO + HO- 7.7 % 10120
3. HOs + NO — NO; + OH 8.1 x 1075
4. OH +NO, M HNO, 1.1 = 107" {at | atm)
5. HO: + HO: — H:05 + 04 209x 1071
6. ROs + HO: — ROOH + O 5.2 = 1010
7. NO; +hv "2 NO + O Depends on light intensity®
8 O3 +NO — NO; + 04 1.9 % 10~

“Rate coefficient for propene (Table B.4). Other reactions consider R equal to CHy. Propene 15 selected because
it 15 a relatively important constituent of the urban atmosphere. Even though OH-propene reaction proceeds by
OH addition 1o the double bond of propene (Section 6. 10.2), the net result after O, attack on the imtial radical
formed is a peroxy radical.

"Rate coefficient for CH30» + NO.

"Rate ¢coefficient for CHsOs -+ HO-,

“Typical photolysis rate coefficient for NOy is fyg, = 0.01557",

(pg. 240-241, Seinfeld & Pandis, 2006)
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FIGURE 6.12 [sopleths of maximum O mixing ratio achieved over a 10-h period by integrating
the rate equations ansing from the mechanism in Table 6.3,

(pg. 240-241, Seinfeld & Pandis, 2006)
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COV-limitada, regiao
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poluida

NOx-limitada, regido
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Isopletas tipicas de picos de 0z06nio geradas a partir de misturas iniciais de COV e NOx no ar:

a) Representacao bi-dimensional gerada a partir do modelo EKMA

b) Representacéao tri-dimensional. A regiao COV-limitante (D) € encontrada em algumas
regides urbanas altamente poluidas, enquanto que a condicdo NOx-limitante (A) é tipica de

regides suburbanas e areas rurais.
Pg. 882-883, Finlayson — Pitts & Pitts, 2000



Resumo: os ingredientes

Para formar 0zonio na troposfera, € preciso:

e O proprio ozonio
(sem 0zonio — sem radical OH)
fonte: estratosfera

« CO e COV (compostos organicos volateis)

fonte: emissdes antropicas (queima de combustiveris
fosseis) e naturais (queimadas de florestas)

* NO,
fonte: emissOes antropicas (queima de combustiveris
fosseis) e naturais (relampagos)
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ABSTRACT: Understanding quantitative relationships b bi
ozone concentrations and precursor emissions is important to policy-
makers and stakeholders. Such relationships are often captured as ozone
leth diag developed using air quality models. Model-based
pproaches have li including errors ing from inti
in inputs and modeled processes, and can be computationally
burdensome. We develop and apply an empirical method based on
ozone design values calculated in the South Coast Air Basin, California,
for 1975—2016 to construct ozone isopleths. The study domain is the area
with the highest ozone levels in the United States that has experienced 500 1000 1500 2000 2500
high levels of emissions control. Quadratic and log-quadratic models were VOC Emission (tons/day)
constructed, and both capture the actual observations very well (R* ~

0.98) and re-create the general ch ics of traditional air quality model-g d isopleths. The iri
benefits from being based on observations that are highly accurate (but have a low spatial
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coverage). Anaiysis shows that
uncertainties are <30% near likely future control levels. Furthermore, the method shows that the nitrogen oxide (NO,)—volatile
organic compound (VOC)—ozone system in the 1970s was in the region where VOC controls were most effective and then
more recently moved to the region where both VOC and NO, controls are effective.

1. INTRODUCTION

The response of ozone to changes in emissions of volatile
organic compounds (VOCs) and nitrogen oxides (NO,) has

Clxg + Ay, 3 + Aey) = Clxg, ) + AeS{ N (xo, ) + Agy

C]

5 Ae 3
x $8(xy, ) + Ts,‘jj(x,,, ») + AgAe S8 (x5, 3)

been derived using air quality n}mdcls' of \'aryingi complexity, Ae? ) ) AF"S{“
from box models to fully three-d | chemical port + T ot (Yo Jp) + 3 AC N
models (CTMs).'™ While box models tend to focus on the S2AG o
Ag" A, (5 Agde” )
chemistry driving the system, CTMs are developed to capture + S (%ar 3p) + '_z——srllzl:(x(]' %)

all of the major processes impacting ozone and related 3
A = = S Ag” 3

pollutants, including ch Y port, and + Ts‘:f:':(x"')b) +
deposition. Both provide information about the response of
ozone to varying levels of NO, and VOC.

A convenient representation of the relationship of ozone to
VOC and NO, levels (emissions or initial conditions) is the
ozone isopleth (Figure 2) (or “EKMA” diagram).’ Such

(O]

where x; and y, are the initial emissions of the precursors (tons
per day), Ae, and Ag, are changes around x, and y,
respectively, C is the response concentration (parts per
billion), and § is the ith-order sensitivity (parts per billion
ner tan ner dav) 'V In thic cace the CTM with 3 hiocher.ardar
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the Ozone Control Strategy of Chinese Cities
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ABSTRACT: Ozone (O,) isopleths describe the nonlinear

p of Oy conc to changes in nitrogen oxides
(NOy) and volatile organic compounds (VOCs) and thus are pivotal
to the determination of O, control requirements. In this study, we
i y use the C ity Multiscale Air Quality model with
the high-order decoupled direct method (CMAQ-HDDM) to
simulate O; pollution of China in 2017 and derive O; isopleths for
individual cities. Our si covering the entire China Mainland
suggests severe O, pollution as 97% of the residents experienced at
least 1 day, in 2017, in excess of Chinese Level-Il Ambient Air
Quality Standards for O as 160 ug-m™ (81.5 ppbV equally). The O,
responses to emissions of precursors vary widely across individual
cities. Densely populated metropolitan areas such as Jing-Jin-Ji,
Yangtze River Delta, and Pearl River Delta are foll NOy d

@ Supporting Information

g gi where a small amount of NOy reduction increases
O,. Ambient O, pollution in the eastern region generally is limited by VOCs, while in the west by NOy. The city-specific O,
isopleths generated in this study are i | in forming hybrid and differentiated gies for O ab in China.

KEYWORDS: air pollution, ozone isopleth, ozone abatement, EKMA, CMAQ-HDDM, decoupled direct method, nitrogen oxide,
volatile organic compounds

B INTRODUCTION

Tropospheric ozone (O3) is a trace gas and major air p
with adverse impacts on human and ecosystem health.'
Human exposure to O, is associated with increased risks of
respiratory and circulatory disease and premature death.'™
Elevated ground-level O; also reduces crop production and
warms the atmosphere.’ China is experiencing worsening O i
pollution in recent years.” The Global Burgen of Difeasé repones 0 Pr'}cummslcmlssm_" c:,‘a"%;sw indm _E.cy o the
reported 1.8 X 10° premature deaths in China in 2017 from Ther D controy S o:l 3 Yisk o deaw O
exposure to ambient O,, which is the highest among all A Ien:sa;e ol clonvlcinuon a;:!proalc £ fnjclw. }
countries (and the third'highest in terms of the attributable ope or -2 given locality: (1) ‘deve RER cmp e

21-2
mortality rate).” Both large-scale surface measurements and S g 2
sa!cllitctyobscrvations s;rogw that O; levels in China are mmmofi'!'»x(l) predictiog O changes. nsing gumerical
r) 5 B : R models.””*" While empirical approaches can be fast and

because “NOj, titration” is reduced.*"* This 0,—NO,—VOC

lationship to a general pattern and can be
ll d with an isoplethic diagram, referred to as “O,
isopleth”, where emissions or initial concentrations of NOy
and VOCs define two different axes perpendicular to each
other, and the corresponding Oy levels form the isopleths.'“™*
O isopleths are widely used as a basis to diagnose O, trends in

relationships based on observational data, or more
T N e T ke I
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Received 17 July 2020 oping countries. The accurate identification of the nonlinear relationship between O; and
Revised 17 December 2020 its precursors is a prerequisite for formulating effective O3 control measures. At present,
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Available online 15 January 2021 ular location. However, there is frequently a large gap between the Os-precursor nonlinearity
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Keywords: als. Consequently, we developed an emission source-based Os isopleth diagram that directly
Tropospheric ozone pollution llustrates the O level changes in response to synergistic control on two types of emission
Ozone-precursor nonlinearity sources using a validated numerical modeling system and the latest regional emission in-

Source-based ozone isosurface ventory. Isopleths can be further upgraded to isosurfaces when co-control on three types
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HIGHLIGHTS

e We create 03 exposure isopleths everywhere in the US using adjoint sensitivities.

« NO, emissions lower O for 51% of the year on average at 29% of locations in 2006.
o The isopleth ridge line VOC/NO, ratio is 9.2 ppbC/ppb on average across grid cells.
« Ozone-neutral VOC/NO, emission ratios are 0.01- 1.9 ppbC/ppb across grid cells.

ARTICLE INFO ABSTRACT
Article history: Population exposure to daily maximum ozone is associated with an increased risk of premature mor-
Received 15 October 2015 tality, and efforts to mitigate these impacts involve reducing emissions of nitrogen oxides (NOy) and
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volatile organic compounds (VOCs). We quantify the dependence of U.5. national exposure to annually
averaged daily maximum ozone on ambient VOC and NO, concentrations through ozone exposure iso-

Available online 11 March 2016 pleths, developed using emissions sensitivities from the adjoint of the GEOS-Chem air quality model for
2006. We develop exposure isopleths for all locations within the contiguous US and derive metrics based

Keywords:
Ozone exposure

on the isopleths that quantify the impact of emissions on national ozone exposure. This work is the first
to create ozone exposure isopleths using adjoint sensitivities and at a large scale. We find that across the

Isopleth Us, 29% of locations experience VOC-limited conditions (where increased NOy emissions lower ozone)
Adjoint sensitivity during 51% of the year on average. VOC-limited conditions are approximately evenly distributed diurnally
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HIGHLIGHTS
» VOCs diumnal regulation may not be effective in controlling O5 at the regional scale.
* VOCs diurnal regulation had minor influence on hourly peak O3 concentration.
» Positive or negative impacts on O concentrations were both found at the city level.
ARTICLEINFO ABSTRACT
Eeywords: Cwer the past few years, marked increases in ground-level ozone (03) concentration has been detected over much
Ozene lf'“]IUti““ . of eastern China. These high levels of O3 pollution have been demonstrated to be detrimental to human health
VOCs diurnsl Regulation and plant growth, which requires urgent control on China’s Oz pollution. Among the various control measures,

WRF-CAMzx al Lity del . . . . . .
A quakiy mocs diumnal regulations of VOCs were adopted in some regions in China. For example, several local governments

encourage factories with notable VOCs emissions shift their manufacturing processes to the nighttime; some
governments also offer discount for night refueling. However, the effects of this diurnal regulation approach are
still unclear. To evaluate the effectiveness of this measure, we proposed a guantitative assessment using WRF-
CAMx air quality model. The assessment was systematically implemented at multiple time and spatial scales.
Results at the regional scale revealed that the diurnal regulation of VOCs could slightly redistribute hourly O3
concentrations and had minor influence on hourly peak O3 concentration. The effects of this measure on hourly

O concentrations varied substantially across different cities: positive or negative impacts on Oz concentrations
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COVs: processos em fase gasosa
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COVs: reacoOes heterogéneas

vlﬁcs
~ _»NVOGs o,
Particle growth / e Cs/ \LMCS /

e.g., €.g.,
£ C-S/N NH;, H,S
Hygroscopicity | oo cies aerosols o,

peroxides | Optical property

carbonyls
organic acids

Nucleation ability SOA

formation

Reactivity

Health effects
HMCs: high molecular weight compounds; LMCs: low molecular weight

compounds



Fatores que favorecem o smog fotoquimico:

« altas concentracoes de poluentes primarios (e.x., NO, COVs),
* poucas nuvens, permitindo alta intensidade de raios UV,
* inversOes atmosféricas (e.x., Sao Paulo e Los Angeles),

* ventos fracos incapazes de dispersar poluentes.

Os processos que levam a formacao de niveis elevados de O,

produzem também acidez atmosférica e material particulado.



Questoes:

No Brasil altas concentracbes de acetaldeido e PAN tem sido medidas
na atmosfera urbana, o que tem sido atribuido ao uso de etanol como

combustivel. Mostrar as reacdes que poderiam explicar esta condicao.

Construir um mecanismo que mostra que o éter metil terc-butilico ou
éter metil terciario butilico (MTBE), aditivo adicionado na gasolina,
sofre oxidacao na atmosfera produzindo formaldeido bem como acetona,
formiato  terc-butilico (HC(O)OC(CH;);) e acetato de metila
(CH,C(O)OCH,).



Mudanca da capacidade oxidante da atmosfera
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