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A quimica atmosférica dos alcoois, os quais sao largamente empregados como combustiveis de
veiculos leves (como o etanol no Brasil) e solventes industriais, foi revista com o foco centralizado
em seus aspectos de cinética e mecanismos de reacéo. A oxidacao dos alcoois na atmosfera envolve
sua reacao com radicais hidroxil (OH). Sdo apresentadas constantes de velocidade para a reacao
alcool-OH de 33 alcoois saturados, incluindo compostos mono e difuncionais. As meias-vidas
atmosféricas séo, respectivamente, de uma semana para metanol e t-butil alcool, 2,5 dias para etanol,
e de 8-15 h para outros alcoois. S&o descritos estudos de laboratério para os produtos de reacdes
alcool-OH, e mecanismos séo assinalados. Os produtos que predominam séo o formaldeido para o
metanol, acetaldeido para etanol, acetona para 2-propanol, 2-butanona e acetaldeido para o 2-butanol
e acetona e formaldeido para o t-butil alcool.

A reacdo de OH com os alcoois envolve a abstracéo de um atomo de hidrogénio da ligagéo C-H,
ao passo que na ligacdo O-H esta abstracdo é negligivel. Os radicais alqaithi@)cxialquil
assim formados reagem entdo com oxigénio. Essa reagao envolve adi¢cdo para os radicais alquil (R
+ O2 - RQp) e abstragdo de H dos radicaididroxialquil (ex. etanol + OH- CH3CHOH,
CH3CHOH + @ - HO2 + CHRCHO). A sequéncia de reagfes etanchcetaldeida- nitrato de
peroxiacetila (PAN, CBC(O)OONQ) é descrita, sendo de grande relevancia para a poluicdo
atmosférica urbana no Brasil.

Finalmente, recomenda-se que se facam estudos adicionais dos produtos, de maneira a desen-
volver uma melhor compreenséo da quimica atmosférica dos alcoois, e de seu papel na qualidade
do ar urbano e regional.

The atmospheric chemistry of alcohols, which are widely used as motor vehicleefgels (
ethanol in Brazil) and as industrial solvents, has been reviewed with focus on kinetic data and on
reaction mechanisms. Oxidation of alcohols in the atmosphere involves their reaction with the
hydroxyl radical (OH). Alcohol-OH reaction rate constants are presented for 33 saturated alcohols
including monofunctional and difunctional compounds. The corresponding atmospheric half-lives
are one week for methanol and t-butyl alcohol, 2.5 days for ethanol, and 8-15 h for other alcohols.
Laboratory studies of alcohol-OH reaction products are described and reaction mechanisms are
outlined. Major products are formaldehyde from methanol, acetaldehyde from ethanol, acetone from
2-propanol, 2-butanone and acetaldehyde from 2-butanol and acetone and formaldehyde from
t-butyl alcohol.

The reaction of OH with alcohols involves H-atom abstraction from C-H bonds; H-atom
abstraction from the O-H bond is negligible. The alkyl radicals (R)oahgdroxyalkyl radicals
thus formed react with oxygen. This reaction involves addition for alkyl radicals (R ROp)
and H-atom abstraction farhydroxyalkyl radicals€.g.ethanol + OH- CH3CHOH, CH3CHOH
+ O2 -~ HO2 + CH3CHO). The reaction sequence ethanohcetaldehyde. peroxyacetyl nitrate
(PAN, CHsC(O)OONQ) is described and is relevant to urban air pollution in Brazil.

Recommendation is made to carry out additional product studies in order to develop a better
understanding of the atmospheric chemistry of alcohols and of their role in on urban and regional
air quality.
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Introduction CHzC_)H)_. T_he atmospheric o>.<idatior} of unsaturate(_j alco-
] ) ) hols is similar to that of alkenes. the important reactions

It has become increasingly important to understand thé,,s|ve the unsaturated carbon-carbon bond and not the
atmospheric chemistry of alcohols in the context of urban,|coho| functional grodf. This review will focus on the
and regional air quality. Alcohols, saturated and unsatuzimospheric chemistry of saturated alcohols (primary:
rated, are emitted into the atmosphere by vegetation RCH,OH: secondary: EHOHRY; tertiary: RR;RsCOH
These biogenic emissions play an important role in th§ynhere R = alkyl groups). The atmospheric chemistry of
chemistry of the troposphere, especially in rainforest Coghers, which along with alcohols constitute an important

systems such as the Ama&_g@atura.ted alcohols have long 4r6up of oxygenated fuels, has been reviewed elselvhere
been used in large quantities as industrial solvents. Satu-

rated alcohols have also been used as motor vehicle fuel§inetic Data for the OH-Alcohol Reaction
and fuel additives. Ethanol, which has been used as a fuel gyamination of available kinetic ddiadicates that the

since the invention of the internal combustion engine (N fg|lowing reactions of alcohols are slow and are of negli-
A. Otto used ethanol in his classical combustion engingyiple importance in the atmosphere: photolysis, reaction
tests in 1897), is now a major component of light-duty\yith ozone, and reaction with the nitrate radical. The only
vehicle fuels in many countries. In Brazil, which is the only -hemical process by which alcohols are removed from the

country in the world where a nationwide, large-scale a|C°'atmosphere is their reaction with the hydroxyl radical
hol fuel program has been implemented, approximately ‘tOH).

million automobiles run on neat ethanol and approximately
9 million automobiles run on an ethanol-gasoline mixtureReaction rate constants
that contains a large fraction of etharwl, 22 percent. I Rate constants for the gas phase reaction of alcohols
the United States, the 1990 Amendments to the Clean Aijith OH at ambient temperature are compiled in Table 1.
Actrequired that oxygenated compounds be added to gasginetic data published prior tca. 1985 have been taken
line in urban areas that did not meet national ambient aif,om the 1986 review of AtkinsSnData published during
quality standards for carbon monoxide (CO) and for 0zongne |ast decade (1986-1996) are from the original refer-
(Os). This has generally been achieved by blending abougced018 \which are listed in Table 1 for each alcohol
7 percent ethanol or about 15 percent of the ether methykygied. The kinetic data listed in Table 1 include OH
t-butyl ether (MTBE) with gasoline. Other alcohols includ- reaction rate constants for thirty three alcohols, of which
ing methanol and t-butyl alcohol (TBA) and other etherspineteen are £Cs monofunctional alcohols (primary, sec-
including ethyl-t-butyl ether (ETBE) have been used for gnqgary and tertiary) and fourteen are difunctional alcohols
many years or are under consideration as oxygenated fue’lﬁcluding diols, hydroxy ethers, and hydroxycarbonyls.
and fuel additives. For all but two of the alcohols listed, reaction with OH
Not surprisingly when considerable monetary invest-inyolves H-atom abstraction from a C-H bond (major) or
ments and profits are at stake, scientific issues have n@tgm the O-H bond (minor and often negligible) as is
played a major role in the energy policy decisions that havgjiscussed in more detail below. For allyl alcohol and hy-
been made regarding alcohols and other oxygenated fuelgroxyacetaldehyde, reaction with OH involves different
Perceived benefits and possible drawbacks of oxygenateghechanismsi.e. OH addition at the C=C bond for allyl
fuels will undoubtedly continue to be controversial topics 3jcohof¢ and mostly ¢a. 78%) H-atom abstraction from
in future policy debatéslt is not our intent here to discuss the carbonyl carbon for hydroxyacetaldeh{de
the merits and disadvantages of alcohol fuels. The purpose For four of the alcohols listed in Table 1, the OH-alco-
of this article is to review the atmospheric chemistry of ho| reaction rate constant has been measured over a range
alcohols with focus on the following objectives: of temperatures and the corresponding Arrhenius equations
« to compile available kinetic data that can be used tqk = Ae®RT) have been reportét™® This information is
calculate the persistence of alcohols in the atmosphere. summarized in Table 2 and indicates that, in the range of
+ to review data from laboratory studies of reactiontemperatures relevant to the atmosphere, temperature has
products, and to outline the mechanisms of the photochembnly a modest effect on the OH-alcohol reaction rate con-
cal oxidation of alcohols in the atmosphere. stants.
« to identify knowledge gaps and, when appropriate, to o o
make suggestions for future research. Mechanistic implications of kinetic data
In this article, we will not consider the atmospheric  The kinetic data listed in Table 1 indicate that the
chemistry of unsaturated alcohols. These compoundggeaction of saturated alcohols with OH at ambient tempera-
which are important biogenic emissidfisare hydroxy-  ture involves H-atom abstraction from a C-H bond rather
substituted alkenes . allyl alcohol, CH=CHCHOH; than from the O-H bond. This is consistent with theory
cis-3-hexen-1-ol (leaf alcohol) GBH,CH=CHCH since the O-H bond (bond strength = 104 kcal s
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Table 1. Kinetic data for the reaction of alcohols with the hydroxyl radical and estimated half-lives of alcohols in the atmosphere.

Alcohol OH reaction rate constantreference  atmospheric
atca.298 K (units: 10" half-life - days -
cm® moleculéls'l) when
OH=1.0x18
molecule crit
monofunctional alcohols:
methanol CH3OH 0.93:0.04 10 8.6
0.86+0.05 1
0.90:0.09 18
methanol - ¢ CD3OH 0.43:0.02 10 -
ethanol CH3CH20H 3.33:0.23 11 2.4
3.04:0.25 18
1-propanol CH3CH2CH,0H 5.34:0.29 11 15
5.64t0.48 18
2-propanol (isopropyl alcohol) CH3CHOHCHs 5.81+0.34 11 14
5.69+1.09 18
1-butanol CHzCH2CH2CH20H 8.31+0.63 11 0.96
7.80:0.20 18
2-butanol CH3CHOHCHCH3 no data (a) - 1.0 (a)
2-methyl-2-butanol (t-butyl alcohol) (CHz)3 COH 1.070.08 13 7.5
1-pentanol CH3(CH2)3CH20H 10.8t1.1 11 0.74
12.0+1.6 18
2-pentanol CH3CHOHCH,CH2CH3 11.8+0.8 12 0.68
3-pentanol CH3CH2CHOHCHCH3 12.2+0.7 12 0.65
3-methyl-2-butanol (CHz)2 CHCHOHCH; 12.4+0.7 12 0.64
cyclopentanol cyclo-[(CHg)a CH]OH 10.7#0.7 12 0.75
1-hexanol CH3(CHz2)4CH20OH 12.4+ 0.7 12 0.64
12.2+2.4
2-hexanol CH3CHOH(CH)cCHOH 12.1+ 0.7 18 0.66
1-heptanol CHg(CHg)5CH20H 13.6+ 1.3 12 0.59
13. 7415 18
2,4-dimethyl-2-pentanol (CHa) 2C(OH)CHCH(CHg) 2 11.4+ 3.0 14 0.70
3,5-dimethyl-3-hexanol CH3CH2COH(CHs)CH2CH(CHg) 2 13.6+ 3.6 18 0.59
1-octanol CHs(CHz)6CH20H 14.4+ 1.5 18 0.55
difunctional alcohols:
unsaturated alcohols:
allyl aocohol CHy=CHCHOH 25.9+3.3 (b, ¢) 9 0.31 (e)
hydroxycarbonyls:
hidroxyacetaldehyde HOCHCHO 10.0 (d) 15 0.80 (f)
hydroxyacetone CH3C(O)CHOH 3.0+ 0.3 16 2.7 (f)

4-hydroxy-4-methyl-2-pentanone CH3C(O)CHOH(CHg) 2 4.0+ 1.2 14 2.0 (f)
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diols:

1,2-ethane diol HOCH,CH,OH 7.7+1.1 9 1.04
1,2-propane diol HOCH,CHOHCH; 12+ 1 9 0.67
2-hydroxyethyl ehter HOCH;CH20OCHCH20H 30+2 9 0.27
hydroxyethers:

2-methoxyethanol CH30CH,CH20H 12.5+0.7 16 0.64
2-ethoxyethanol CBCH2OH 18.7+ 2.0 16 0.43
2-butoxyethanol CK(CH2)30CHCH20OH 23.1+ 0.9 16 0.35
3-ethoxy-1-propanol CgCH20(CHp) 2CH20H 22.0+ 1.3 16 0.30
3-methoxy-1-butanol CHCH(OCHs)CH2CH0H 23.6+ 1.6 16 0.34
other difunctional alcohols:

2-(dimethylamino)ethanol (CHI 2NCH2CHOH 90+ 20 17 0.09
2-chloroethanol CICBCH20H 1.4+ 0.1 9 5.7
(a) estimatetf, k=8.0 x 10*2cnt® moleculé' s,

(b) at 440 K.

(c) reaction with OH involves OH addition at C=C band

(d) reaction with OH involves mostlgd. 78%) H-atom abstraction from carbonyl carbon
(e) also removed from the atmosfere by reaction with adne

(f) also removed from atmosfere by photol?ﬁs

Table 2. Arrhenius parameters for the gas phase reaction of OH with alcohols.

Alcohol rate constant (cﬁmoleculél st 3 Reference
Methanol k = (4.8£ 1.2) x 102 48070 11
Ethanol k = (7.4% 3.2) x 1012 g240£ 110T) 11
2-Propanol k = (5.8 1.9) x 1012 30%90M) 11
2-Methyl-2-propanol (t-butyl alcohol) k=(3.31.6) x 1012 (310 150/T) 13

(a) from linear regression of kinetic measurements at T = 240-440 K; stated uncertainties are two standard deviations.

stronger than the C-H bond (bond strength = 94 kcal mofind the reaction pathway that involves H-atom abstraction
-1in methanol). If the initial step in the OH-alcohol reaction from the O-H bond:

involves H-atom r_albstraction from C-H bqnds, then (a) OH RCH,OH + OH HO + RCHO (1b)
reacts faster with methanol than with methangl-d

(CD3OH), as observeéfi(the C-D bond is stronger than the is negligible under atmospheric conditions. This impor-
C-H bond), (b) the OH reaction rate constants for the seriet@nt mechanistic aspect of the alcohol-OH reaction is fur-

CHs(CHz)nOH increases from methanol (n = 0) to 1-oc- ther supported by data for the reaction of alcohols with
tanol (n = 7), as observéd1218 due to the increasing chlorine atoms. This reaction is expected to be similar to

number of secondary C-H bonds, and (c) the reaction o e alcohol-OH reaction since both OH and Cl are electro-

ith t-butvl alcohol. which . v pri q philes. Indeed kinetic and product studies of the alcohol-Cl
OH with t-butyl alcohol, which contains only primary (@nd | otiod920have shown that H-atom abstraction involves

therefore stronger) C-H bonds, is slower, again as obr_y4 ponds and not the O-H bond:
served, than that of OH with 1-butanol and 2-butanol which

contain weaker secondary and tertiary C-H bonds. RCHOH + CI —— HCIl + RCHOH (1c)
Thus, the reaction of alcohols with OH can be written  accordingly, the initial step in the reaction of methanol
as follows: with OH can be written as follows:

RCH,OH + OH —> HO + RCHOH (1a) CHsOH + OH —> HO + CHOH )
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where reaction (2) yields the simpleshydroxyalkyl radi-  troposphere exhibit strong diurnal variations with maxima
cal, i.e. the hydroxymethyl radical C}¥H. For higher at ca. noon and minima at night. As a result, half-lives for
molecular weight alcohols, reaction with OH may involve alcohols in the atmosphere are expected to exhibit diurnal
H-atom abstraction from several C-H bonds. In this caseariations that are the opposite of those of [Qld],with

the major pathway involves H-atom abstraction from theminima at ca. noon and maxima at night.

weakest C-H bond,e. H-atom abstraction from tertiary While reaction with OH is the only known chemical
C-H bonds preferentially to H-atom abstraction from sec-removal process for alcohols in the atmosphere, physical
ondary C-H bonds, and H-atom abstraction from secondaryemoval processes should also be considered. These proc-
C-H bonds preferentially to H-atom abstraction from pri- esses, for which little information is available, include dry

mary C-H bonds. Thus, for ethanol: deposition, and, on account of the solubility of alcohols in
water, scavenging by hydrometeors (clouds,?taifog,
CHsCHOH + OH > HO+ i snow) and by water-containing aerosol particles. Should
+ CHCHOH (major) (38)  these processes be important, the atmospheric lifetimes
——> H,0 + CHCH,OH (minor) (3b) given in Table 1 would be upper limits for the actual

persistence of alcohols in the atmosphere.
Similarly for 1-propanol: . . .
Product Studies and Reaction Mechanisms
CH:CH.CH,OH+OH — HO +

+ CHCH,CHOH (major)  (4a) Perhaps surpri_singly considering _the curr_ent impor-
tance of alcohols in urban atmospheric chemistry, only a
—> HO + CHCHCHOH (maijor) (4b)  few studies have been carried out to characterize the prod-

_ ucts of the OH-alcohol reaction #%4%°. Several of these
HO + CHCH,CH,OH (minor) (4c) laboratory studies have included the alcohol-chlorine atom
and for 2-propanol: reaction instead of, or in addition to, the alcohol-OH reac-
tion (the two reactions involve similar mechanisms and
CHsCHOHCHs+ OH lead to the same products, see reactions 1a and 1c). This is
HO + CHCOHCH; (52) because the stronger electrophile Cl reacts with alcohols
H0 + CHCHOHCH; (minor) (5b)  Ca.25-50 times faster than OH do&& therefore leading
to higher product yields (when compared to OH) for a given
For t-butyl alcohol, which contains identical primary regction time.

C-H bonds, reaction with OH involves only one reaction  p summary of laboratory studies of the products of the

pathway: alcohol-OH reaction (and / or alcohol-Cl reaction) is given
(CH3)sCOH + OH — HO + in Table 3. Reaction products and the corresponding
+ CHC(OH)(CHs) 2 (6) mechanisms are discussed in this section for each of the

. o ) seven alcohols studied.
Reactions (2-6) above indicate that the reaction of OH

with alcohols results in the formation of two types of Reaction of alkyl radicals and-hydroxyalkyl radicals
radicals: alkyl radicals (reactions 3b, 4b, 4c, 5b and 6) anavith O,
a-hydroxyalkyl radicals (reactions 2, 3a, 4a and 5a). As

] ) . . The discussion of reaction mechanisms for each alcohol
W'”,be discussed n the next s_ectlon, these two types of; gain in clarity if we first compare the reactions of alkyl
radicals lead to different reaction products under atmos:

heric conditions radicals and ofi-hydroxyalkyl radicals, even though our
P ' understanding of the atmospheric chemistry-tfydroxy-
Atmospheric persistence of alcohols alkyl radicals is derived to a large extent from the experi-

Using the kinetic data summarized in Table 1, we havemental studies that are described below. Both alkyl radicals

calculated the atmospheric half-life of alcohols that resultsandgo;-?hzgdroxyalkyl radlca!s react rap|dly.W|th Xy
from their removal by reaction with OH. These atmos-QEﬁ " As a result, reaction with oxygen is their only

pheric half-lives are listed in Table 1 and have been calcui—mport"’lnt reaction in the atmosphere. Alkyl radicals (in-

lated using [OH] = 1.0 x 106 molecule @nthis value is cluding those that bear an OH group on any carbon atom
representative of actual OH concentrations in the tropothat is not thex-carbon)_react with oxygen by additfsh
spheré& Atmospheric half-lives thus calculated are about'©2ding to & peroxy radical:

one week for methgnol and t-butyl alcoholl, twoandahalf ., RO 7)

days for ethanol, fifteen hours for the higher molecular

weight monofunctional alcohols, and eight to fifteen hourse.g. CHs + O, - CHzO., or CHCHOHCH + O, -

for the hydroxyether solvents. Concentrations of OH in theCHz:CHOHCH:O,. In contrast,a-hydroxyalkyl radicals
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react with oxygen by H-atom abstraction from the O-H Formic acid was not identified, thus supporting the
bond, leading to a carbonyl and the H@dical: conclusion (see preceding paragraph) thatitigdroxy-
alkyl radical CHOH (hydroxymethyl) reacts with oxygen
RCHOH+Q — HO* RCHO C) by H-atom abstraction (pathway 10a) and not by addition
As will be seen in the following sections, the nature of(Pathway 10b). In the atmosphere, the oxidation of metha-
the products of the OH-alcohol reaction is dictated to a0l can be described by two reactidres reaction with OH
large extent by the mechanistic difference between théreaction 2) followed by reaction of GBH with O to
alkyl + O, reaction and tha-hydroxyalkyl + Q reaction. ~ Produce formaldehyde (reaction 10a).

Methanol Ethanol

The reaction of methanol with chlorine atoms has been T our knowledge the only study of the reaction prod-
studied by Ohteet al?2 and by Whitbeck. The only ~ UCtS of ethanol is that of Cartet al=*, who investigated

product identified was formaldehyde. As mentioned ear_the ethanol-OH and ethanol-Cl reactions. Four experiments

lier, kinetic studies of the methanol-&Hand methanol-  Were carried out, two with alcohol-NOx mixtures (NOx =

CI*® reactions, which involved the deuterated compoundé\lo_ + NQy) and two with aIcohoI-NOx-Q_Imixtures. Re-
CD:OH and CHOD, indicate that the reaction involves &ction products were acetaldehyde (major), formaldehyde,

H-atom abstraction from C-H and not from O-H. The Methyl nitrate (CHONG,) and peroxyacetyl nitrate (PAN,
relevant reactions are: CHsC(O)OONQ). Small amounts of ethyl nitrate

(CoHsONGO,) and of formic acid were also reported. The

CHsOH + CI —— CHOH + HClI (9) reactions of interest, shown below for the OH-ethanol
reaction, include the three possible initial H-atom abstrac-
CH:OH+(® —> HQG+HCHO (10a)  tion pathways:
—> OOCHOH (10b) CHsCHOH + OH —— HO + CHCH0 (12)
OOCHOH —— products including HCOOH (11) —> HO + CHCHOH (3a)

Table 3. Summary of studies of products of the alcohol-OH and alcohol-Cl reactions.

Alcohol Authors (reference) Reaction studied (a) Major products (b)
Methanol Ohtaet al.(22) Cl Formaldehyde (c)
Ehitbeck (23) Cl Formaldehyde (c)
Ethanol Carteret al. (24) OH, CI acetaldehyde (0.800.15)
2-propanol (isopropyl alcohol) Ohtaet al. (22) Cl acetone (c)
2-butanol Carteret al. (24) OH 2-butanone (0.75-0.80)
acetaldehyde (0.12-0.16)
2-methyl-2-propanol (t-butyl alcohol) Cox & Goldstone (25) OH acetone (c)
Japaret al. (26) Cl acetone (1.0)

formaldehyde (1.0)

2,4-dimethyl-2-pentanol Atkinson & Aschmann (14) OH acetone (0.92 0.15)
2-methyl propanal (0.2% 0.02)
4-hydroxy-4-methyl-2-pentanone
(0.12+ 0.02) (d)

3,5-dimethyl-3-hexanol Atkinson & Aschmann (14) OH acetone (0.12 0.03)
2-butanone (0.2% 0.02)
4-hydroxy-4-methyl-2-pentanone
(0.25+ 0.02) (d)

(a) ClI = reaction of alcohol with clorine atoms; OH = reaction of alcohol with hydroxyl radicals.
(b) yield (molar units) given in parenthesis when reported.

(c) only product reported.

(d) product of alkoxy radical isomerization, see text.
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—> HO + CHCH;OH (3b) HCO+G — CO+HQ (15b)
Reaction 12, which involves H-atom abstraction from  cH,+ 0, ——> CHO; (15¢)
the O-H bond, was calculated from the measured ethyl
nitrate concentration to account for 1-3% of the overall CHzO2+NO —> NQ+ CHO (15d)
reaction, consistent with the prediction from bond strength
considerations that H-atom abstraction from O-H makesa CHO+Q —= HG+HCHO (15e)

negligible contribution to the overall OH-alcohol reaction.  Reaction with OH, which involves H-atom abstraction
The hydroxyethyl radical formed in pathway 3a is anfrom the carbonyl carbon, leads to peroxyacetyl nitrate:
a-hydroxyalkyl radical and reacts with oxygen by H-atom

abstraction to form acetaldehyde: CH;CHO + OH > HO+CHCO (162)
CHCHOH+Q ——> CHCHO+HQ  (13) CH:CO+Q —> CHCO; (16b)
The vyield of acetaldehyde, corrected for removal of CHsCOs; + NO,=—= CHC=00O0ONG (PAN) (16c)

acetaldehyde by photolysis and by reaction with OH (reac-
tions of acetaldehyde are discussed below), was 80
15%“. Reaction 3a, which involves H-atom abstraction
from the weaker secondary C-H bonds, is therefore the PAN
major reaction pathway as expected from bond strength
considerations. By difference, pathway 3b may accountfor CH3COz+ NO ——> NQ + CHCO, (16d)
5-35% of the overall OH-ethanol reaction. The alkyl radical

CH>CH.OH formed in pathway 3b reacts with oxygen by CHCO Ch + CC, (16e)
addition: followed by oxidation of Chlto formaldehyde via the

reaction sequence 15c-15e shown above.
CH.CH,OH+ QO —> OOCHCH,OH (14a) on sequ Wn abov
In urban areas that make use of ethanol as aeiggl,

and the peroxy radical R@rmed in (14a) reacts with NO S50 Paulo and other major cities in Brazil, the atmospheric
to form NG and the alkoxy radical RO: oxidation of ethanol produces acetaldehyde, which is also
OOCHCH,OH + NO NG + emitted directly by vehicles that use ethdhahd ethanol-
+ OCHCH,OH (14b) gasoline mlxture.s. Ambient levels qf acetaldehyde have
been measured in Sao Paulo and Rio de J&Aeind are
The alkoxy radical formed in (14b) may either reacthigh when compared to those of other urban areas of the
with oxygen to form hydroxyacetaldehyde or decomposeworld that do not use ethanol as a fuel. In turn, the oxidation
by cleavage of the C-C bond to form formaldehyde: of acetaldehyde, including that resulting from the use of
ethanol-fueled vehicles, leads to PAN which has been
OCHCHOH + & HG, + measured in Rio de Janeit@nd is currently being meas-
+HC(O)CEDH (14c) ured in Porto Alegr&. The adverse effects of PAN on
OCH,CH,OH —> HCHO + CHOH (14d)  human health and on ecosystéfrisave received world-
wide attention from researchers and air pollution control
and then-hydroxyalkyl radical CHHOH reacts with oxygen — agencies.
to produce formaldehyde as discussed above for methanol:
2-propanol

In turn, thermal decomposition of PAN leads toxCO
and formaldehyde:

NG + CHCO3 (reverse of 16¢)

CHOH+Q® —> HOQ+HCHO (10a) ) .
The reaction of 2-propanol with OH has not been stud-

Carteret al** did not measure hydroxyacetaldehyde jed. Ohtaet al? have studied the reaction of 2-propanol
and therefore the relative importance of pathways 14c angiith chlorine atoms and have identified acetone as the

(14d) could not be assessed. major product. The relevant reactions are:
Reactions of acetaldehyde CHsCHOHCHs + CI ——> HCI +
Once formed in the atmosphere as a major product of + CHCOHCHs (17a)

the ethanol-OH reaction, acetaldehyde is removed rap-
idly by photolysis and by reaction with G# Photolysis
leads to carbon monoxide, formaldehyde and twa HO followed by reaction of then-hydroxyalkyl radical
radicals: CHsCOHCH; with oxygen by H-atom abstraction:

— > HCl + CHCHOHCH; (17b)

CHCHO+h ——> CH+HCO (15a) CHsCOHCHs + O, —> HO; + CHCOCHs  (18)
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Thus, the atmospheric oxidation of 2-propanol may be  The subsequent reactions of acetaldehyde have been
described by two reactionse. reaction with OH (reaction described above, see reactions 15a-15e (photolysis) and
5a) followed by reaction 18. Unlike acetaldehyde, which isreactions 16a-16e (reaction with OH). The reactions of
more reactive than its precursor ethanol, acetone is leszbutanone include photolysis and reaction with OH. These
reactive than its precursor 2-propanol. Removal of acetoneeactions lead to acetaldehyde, PAN, formaldehyde,
from the atmosphere is slow and involves photolysis andnethyl nitrate and ethyl nitrate
reaction with OH. The resulting products include formal-
dehyde and, in the presence of NOx, peroxyacetyl rfrate 2-Methyl-2-propanol (t-butyl alcohol)

The reactions of t-butyl alcohol with OH and with CI
have been studied by Cox and Goldstdmad by Japast

The reaction of 2-butanol with OH has been studied byal.26, respectively. Acetone was the only product reported
Carteret al?4, who identified 2-butanone (yield = 75-80%) by Cox and Goldstone. Japetr al. reported acetone and
and acetaldehyde (yield = 12-16%) as the major productdormaldehyde in unit yields,e. t-butyl alcohol + OH-

The reaction of OH with 2-butanol may involve up to five 1.0 acetone + 1.0 formaldehyde. The reaction mechanism
H-atom abstraction pathways: is simpler than for other alcohols since the initial step
involves only one H-atom abstraction pathway:

2-butanol

CHsCH:CHOHCHs + OH —>  HO +
+ CHCH;CHOHCH:  (19a) (CH3)sCOH + OH —> HO +
+ CHC(OH)(CHy) 2 (6)

followed, as for all alkyl radicals, by the reaction sequence
—> H0 + CHCH,COHCH; (19¢) R+ - RO, RO+ NO - RO + NQ. The alkoxy radical
RO then decomposes by C-C bond cleavage:

—> HO + CHsCHCHOHCH (19b)

— > HO + CHCH.CHOCH; (19d)
OCH.C(OH)(CH;)2 —> HCHO +
—>  HO + CHCH;CHOHCH (19¢) + CHCOHCHs  (22)

The observation of 2-butanone and acetaldehyde agnd the a-hydroxyalkyl radical (G} 4COH reacts with

major products, together with kinetic considerations anchxygen to yield acetone, as discussed above for 2-propanol:
measured yields of minor products as discussed in detail by
Carteret al?4 shows that only two of the above five =~ CH3COHCHs+ O, ——> CHCOCH + HO, (18)

pathways are importan_t: reaction 19c_(major), which in- 114 observation by Japetral2® of acetone and formal-
volves H-atom abstraction from the tertiary C-H bond, andygpyge, each with yields of 1.0, implies that reaction of the
reaction 19b, which involves H-atom abstraction from thealkoxy radical OCHC(OH)(CH)2 with oxygen is negli-

secondary C-H bond. The other three pathways, 192, 1916 and does not compete with decomposition (reaction
and 19e, each accounted £02% of the overall 2-butanol- 22 ynder conditions relevant to the atmosphere.

OH reaction.
Thea-hydroxyalkyl radical formed in (19¢) reacts with 2:4-dimethyl-2-pentanol and 3,5-dimethyl-3-hexanol
oxygen by H-atom abstraction, yielding 2-butanone: These two branched-chain alcohols, RCBH(CHy)
CH2CH(CHg)2, with R = H and R = Cklrespectively, have
CHCHCOHCH + HO + beezn stgdrgzizby Atkinson and Aschl?n%ﬁirr)\ exper?/ments
+ CHCHCOCH; (20) involving the photolysis of methyl nitrite (GBNO) as the
and the alkyl radical formed in (19b) reacts with oxygen bysource of OH. These two alcohols, for which a detailed
addition, leading to H®and two molecules of acetalde- study of reaction products was carried out, were investi-

hyde: gated with the objective of seeking evidence for isomeriza-
tion of alkoxy radicaf¥". While this topic is outside of the
CHsCHCHOHCH; + O > scope of this review, we note that the major carbonyl

CHCH(G,)CHOHCH; (21a) products and the corresponding reaction mechanisms are
entirely consistent with those described above for lower
CH?’CH(OZ)CHO:((;—E EE@%H(O)OHOHCI—& (21b) molecular weight alcohols. Thus, the observation of ace-
tone (yield = 0.92) from 2,4-dimethyl-2-pentanol and of
CHsCH(O)CHOHCH — CHCHO + acetone and 2—bgtanone (yields = 0.12 and 0.27 respec-
+ CHCHOH (21c) tively) from 3,5-d|mthyI—3-hexanoI indicate that a major
pathway in the reaction of OH with these branched-chain
CHsCHOH+® — HO+CHCHO (21d) alcohols involves, as we have discussed before (see for
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example 2-propanol), H-atom abstraction from the weakesbnly two studies of methanol (both with Cl and none with
(tertiary) C-H bond: OH), one of ethanol, one of 2-propanol (with CI, not with
RCHCOH(CH)CHCH(CHY)z + OH ——= S buianol and two for Lbutyl Alcohol. While these stucios

O + RCHCOH(CHs)CH.C(CHg) 2 (23) ; Y ' ;

H have established the major features of the OH reaction for
followed by the sequence R G RO, RG; + NO - a few alcohols, there are still substantial gaps in our under-
NO, + RO and by decomposition of the correspondingstanding of the oxidation of alcohols in the atmosphere. For
alkoxy radical, yielding acetone from each alcohol: example, in the case of ethanol which is widely used as a

vehicle fuel in Brazil and elsewhere, it appears important
RCH,COH(CH)CHCO(CHy) 2 ——> to study the branching ratio between the ethanol +-OH
CHCOCH, + RCHCOH(CH)CH: (24) (acetaldehyde + PAN)s.ethanol + OH- (formaldehyde
The alkyl radical RCHCOH(CH:)CH; that forms in  and / or hydroxyacetaldehyde) pathways, reactions 3a and
reaction 24 undergoes the same sequence, leading to th8 vs.reactions 3b and 14a-14d, respectively. This is be-
alkoxy radical RCHCOH(CHs)CH:0 and subsequently to  cause a yield of 8@ 15% for acetaldehyde is reported in
formaldehyde (which was not measured) and to acetonghe only study of ethanol to d&fethus leaving a large
from 2,4-dimethyl-2-pentanol and 2-butanone from 3,5-di-uncertaintyj.e. 5-35% of the overall OH-ethanol reaction,
methyl-3-hexanol: for the magnitude of pathway 3b.
RCH.COH(CH;)CH.O HCHO + Reflecting. the concern about. the air pollution control .
+ RCLCOHCH; (25) aspects of using alcohols as v_ehlcle fuels, there has beenin
recent years a number of studies that have focused on ozone
RCH,COHCH; + O ——> HOx + formation from many hydrocarbons including alcofiols
+ RCHCOCH; acetone (R = H) (26a) 38 These recent studies, however comprehensive in their
scope, have unfortunately not yielded new information on
2-butanone (R = CH3) (26b) reaction products and on the mechanism of the alcohol-OH
Conclusions and suggestions for future research reaction. More product studies are needed to improve our

o . . . .. understanding of the reaction of alcohols in the atmosphere
The kinetic and product studies reviewed in this article

i s ) . and of the impact of alcohols, emitted as vehicle fuels and
have yielded much information about the persistence ang y;strial solvents, on urban and regional air quality.
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