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a b s t r a c t

Nonmethane hydrocarbons (NMHCs) and volatile organic compounds (VOCs) are important species
present in the environment, which results in alteration of the chemistry of atmosphere. On the global
scale natural emissions of NMHCs and VOCs exceed anthropogenic emissions, although anthropogenic
sources usually dominate within urban areas. Among the natural sources, vegetation is the dominant
source. Oceanic and microbial production of these species is minimal as compared to other sources of
input. Isoprene and terpenes are main species of NMHCs which are emitted from plants as a protective
mechanism against temperature stress tolerance and protection from ravages of insects and pests. The
major anthropogenic sources for NMHCs emissions are biomass burning and transportation. NMHCs play
a significant role in ozone (O3) production in the presence of adequate concentration of oxides of nitrogen
in the atmosphere. The production of O3 is based on Maximum Incremental Reactivity (MIR) of NMHCS
eactivity and VOCs. The compound’s MIR multiplied by molecular weight gives Relative Ozone Productivity (ROPi).
To check the reliability of current methods of measuring the NMHCs the Nonmethane Hydrocarbon Inter-
comparison Experiment (NMHICE) had been designed. The sample of known composition and unknown
concentration of different hydrocarbons was supplied to different laboratories worldwide and less than
50% laboratories correctly separated the unknown mixture. Atmospheric scientists throughout the world
are evaluating current analytical methods being employed and are trying to correct the problems to

ensure quality control in hydrocarbon analysis.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction amount over remote oceans, rural areas as also in urban environ-
ments. Nonmethane hydrocarbons (NMHCs) are introduced into
A large variety of hydrocarbons is found in the atmosphere.
he atmospheric abundance of these species is found at mixing
atio ranging from parts per billion by volume (ppbv) to parts per
rillion by volume (pptv). These species are found in significant
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atmosphere by fossil fuel burning, emission from vegetation and
sea, biomass burning, transportation and geochemical processes.
These compounds when oxidized produce a wide variety of oxy-

genated products including aldehydes, ketones, alcohols, phenols,
etc. most of which have proven toxicity. Atmospheric OH radicals
combine with the hydrocarbons. Atmosphere therefore, acts as a
sink for these hydrocarbons. This reaction in the presence of oxides
of nitrogen leads to the production of tropospheric ozone [1,2].
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Table 1
Global estimation of hydrocarbons [4].

Source Emission (tg-C/yr)

Anthropogenic
(1) Transportation 22
(2) Stationary sources 04
(3) Industrial processing including natural gas production 17
(4) Biomass burning, forest fires 45
(5) Organic solvents 15

Total 103

Natural
Oceanic

(1) Light 5–10
(2) C9–C28 hydrocarbons 1–26

Terrestrial
(1) Microbial production 6
(2) Emission from vegetation 1140

Total 1170
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synthetic photon flux density (PPDF) increases isoprene emission
activity also increases.

The emissions of VOC from freshly cut and shredded Grevillea
robusta (Australian Silky Oak) leaves and wood have been mea-
otal emission 1273

. Sources

NHHCs can be categorized into two broad categories: natural
nd anthropogenic. Natural sources contribute 69% of the total
MHCs emission while rest 31% is contributed by anthropogenic

ources [3]. An attempt was made to find the sources of emission
f hydrocarbons at global level in 1992 [4]. The findings are given
n Table 1.

.1. Natural sources

The broad leaf trees and conifer plants are responsible for the
mission of terpenes, semiterpenes, and diterpenes, etc. which
rovide major emission among the natural sources [5]. Monoter-
enes such as alpha and beta pinene, camphor and limonene, which
re photochemically reactive hydrocarbons, are also released in
ignificant quantities by plant species. These compounds gener-
lly serve as a defense mechanism against ravages of insects and
ests [6,7]. Two of the most typical Mediterranean species Pinus
inea and Quercus ilex were screened for emission of monoter-
enes during the period of 1997–1998 in the field at semirural

ocation in Spain [8]. Monoterpenes have physical and chemical
roperties that make them attractive alternatives to chlorofluo-
ocarbons in many industrial applications [9]. Isoprene is another
eactive hydrocarbon emitted by a large variety of plant species
10,11] as a by-product of photosynthesis [12,13]. Most of the plant
pecies emit isoprene as a protective mechanism against high tem-
erature stress in a range of conditions even in darkness [14].

soprene emission is closely linked to the activity of the enzyme
soprene synthatase [15,16]. Isoprene emission is maximum during
aytime and minimum at night. Since there is no storage of iso-
rene within plant’s tissues and production requires substrate from
hotosynthesis, isoprene emission, therefore, cease in darkness
17].

Vegetation is thought to be the dominant source of hydro-
arbon emission [18]. Annual global volatile organic compounds
VOCs) flux from plants was estimated to be 1150 tg-C, which con-
isted of 44% isoprene, 11% monoterpenes, 22.5% other reactive

ydrocarbons and 22.5% other non-reactive hydrocarbons. As per
tudy in North America the flux of NMHCs as 8.4 × 1012 g of car-
on in which isoprene was 35%, 19 terpenoids contributed to 25%
nd 17 terpenoids 40% of the total emission was observed [19].
aterials 166 (2009) 17–26

Guenther et al. [19] proposed the following emission model for
NMHCs:

Emission → [E] [Dp Df] [Rp Rt Ra][P]

where E is the landscape average emission capacity; Dp is the
annual peak foliar density; Df is the fraction of foliage present at
particular time of the year; Rp is the photosynthesis photon flux
density; Rt is the temperature of the leaf; Ra is the leaf age; P is the
escape efficiency.

In 1985, a study at Amazon tropical forest [20] showed that bio-
genic isoprene flux was 25,000 �g/m2/day and it was calculated
that isoprene emission was equal to the 2% of net primary pro-
ductivity of the tropical forests. Tropical woodlands (rain forests,
secondary drought deciduous and savannas) contribute about half
of all global natural VOCs emission. Crop lands and other wood-
lands contribute 10–20% of VOCs emission [21], while it was very
little from agricultural fields at Southwest British Columbia [22].

Various nonmethane volatile organic compounds (NMVOCs)
such as propane, isoprene, methanol, etc. are also produced by the
variety of soil microbes [23,24]. Microorganisms can also metab-
olize these compounds and in many cases soils are the sinks for
such NMVOCs [25,26]. Isoprene emission activity directly depends
upon leaf temperature (Fig. 1) As the leaf temperature and photo-
Fig. 1. Predicted influence of temperature (top) and photosynthetic photon flux
density (PPDF) (bottom) on isoprene emission activity factors. TD is the mean leaf
temperature of the past 15 days. TM is the leaf temperature of last few minutes. LAI
is the leaf area index. Source: [19].
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ured to study the VOC emissions from fresh leaf mulch and wood
hips lasted typically for 30 and 20 h respectively, and consisted
rimarily of ethanol, (E)-2-hexenal, (Z)-3-hexen-1-ol and acetalde-
yde. The integrated emissions of the VOCs were 0.38 ± 0.04 g kg−1

rom leaf mulch, and 0.022 ± 0.003 g kg−1 from wood chips. These
missions represented a source of VOCs in urban and rural air that
ad previously been unquantified and is currently unaccounted for.
hese VOCs from leaf mulch and wood chips will contribute to both
rban photochemistry and secondary organic aerosol formation
95].

Oceanic sources of NMHCs are minimal compared to the terres-
rial inputs which are dominated by natural, biogenically derived
soprene, terpenes, etc. [27]. Ocean is supersaturated with the VOCs

ith respect to atmosphere. Because of this imbalance, ocean is
onsidered as a source of these highly reactive compounds to the
tmosphere. Calculation of flux from the air sea exchange [28] can
e calculated as:

= Kw[Cso − Ceq]

here: Kw is the transfer velocity; Cso is the surface ocean VOCs
oncentration; Ceq is the equilibrium surface ocean VOCs concen-
ration with atmospheric concentrations.

Photochemical transformation of dissolved organic matter in the
urface sea water results in the production of the C2–C4 alkenes
n the surface ocean with UV portion (295–340 nm) of the solar
pectrum controlling the bulk of this production. During a study
nder summer sunlight intensities in Miami, FL, net production rate
or ethene, the dominant photoproduced of NMHC in surface sea
ater, varied from 0.220 pmol−1 min−1 for transparent oligotrophic
aters to 6.11 pmol−1 min−1 for highly coloured estuarine waters

96].
Laboratory measurements of marine phytoplanktons indicate

ceans as a potential source of isoprene to the atmosphere [29].
urface concentrations of oceanic NMHCs result from both direct
iological production and by-product of photochemical transfor-
ation of dissolved organic matter [30–32]. Emission of isoprene

nd other NMHCs from macroalgae (sea weed) were observed at
emperate coastal site (Macae head, Ireland). Emission from all the
lgae investigated were dominated by alkenes and the produc-
ion is algae dependent and temperature dependent and related
o light availability [97]. Marine sources of ethylene and propylene
nd island sources of isoprene were also reported at Mauna Loa
bservatory [33].

At the Stordalen Mire in the Subarctic, variability in growing sea-
on hydrocarbon flux dynamics during 2002–2006 was observed.
ccordingly NMHCs contribution to Total Hydrocarbons was esti-
ated and it was found that the NMHCs contribute 15–25% in Total
ydrocarbons [98].

.2. Anthropogenic sources

In the urban areas a wide variety of anthropogenic sources lead
o the enhancement of hydrocarbon level in the atmosphere [34].
mong the anthropogenic sources primary source of NMHCs was

ound due to combustion and gasoline evaporation as per the stud-
es in 43 Chinese cities, conducted in 2001 [99].

The largest source of organic gases including NMHCs and VOCs
rom anthropogenic sources are related to emission from mobile
ources [35–39]. Ethene, acetylene, 1-butene, isobutene, propane,
ropene, isopentane, n-pentane, toluene, ethylbenzene, m and p-

ylene, etc. are the most abundant compounds in these emissions.
ixing ratio of NMHCs in Happo, Japan showed winter maximum

or ethane, propane, C4–C5 alkanes, n-hexane and acetylene consis-
ent with seasonal variation of OH radical. Comparison of seasonal
ariation revealed that higher the latitude, higher is the concen-
aterials 166 (2009) 17–26 19

tration of C2–C5 hydrocarbons [40]. Vehicle exhaust is invariably
the major contributor (more than 50%) to NMHCs in urban and
suburban areas. Global impact of road traffic emission on chemi-
cal composition and climate was studied with particular emphasis
on emission of NMHCs. It was observed that the concentration of
ozone in the atmosphere increases due to road traffic emission
(NOx, CO, NMHCs) result in an annula and global mean adjusted
radiative forcing of 0.058 W/m2. Further it is concluded that the
road traffic increases and decreases the concentration of hydroxyl
radicals depending on geographical region and season. The global
and annula indirect forcing due to road traffic-induced changes
in the lifetime of methane amounts to 0.006 W/m2. Results of the
study show that NMHCs emission considerably contributes to the
global impact of road traffic emissions [100]. The gasoline exhaust
contribution is typically four times more than the diesel exhaust.
Evaporated gasoline and liquid gasoline are the next most abundant
contributors in most of the areas. Refineries, forest fires and other
industrial sources are area specific [41]. In NOx rich environment
dominating anthropogenic sources of NMHCs include automobile
exhaust, gasoline evaporation and emission from commercial and
industrial use of solvents [42]. Walter et al. [43] worked on the
emission from automobiles powered by 2.5-L indirect diesel engine
and outfitted with production oxidation catalyst for exhaust after
treatment, showed the presence of 80% light hydrocarbons and 20%
semivolatile fraction up to C15 hydrocarbons. Global emission of
the anthropogenic VOCs was 98 tg/yr out of total 750 tg/yr [44]. A
good correlation between total NMHCs, CO and other pollutants
associated with motor vehicle emission was observed indicating
vehicular traffic as a main source of total NMHCs [45]. Tai-Yih
et al. [46] concluded that LPG especially propane contributes as
much as 50% of the excess O3 level in Santiago’s air even under
the heavy traffic conditions. It is also studied that the CMB (Chem-
ical Mass Balance) discrimination between diesel and gasoline
exhaust is distinctive when heavy hydrocarbons are included [38].
Most of these compounds are highly enriched in diesel exhaust
but have negligible abundance in normal running gasoline vehicle
exhaust.

Petrochemical production, especially the refining of gasoline and
other fuel oils [47,48] can be a large contributor in some areas [49] in
which ethane, propane, propene, n-pentane, benzene, n-heptane,
toluene and n-octane are abundant species. Although solvents from
the paints and industrial uses are large component of all VOCs
inventories, their reported profiles are however, few [50–52]. Print-
ing ink solvents from offset [53] and rotogravures are commonly
identified in emission inventories. Most of these emissions are
captured, condensed and reused by modern printing facilities, espe-
cially the toluene used for thinning rotogravure inks.

In addition to these common emission sources, landfills are
sometimes identified as large total organic gas emitters owing to
their prodigious production of methane that may be accompanied
by reactive organic gases, depending on the nature of landfill wastes
and disposal practices. Acetone, alpha terpinene, benzene, butyl
alcohol, ethyl mercaptan, limonene, furans, terpenes, etc. are found
to be among the most abundant components of landfill [54]. Aero-
bic decomposition of organic waste material also produces the light
or small hydrocarbons. Several VOCs are used to be outgassed by
plastics when they are heated [55].

Coal-fired power stations are also the source of VOCs. Small
quantities of VOCs are emitted by several French coal-fired power
stations, with benzene, toluene, ethylbenzene, xylenes, tetra-
chloroethane, benzaldehyde and phenol being the most abundant
compounds [56]. Some data has also been obtained from petroleum

fires [57], food and beverage production [58] household prod-
ucts and indoor building materials [59]. Summary of NMHCs
source apportionment studies and the concentrations of various
hydrocarbons from major U.S. cities are given in Tables 2 and 3
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Table 2
Summary of NMHCs source apportionment studies [41].

Study, Location and Period Measurement Findings

San Joaquin Valley and San Francisco Bay Area, CA Average Contribution (%)
(7/90-8/90) [83] Vehicle exhaust 35–70
2-h C2–C11 canister and carbonyl

DNPHa samples at 34 sites in Central
California representing urban and
non urban, oilfield background and
forested areas.

Gasoline evaporation 10–40
Coating and solvents 1–20
Oil production 30–50 (near oil fields),

5–15 (other sites)
Biogenic 0–15 (based on

measured isoprene)

Others 2–20 (morning), 20–60
(afternoon)

Los Angeles, CA (8/86) [84] Hourly 4-, 8-h C2–C10
canister samples collected at 9 sites between
8/10/86 and 8/21/86

Average Contribution (%)
Gasoline engine exhaust 31–37
Whole liquid gasoline 32–38
Headspace gasoline vapors 5–13
Waste and natural gas 10–15
Dry cleaning 0–14
Degreasing solvents 5–12

Los Angeles, CA (7/95 to 10/95) [85] 3-hour C2–C11
canister samples for six 7 day periods at CARBb

sites and for 3 day periods at 8 Coordinating
Research Council (CRC) sites.

Average Contribution (%)

3CARB sites 8 CRC sites
Diesel vehicle exhaust 11–15 10–15
Liquid duty vehicle exhaust 38–50 42–54
Liquid gasoline 0.6–11 1–14
Gasoline vapors 15–29 10–20
Gas (CNGc) 3.1–3.7 2.2–2.7
Gas (CNGd) 5.2–8.8 6.6–8.6
Gas (LPGe) 2.6–3.7 1.9–3.0
Biogenic 0.2–0.3 0.1–0.2
Coating (architectural) 3.2–5 0.3–1.1
Coating (industrial) 1.7–9.3 4.1–6.9
Coating (others) 1.7–10 1.1–8.9
Unexplained 3.5–11 0.9–7.8

Phoenix Ozone Study, Phoenix, AZ (Summer, 1996)
[86] 4-hour C2–C11 canister samples at three sites

Average Contribution (%)
Diesel exhaust 5.4–11.7 Gas (LPG) 0.5–1.0
Gasoline exhaust 51.5–59.0 Biogenic 0.2–2.6
Liquid gasoline 6.6–8.9 Coatings (architectural) 0.4–2.2
Gasoline vapors 2.8–7.3 Coatings (industrial) 2.2–3.1
Gas (CNG) 1.2–3.2 Unexplained 7–8
Gas (GNG) 5.6–8.0

Coastal Oxidant Assessment for Southeast texas
(COAST) study, Huston,TX (7/93-8/93) Hourly
canister C2–C10 and DNPH cartridge C1–C7
carbonyl compounds from 6 surface sites, 6 time
per day during 1993

Average Contribution (%)

Vehicle exhaust 19–36
Liquid gasoline 7–15
Gasoline vapors 7–20
CNG 3.5–6.4
Industrial 22–50
Biogenic 0.5–1.8
Unexplained 1–2

Chicago, IL (7/87-9/87) [87] 4-hour C2–C7 and
Tenax trap (aromatic and chlorinated
compounds) at 3 down sites

Average Contribution (%)
CMBf Calculated Emission inventory

Vehicle exhaust 21 39
Gasoline vapors 7.1 7.6
Solvent (architectural) 3.1 5.5
Solvent (graphic art) 1.0 9.8
Vapor degreasing 3.4 3.1
Dry-cleaning 0.3 0.1
Industry (Refinery) 7.4 1.3

Beamount, TX, Detroit, MI, Chicago, IL, Washington,
DC and Atlanta, GA (Summers of 1984–1988)
[88] 1-hour and 3-hour samples at 18 sites

Average Contribution (%)
Vehicle exhaust 28–55
Gasoline vapors 9–20
Solvent (architectural) 2–6
Solvent (graphic art) 5–12
Industry (refinery) 9–17 (in cities with

refineries)
Industry (coke oven) 4 (in Detroit and

Washington)
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Table 2 (Continued )

Study, Location and Period Measurement Findings

Detroit, MI (7/88-8/8) [89] 1-hour canister samples
at 18 cities

Average Contribution (%)

CMB calculated Emission inventory
Vehicle exhaust 28 33
Gasoline vapors 9 7
Solvent (architectural) 2.5 3.8
Solvent (graphic art) 4.7 0.7
Industry (refinery) 17 0.7
Industry (coke oven) 3.7 2
Others 35 39

1995 NARSTOg Northeast Ozone study
(6/95-8/95) [90] Four, 3-hour
C2–C11canister samples at five sites
and three, 3-hour samples at three
sites.

Average Contribution (%)

10 surface sites 6 surface sites 7 aloft sites
Diesel exhaust 3–44 6–8 6–9
Gasoline exhaust 17–62 7–23 9–25
Liquid gasoline 2–9 1–7 1.5–5.7
Gasoline vapors 12–31 2–6 0.8–5.9
CNG 7–12 3–34 7–11
LPG 1–30 0.6–3.2 0.7–2.4
Biogenic 1–12 2–10 0–5.8
Unidentified – 46–72 59–75
Unexplained 8–17 4–8 6–11

a DNPH, 2,4-dinitrophenylhydrazide.
b CARB, California Air Resource Board, Sacramento, CA.
c CNG, Compressed Natural Gas.
d GNG, Geogenic Natural Gas.
e LPG, Liquefied Petroleum Gas.
f CMB, Chemical Mass Balance receptor model.

r
1
P
(
a
f
1

T
M

R

1

2
2
2
2
2

g NARSTO, North America Research Strategy for Tropospheric Ozone.

espectively. During ozone episode in Beijing (China) from August
6 to 19, 2006, carbonyl compounds and NMHCs were measured.
rincipal component analysis/absolute principal component scores

PCA/APCS) was used to identify the dominant emission sources
nd evaluate their contribution to NMHCs and carbonyls. It was
ound that the ratios of NMHCs/NOx and Carbonyls/NOx were
1.8 ± 3.9 and 2.7 ± 0.8. Based on the Maximum Incremental Reac-

able 3
edian concentrations of the 48 most abundant Ambient Air Hydrocarbons in 39 U.S. citi

ank Compound ppb

1. i-Pentane 45.3
2. n-Butane 40.3
3. Toluene 33.8
4. Propane 23.5
5. Ethane 23.3
6. n-Pentane 22.0
7. Ethene 21.4
8. m&p-Xylene 18.1
9. 2-Methylpentane 14.9

10. i-Butane 14.8
11. Acetylene 12.9
2. Benzene 12.6

13. 2-Ethyl-1-butene 11.0
14. 3-Methylpentane 10.7
15. 1,2,4-Trimethylbenzene 10.6
16. Propene 7.7
17. 2-Methylhexane 7.3
18. o-Xylene 7.2
19. 2,2,4-Trimethylpentane 6.8
0. Methylcyclopentane 6.4
1. 3-Methylhexane 5.9
2. 2-Methylpropene 5.9
3. Ethylbenzene 5.9
4. m-Ethyltoluene 5.3
tivity (MIR) scale, the leading contributors to O3 formation in
Beijing are formaldehyde, xylenes, trimethylbenzenes, acetalde-
hyde and propene which account for 56% of the total ozone

formation potential. However, ranking by Prop-Equiv, isoprene,
xylenes, formaldehyde, trimethylbenzenes and propene are top 5
VOCs which account for 43% of the total Prop-Equiv concentration
[101].

es [94].

Rank Compound ppb

25. n-Heptane 4.7
26. 2,3-Dimethylbutane 3.8
27. c-2-Pentene 3.6
28. 1,2,3-Trimethylbenzene 3.4
29. Methylcyclohexane 3.4
30. n-Decane 3.3
31. 1,3,5-Trimethylbenzene 3.0
32. C11 aromatic 3.0
33. t2-Pentane 2.9
34. o-Ethyltoluene 2.9
35. p-Ethyltoluene 2.8
36. C10 aromatic 2.8
37. n-Octane 2.6
38. 2-Methyl-1-butene 2.6
39. 1,2-Dimethyl-3-ethylbenzene 2.5
40. t-2-Butene 2.5
41. 2,3,4-Trimethylpentane 2.5
42. 2-Methylpentane 2.5
43. 1,4-Dimethylbenzene 2.4
44. 3-Methylpentane 2.2
45. n-Nonane 2.2
46. Cyclohexane 2.2
47. 2,4-Dimethylpentane 2.2
48. Cyclopentene 2.1
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Table 4
Sources of nitrogen oxides [91].
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. Motor vehicle traffic 64
. Power plants 18
. Industries 12
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. NMHCs and tropospheric ozone production

Anthropogenic and natural NMHCs are a portion of the fuel
or tropospheric photochemistry [60,61]. Natural NMHCs play a

ignificant role in the O3 production [62]. In the rural areas where
Ox concentration is very small, O3 production is also less. But in

he urban areas due to the industrial and vehicular pollution the
elative concentration of NOx reaches up to a level so that it eas-
ly contributes to production of O3 even in small concentration
f NMHCs [63]. The importance of NMHCs as O3 producing pre-
ursor through the OH radical initiated oxidation and subsequent
eaction with NOx has been well studied [64]. In polluted areas
ith relatively high concentration of NOx, photochemical oxidants

f NMHCs, initiate a complex series of photochemical reactions
nown as photochemical smog mechanism that leads to the pro-
uction of O3 and other secondary oxidant pollutants [65,66]. NOx

eing important in the O3 production, it is imperative to consider
ts sources (Table 4). Ground level O3 is created in the reaction of
xcess concentration of NMHCs and NOx in the presence of sunlight
Reaction (1)–(5)) where R is an alkyl group, h� is photon, M is third
ody molecule.

H + OH → R + H2O (1)

+ O2 → RO2 (2)

O2 + NO → NO2 + RO (3)

O2 + h� → NO + O (4)

2 + O + M → O3 + M (5)
The contribution of each NMHC to local O3 production can
e approximately based on the Maximum Incremental Reactiv-

ty [67]. A compound’s MIR multiplied by its molecular weight
ives the Relative Ozone Productivity (ROPi) for that compound
68].
aterials 166 (2009) 17–26

Isoprene is responsible for 31% of measured OH reactivity. Iso-
prene in conjunction with two of its primary oxidant products,
Methcralein and Methylvinylketone [69] was responsible for 35%
reactivity [70]. The reaction of isoprene is very fast with OH radi-
cal (KOH = 1.0 × 10−10 cm3/mol/s) [71]. High emissions as compared
to other NMHCs [20] over remote areas imply that boundary layer
photochemistry can be greatly influenced by its presence. Depend-
ing on the local NOx concentration presence of isoprene can cause
significant boundary layer O3 production in rural [72] remote [73]
and in urban areas [74,69].

NHMCs are also proposed as an important source of atmospheric
CO, a fuel product in a multi-step decomposition of hydrocarbons
in the atmosphere [75,76]. Carbon monoxide again produces O3 in
troposphere in NOx rich environment:

Production or loss depends on these two equation. From here
we can calculate the minimum concentration of the NO for the
production of O3 as:

Ka[NO] = Kb[O3]

[NO]=
(

Kb

Ka

)
× [O3]=

(
2.0 × 10−15

8.3 × 10−12

)
× 1012 = 2.4 × 108 mol/cm3

Thus the minimum of 2.4 × 108 mol/cm3 NO is required for the
production of O3 in the troposphere. The values of the rate constant
are taken from Atinkson [71].

Aromatic compounds are most effective in urban/rural transient
zone, limit O3 formation [77]. Under most conditions studied, nat-
ural NHMCs are predicted to contribute little daily O3 formation
despite their high reactivity and under low NOx concentration may
even lead to small reduction in O3 formation. Only moderate NOx

level as observed above and favorable NMHC/NOx ratio does the
sizeable enhancement of O3 production [78].

Some NMHCs have atmospheric lifetime less than one day in
tropics and mid-latitudes; others have sufficient long lifetime mea-
sured in areas remote from sources such as Antarctica [79]. As
number of carbon atoms increase in the hydrocarbon chain, the
lifetime of the hydrocarbon decreases and their reactivity and O3
producing capacity increases (Table 5). Lifetime v/s reactivity of
different hydrocarbons is given in Fig. 2.

In the stratosphere, only ethane, acetylene and propane
are found because most NMHCs are completely destroyed in
troposphere by the oxidation reactions with OH, O3, NO3 and other

oxidants [80] Presence of oxidants other than O3 facilitates con-
version of NO to NO2 [81]. They indicate the photochemical origin
of oxidants and their dependence on the peroxy radicals includ-
ing RO2, HO2, RCOO2; the other type was exemplified by iodine
monoxide ‘IO’.
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Table 5
Relative reactivates of hydrocarbons and CO with OH radical [92].

Reactivity class Reactivity rangea Approximate half time in the atmosphere Compounds in increasing order of reactivity

I <10 >10 days Methane
II 10–100 24 h to 10 days CO, acetylene, ethane
III 100–1000 2.4–24 h Benzene, propane, n-butane, isopentane, methyl ethyl ketone, 2-methylpentane,

toluene, n-propylbenzene, isopropylbenzene, ethene, n-hexane,
3-methylpentane, ethylbenzene

IV 1000–10000 15 min to 2.4 h p-Xylene, p-ethyltoluene, o-ethyltoluene, o-xylene, methylisobutyl ketone,
m-ethyltoluene, m-xylene, 1,2,3-trimethylbenzene,
propene,1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, cis-2-butene, �-pinene,
1,3-butadiene

V >10000 <15 min

a Based on an assigned reactivity of 1.0 for methane.

Fig. 2. Rate constant (left ordinate) and approximate tropospheric lifetime (right
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rdinate) for the less reactive NMHCs. CO includes for comparison. Rate constant
ata were taken from Atkinson [93]. To estimate lifetime a concentration of OH
olecules equal to 106 molecules cm−3 and a temperature of 298 K were assumed.

ource: [60].

. Isoprene and its oxidation products

With an estimated 44% of the total volatile organic compound
VOC) emissions by vegetation, isoprene (C5H8) constitutes the
argest single NMHC source to the global atmosphere [102]. So, it is
mportant to see the oxidation products of this species Oxidation
f isoprene results in the production of CO and CO2, accounting
or about 16% of the global CO production [103]. The atmospheric
xidation of isoprene mostly starts with the addition of HO and
2 (Fehsenfeld et al. [104] and references therein), producing 6 iso-
eric organic peroxy radicals. These peroxy radicals may react with
O, when present, to form alkoxy radicals and then carbonyl com-
ounds. The first order carbonyl products with the highest yield
re methacrolein (CH2C(CH3)CHO), MACR and methyl vinyl ketone
CH2CHCOCH3, MVK). In low NOx (NO C NO2) situations, which are

ore typical over the rainforest, the peroxy radicals may react with
ther peroxy radicals to form alkoxy radicals and then further to
orm the same carbonyl products as mentioned above. Alternatively
he peroxy radicals may react with HO2 to give the hydroperoxides,
.g., HOCH2COO(CH3)CH CH2.

H2 C(CH3)CH CH2 + OH + O2 = HOCH2COO(CH3)CH CH2 (1)
OCH2COO(CH3)CH CH2 + HO2 = HOCH2C(OOH)(CH3)CH CH2

(2)

These organic hydroperoxides further photodecompose by
bsorption of solar radiation, or by reaction with HO to form the
2-Methyl-2-butene, 2,4-dimethyl-2-butene, d-limonene

aforementioned carbonyl compounds, e.g., methyl vinyl ketone
(CH2CHCOCH3, MVK) [105] through the following intermediates:

HOCH2C(OOH)(CH3)CH CH2+h�= HOCH2CO(CH3)CH CH2+OH

(3)

HOCH2CO(CH3)CH CH2 = CH3(C O)CH CH2 + CH2OH (4)

CH2OH rapidly reacts with O2 to produce CH2O and HO2:

CH2OH + O2 = CH2O + HO2 (5)

Further oxidation of CH2O gives rise to CO which, through the
reaction with HO, is oxidized to CO2. Only the reaction path leading
to MVK is shown by Reactions (1)–(4). In similar ways, methacrolein
(H2C C(CH3)CHO; MACR) is formed. The 1,4-addition of HO leads to
3-ethylfuran by isomerisation and cyclization. The ozone addition
mechanism (ozonolysis) is significantly slower, but gains impor-
tance during night, when HO concentrations are low. However, also
ozonolysis leads to MVK and MACR. In this paper we present online
airborne measurements of isoprene, its oxidation products MVK,
MACR, and compounds likely identified as the Isoprene Hydro-
peroxide (ISOHP) isomers by means of a new aircraft-based PTR-MS
instrument focussing on the boundary layer, but with data obtained
also at higher altitudes up to 12 km.

5. Studies of NMHCs in India

A little references are available of studies of NMHCs in India.
A study in the year 2006 presented that the NMHCs contribution
to atmosphere is maximum due to combustion of bio-fuels [106].
Percentage of emission of NMHCs from different sources in India
is presented in Fig. 3. Simultaneous surface level measurements of
O3, CO, methane, and light nonmethane hydrocarbons were made
over the Bay of Bengal during a cruise campaign between 19 Febru-
ary and 28 February 2003. The mixing ratios of O3, CO, methane,
ethane and acetylene were observed in the ranges of 20–52 ppbv,
126–293 ppbv, 1.65–1.85 ppmv, 622–2088 pptv and 134–1388 pptv,
respectively [107]. The annual mean mixing ratios of ethane,
ethene, propane, propene, i-butane, acetylene, and n-butane
are 1.22 ± 0.58, 0.34 ± 0.24, 0.46 ± 0.20, 0.17 ± 0.14, 0.21 ± 0.18,
0.41 ± 0.43, and 0.31 ± 0.35 ppbv, respectively at Mt Abu, Rajasthan,
India, and the annual mean propylene (propene) equivalent concen-

trations of about 1.12 and 8.62 ppbC were calculated for Mt. Abu and
Ahmedabad, respectively was observed [108]. In a study in India
also presented that residue burning in rice–wheat cropping sys-
tem results in the emission of CO2, CO, CH4, N2O, NOx, NMHCs and
aerosols [109].
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Fig. 3. NMHC emissions over India, 2006. Source: [106].

. Various latest models used for flux/emission of NMHCs
nd VOCs

There are a few latest models which are developed in this
ecade for estimation of flux and emission of these species.
ere some of the most popular studies in this regard are being

eferred.
Atmospheric Radon-222 (222Rn) was used as a natural tracer for

ethane and other NMHCs from the specific area. The methane
ux from urban areas in Nagoya, Japan, was estimated to be almost
onstant at 0.02 gCH4 m−2 d−1 over a year [110].

A global three-dimensional chemical model for troposphere for
tudy of Atmospheric environment and radiative forces (CHASER)
as developed. This model simulates oxidation of NMHCs through
8 chemical reactions and 25 photolytic reactions with 47 chem-

cal species. The model covers the emission sources, dry and wet
eposits and chemical transformations. The main objective of this
odel is to study the global distribution of ozone and its precursors

111].
The potential role of isoprene and other naturally emitted

ydrocarbons in biosphereclimate-chemistry feedbacks has been
ummarised recently [112,113]. Plants also emit a wide range of
ther VOCs, including many oxygenated species [114]. Met Office
hemistry-transport model STOCHEM was used to estimate the
missions of isoprene, monoterpenes, ethene and propene from
egetation [115]. In this model ecosystems, specific leaf weights
nd emission factors used to calculate the flux of isoprene and
onoterpenes. These factors are given in Table 6.

Most of the fast reactant and quickly decomposing products of

MHCs are localized near the emission sources. A series of reduced
hemical models of decreasing complexity with increasing distance
rom source was presented recently in Proceedings of National

able 6
cosystems, specific leaf weights and emission factors used in STOCHEM to calculate
ux of isoprene and monoterpenes [115].

. No. Ecosystem Leaf weight (w/g−2) Emission factor, e (�g Cg−1 h−1)

Isoprene Monoterpenes

. Broadleaf forest 125 24 0.4, 0.8a

. Needleleaf forest 150 08 2.4

. C3 Grass 125 16 0.8

. C4 Grass 125 16 0.8

. Shrub 125 16 0.8

a Broadleaf forests have a base monoterpene emission factor of 0.4 �g Cg−1 h−1 in
he tropics, and 0.8 �g Cg−1 h−1 in temperate zones.
aterials 166 (2009) 17–26

Academy of Science, USA [116]. The algorithm diagnoses the chem-
ical dynamics on-the-run, locally and separately for every species
according to its characteristic reaction time.

7. Nonmethane Hydrocarbon Inter-comparison Experiment
(NMHICE)

There are various methods used fro measure the NMHCs and
VOCs in atmosphere. Most common method of the same is using
Gas Chromatography. Here some of the studies are being referred
regarding methods of measurement of NMHCs and VOCs. However,
the details of the various monitoring/analysis methods and com-
parison thereof is the separate issue and is out of scope from the
topic of this article.

GC-FID, GC-ECD, GC–MS analyses of NMHCs, together with
applications of CIMS/PTR-MS, DOAS and LIF are described in a
review of instrumentation and measurement techniques. In the said
review article direct and indirect fluorimetric, chromatographic and
spectroscopic detection techniques are also discussed for CH2O,
and higher carbonyls along with the observations of ROOH utilizing
colorimetry, chemo-luminescence, fluorescence, HPLC and TDLAS
[117].

A multi-bed, peltier cooled adsorption trap was developed for
concurrent analyses of C2–C7 Hydrocarbons and C2–C5 oxygenated
volatile organic compounds (o-VOCs). Analysis of the samples
was made through FID. The system results NMHC detection limit
between 1 and 10 pptv and o-VOCs detection limit between 10 and
40 pptv [118].

An innovative cryogen-free concentrator system for measure-
ment of atmospheric trace gases at the parts per trillion level
has been developed with detection by routinely used gas chro-
matographic methods. The first generation system was capable of
reaching a trapping temperature of −186 ◦C, while the current ver-
sion can reach −195 ◦C. This robust system quantified 98 ambient
volatile organic compounds with precisions ranging from 0.3 to 15%
[119].

The NMHICE programme has been designed to evaluate current
methods being used to determine the ambient levels of various
atmospheric nonmethane hydrocarbons, to identify existing prob-
lems in these analysis, to correct these problems and to help ensure
quality control of hydrocarbon analysis made by atmospheric sci-
entists throughout the world. The various tasks of the study have
been scheduled in the order to increase complexity so that problem
can be addressed as they rise. The first task of NMHICE involved the
circulation of two-component gravimetrically prepared hydrocar-
bon mixture of known composition and unknown concentration
to 36 participating scientific groups throughout world. Task two
involved the circulation, to participant laboratories, of more com-
plex, gravimetrically prepared 16 component mixture of unknown
concentration. In task one, both of components were correctly sep-
arated but in task two only 28 laboratories had send their results
out of which 12 laboratories correctly separated all the components
[82].

8. Conclusion

(1) Globally natural emission of NMHCs and VOCs is always higher

than the emission from the anthropogenic activities.

(2) Isoprene and monoterpenes emitted in large quantities by the
plant species to protect themselves from high temperature
stress and ravages of insects and pests.

(3) Emission varies with change in latitude. Emission is higher in
the tropics and decreases while moving towards the higher lat-
itude.
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4) Among the anthropogenic sources transportation and biomass
burning are the major ones.

5) NMHCs cause the production of tropospheric ozone in the pres-
ence of sufficient amount of NO in the atmosphere.

6) Higher molecular weight of the hydrocarbon species results in
more reactivity in ozone production.
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