GEOMATICS AND ENVIRONMENTAL ENGINEERING ¢ Volume 7 « Number 1 « 2013

http://dx.doi.org/10.7494/geom.2013.7.1.37
Marek Bogacki*, Paulina Syguta*

The Impact
of Biogenic Volatile Organic Compounds Emission
on Photochemical Processes Occurring
in the Troposphere™

1. Introduction

Volatile organic compounds (VOCs) significantly influence the quality of the air
in the ground layer of the atmosphere and play a major role in forming the climate.
They are the main precursors of the tropospheric ozone as well as a source of sec-
ondary organic aerosols in the atmosphere.

VOCs get into the atmosphere both from anthropogenic and biogenic sources.
Anthropogenic fraction of VOCs is associated with human industrial activities includ-
ing fuel extraction and combustion processes, the refining of crude oil, metallurgy, the
organic chemical industry, the production and application of solvents, the food in-
dustry, agriculture and solid waste disposal, as well as road, air and sea transport [1].

There are three main groups of anthropogenic VOCs, i.e. non-methane vola-
tile organic compounds (NMVOCs), oxygenated volatile organic compounds and
halogenated hydrocarbons (e.g. chlorofluorocarbons [CFCs], hydrofluorocarbons
[HFCs]). The biosphere significantly contributes to the VOC content in the atmo-
sphere. Living organisms inhabiting the globe through various biological processes,
conditioned by a very complex system of interactions can bring a wide range of
chemicals into the atmosphere, including volatile organic compounds, hereinafter
referred to as BVOCs (biogenic volatile organic compounds). These compounds are
emitted into the atmosphere from the surface of the Earth, including plants, soil and
oceans [2—4]. They are mainly formed in the vegetative processes of some living
organisms [3]. The dominant source of BVOC emission is land vegetation (trees,
shrubs, grasses, ferns and mosses), as well as synantropogenic vegetation (crops,
urban vegetation). This vegetation, through the process of photosynthesis, absorbs
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carbon in the form of CO,, and then in favourable conditions emits approximate-
ly 1% of the absorbed carbon into the atmosphere in the form of reactive hydro-
carbons [5]. The oceans, compared to land plants, are a small source of BVOCs,
but they may prove significant in the emissions of certain compounds including,
among others, NMVOC, oxygenated VOC, halogenated hydrocarbons or sulphur-
containing compounds such as dimethyl sulphide. Another source of BVOC emis-
sions of lesser importance than vegetation and oceans is the soil, which may emit
oxygenated VOCs.

Trees are characterized by the greatest emission of BVOCs [6]. Deciduous trees
mainly emit isoprene, while conifers — terpenoids [2]. Coniferous trees also make
a large contribution in the emission of oxygenated volatile organic compounds
such as methanol, acetone, ethanol and acetaldehyde [7-9]. Other plants, including
shrubs and grass, may be a significant source of BVOC emission as well [2].

Preliminary estimates of the global emission size of two major representatives of
VOCs from biological sources, i.e. isoprene and monoterpenes, fall within the rang-
es of 250450 TgC-year "' and 128-450 TgC-year . On the other hand, the share of
VOC emissions from all anthropogenic sources is much smaller and is approximately
150 TgC-year ™ [10]. Additionally, taking into account the fact that BVOCs are usually
more reactive than anthropogenic VOCs, it can be concluded that, on a global scale,
biogenic emissions plays a dominant role in the chemistry of the atmosphere.

While biogenic VOCs are dominant on the global scale, on the regional scale the
ratio of biogenic to anthropogenic emissions of VOCs may vary significantly. The level
of BVOC emission depends upon the degree of biosphere insolation, including the
degree of cloudiness. Both of these factors affect the local air temperature field. The
higher the temperature of the air, the greater the emission of BVOCs. Therefore, the
regional emission of BVOCs determines the local chemical composition of the atmo-
sphere, and thus the local photo-oxidative potential of the air, which has a direct im-
pact on the possibility of the occurrence of the elevated concentrations of ozone in the
air. The awareness of BVOC emission size of at the local, regional and global levels
currently gains a particular importance, given that in the last 10 years, due to various
pro-ecological activities, anthropogenic emission of VOCs decreased by 40% [5].

2. The Role of BVOC in Forming Air Quality

Photochemistry of the atmosphere is one of the integral fields of atmospheric
chemistry involving reactions of molecules and atoms which occur under the influ-
ence of electromagnetic radiation.

BVOCs, due to their high reactivity, have a significant influence on the ongoing
photochemical processes in the troposphere and thus determine the concentration
levels of secondary air pollutants such as ozone, secondary organic aerosols or per-
oxyacetyl nitrate (PAN) [2, 11].
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Ozone is a key component of the atmosphere, which is considered to be one
of the strong oxidants and greenhouse gases [12]. In addition, this compound, if
occurring in the ground layer of the atmosphere, has a negative effect on human
health (strongly irritating for the respiratory system), and the condition of plants
(the phytotoxic effect). Tropospheric ozone is formed primarily as a result of the
photochemical reactions of BVOCs and nitrogen oxides, deriving both from anthro-
pogenic and natural sources [13]. The photolysis of ozone that occurs under the
influence of ultraviolet radiation is the main source of hydroxyl radicals (OH*) in
the troposphere, though [12].

Secondary organic aerosols increase the content of solid and liquid parti-
cles in the air, worsening its sanitary condition, are conducive to the formation
of clouds, reduce the transparency of the atmosphere and are a major climate-
forming factor. Secondary particles are formed as a result of the condensation
of medium-volatile compounds formed directly in the atmosphere, in the course
of chemical reactions of gaseous precursors with ozone, hydroxyl radical or ni-
trate radical. One of the most important precursors of the secondary aerosol are
monoterpenes, volatile organic compounds emitted by plants. It is estimated that
their contribution to the formation of aerosols is dominant in comparison with
the hydrocarbons of anthropogenic origin. The most common monoterpene is
a-pinene, a hydrocarbon having a double bond, and which can rapidly react with
atmospheric oxidants.

Peroxyacetyl nitrate is a secondary pollutant, a component of the photochemi-
cal smog. It is a stronger and more stable oxidant than ozone. Due to its durability
it may be carried over long distances, where under appropriate conditions it may
release NO,, conducing ozone formation.

3. Mechanisms of BVOC Oxidation

BVOCs can react with oxidants (such as OH* or NOs* radicals, ozone O3 or
a chlorine atom) by one of the two mechanisms [2]:

1) the addition of ozone or OH*/NQO,* radicals to the double carbon bond in

BVOC,
2) the abstraction of an hydrogen atom H* from the hydrogen-carbon bond by
OH* or NO,*.

The main product of BVOC oxidation is alkyl radical (R*), which reacts rapidly
with oxygen to form an alkyl peroxy radical (RO,*) [2]. The alkyl peroxy radical can
then react with NO, NO,, HO,* or other alkyl peroxys (RO,*). Reactions with NO,
and HO,* lead to the formation of peroxy nitrates (ROONOQO, ) or peroxides (ROOH).
On the other hand, reactions with NO can contribute to the formation of NO,, and
consequently to the formation of ozone. However, reactions of HO,* lead to the cre-
ation of relatively stable products and act as a radicalsink.
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Reactions with HO,*/RO,* dominate when the level of NO in the air is relatively
low. This situation results in the removal of the radicals from circulation and inhibit-
ing the production of ozone. The product of reaction of BVOC with peroxy radical
HO,* is peroxide (ROOH), which may be deposited, photolyzed (OH* regeneration)
or react directly with OH* [2].

When the level of NO in the air is high, peroxy radical reacts with NO or NO,,.
The reaction with NO produces alkyl nitrate (RONO,*) or alkoxy radical (RO¥). In
view of the fact that alkyl nitrate is a more stable compound, it can remove NOx
from the circulation. And alkoxy radical (RO*) may be isomerized or decomposed
to form different products. These reactions may contribute to the formation of NO,,
and consequently to an increase in the level of ozone in the air [2]. However, the
reactions with NO, lead to the formation of peroxy nitrates (ROONO,), which, due
to their durability, may play the role of “storage” of NO_in the air.

3.1. Mechanism of Monoterpene Oxidation

The mechanism described above can be specifically presented on the example
of oxidation of monoterpenes. Oxidation of monoterpenes in the atmosphere occurs
as a result of the reaction with OH* and NO,* radicals, as well as of the reaction
with ozone (ozonolysis). The hydroxyl radical plays a major role during the day.
The monoterpenes lifetime for the reaction with OH* (assuming the concentration
of OH* in the atmosphere at the level of 2 x 10° cm  estimated as the 12-hour mean
value in the daytime) varies from a few minutes to several hours [14-17]. Addition
of the OH* radical to the double carbon bond is the first yet preferential step in
the mechanism of the oxidation of the monoterpenes. The mechanism of oxidation
based on the separation of the hydrogen atom from the monoterpene is a reaction
of a lesser importance. In both cases, the alkyl radical R* is formed, which is then
subject to the reactions described earlier.

Oxidation of monoterpenes in the atmosphere by the reaction with the radi-
cal NO,* takes place only at night as NO,* during the day is photodissociated or
reduced by the reaction with NO. The monoterpenes lifetime for the reaction with
NO,* (assuming the concentration in the air at the level of 2.5 x 10° cm™ defined as
the mean value of 12 hours at night time) ranges from several minutes to several
hours [14-17]. Similarly to the case with the radical OH*, also NO,* radical prefer-
entially oxidizes the monoterpene molecule by attaching to the double carbon bond,
and to a lesser extent, by separating the hydrogen atom from the monoterpene mol-
ecule. As a result of this reaction, the nitroxyl or alkyl radical is created.

In the case of a reaction of monoterpene oxidation with ozone, the double
carbon bond in the monoterpenes is decomposed. According to this mechanism,
the oxidation takes place both in the day and night. The monoterpenes lifetime
for the reaction with the ozone (assuming the concentration in the air at the level
of 7 x 10" cm ~ defined as the mean value of 24 hours) ranges from a few minutes
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to a few days [14-17]. As a result of this reaction, high energy ozonide is formed,
which then decomposes into compounds with a carbonyl group and the excit-
ed Criegee biradicals, which in the process of collisions with other molecules in
the atmosphere are deactivated (stabilized) or unimolarly disintegrated (decom-
posed), or isomerized.

A unimolar decomposition pathway of Criegee biradical can take place in three
different ways [16]:

1) decomposition of a particle as a result of which atomic oxygen O(°P) is formed

and a molecule with the carbonyl group;

2) isomerization to an ester form, which in a very short period of time is decom-
posed;

3) intramolecular hydrogen transfer resulting from the decomposition of hy-
drogen peroxide formed as an intermediate product, and consequently the
formation of two radicals: alkoxy radical (RO*) and (most often) OH* radical;
the efficiency of the reaction associated with the formation of the OH* radical
in monoterpene ozonolysis depends on the type of the monoterpene. Sample
values of OH* radical production efficiency are: sabinene — 0.26, a-pinene —
0.85, p-pinene — 0.35, limonene — 0.86, myrcene — 1.15; the formation of OH*
radicals by ozonolysis of monoterpenes is a more fundamental source of pro-
duction of radicals at night.

Deactivated Criegee biradicals can react with SO,, aldehydes, H,O, HCOOH,
CH,OH, CO, O,, NO, and possibly NO. In the atmosphere, due to the highest con-
tent of H,O, the privileged reaction will be the one with water vapour. As a result of
this reaction, hydroxyalkyl hydroperoxides will be formed, which can then decom-
pose into carboxylic acids or aldehydes and H,O or aldehydes and H,O, [16]. These
products during the subsequent reactions in the gas, liquid or solid phase may lead,
inter alia, to the formation of ozone and/or secondary organic aerosols.

3.2. Mechanism of Formation of Secondary Organic Aerosols

BVOC emission into the atmosphere also has an indirect impact on the forma-
tion of secondary aerosols, i.e. liquid or solid particles suspended in the air. While
the concentration level of inorganic aerosols mainly based on sulphates and nitrates
is determined on a global scale by anthropogenic sources, in the case of second-
ary organic aerosols, their primary emission source are biological processes. The
effects of the formation of the secondary organic aerosols over the densely forested
areas were already observed a relatively long time ago, e.g. by the Indians of the
Cherokee tribe, who over the Great Smoky Mountains (USA) often noticed a thick
blue mist, spreading over the forest-clad mountain peaks. Similar phenomena are
observed in numerous places in the United States (Blue Ridge Mountains, in the
states of Montana, Oregon, Idaho, Maine, Pennsylvania, Tennessee), in India (Blue
Mountains), Jamaica, and on the east coast of Australia [18]. Today it is evident that
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at a time of intense solar radiation with high temperature of the air at the same time,
the forests emit large quantities of unsaturated hydrocarbons into the atmosphere,
such as isoprene, mono- and sesquiterpenes, which are then oxidized and whose
heavy, less volatile molecules contribute to the formation of secondary organic aero-
sols. Also, in highly urbanized areas, a similar mist can be observed, resulting from
the formation of secondary organic aerosols due to the anthropogenic VOC emission
into the atmosphere.

Biogenic, but also anthropogenic secondary organic aerosols may be formed in
two ways, namely by [2, 19]:

1) condensation of the products of oxidation in the gas phase on the existing

particles in the atmosphere,

2) the nucleation or the formation of new particles (the mechanism is less im-

portant).

The ability of BVOCs to create secondary organic aerosols depends on their
amount in the atmosphere, their chemical reactivity and volatility of the prod-
ucts of their reaction [2]. The outline of the reaction of the formation of secondary
organic aerosols can be described by the example of biogenic VOCs (a-pinene,
monoterpenes) as well as a typical representative of anthropogenic VOC — mes-
itylene. During the day, all of the above mentioned VOCs react very quickly with
the OH* radical to form highly reactive intermediate products. Due to the high
reactivity of unsaturated alkanes of biogenic origin, similar reactions can occur
between them and the ozone or NO,* present in the air. The resulting intermediate
products are then subjected to further reactions in the gas phase, for example with
oxygen or other radical, or they form stable compounds by way of decomposi-
tion. All possible reaction pathways in the end lead to the formation of various
oxidation products (with different functional groups) e.g. ketoaldehydes, keto-
carboxylic acids or dicarboxylic acids. However, due to the fact that the formed
reaction products have a much lower vapour pressure than the potential reactants
in the atmosphere, aerosol particles are formed by way of condensation or nuclea-
tion. Some products of methylene oxidation (VOC of anthropogenic origin), for
example, such as glyoxal or methylglyoxal remain in the gas phase, increasing the
ozone-forming capacity of the atmosphere [18].

The above mentioned mechanisms of the formation of secondary aerosols from
biogenic and anthropogenic VOCs are relatively well analyzed in terms of quality,
but their quantitative description is still imperfect. We still are not able to deter-
mine precisely enough either the amount or the share of biogenic and anthropogenic
emission sources in the global balance of secondary aerosols in the atmosphere. We
do not know the answer to the question on the impact of secondary aerosols on
climate-forming processes, either. We know, beyond any doubt, that the aerosol par-
ticles affect the sun radiation balance in the atmosphere, they are important in the
formation of clouds in the troposphere, they affect the size of the droplets forming
clouds and cloud albedo.
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In recent years, a common aspect for discussion associated with the organic aer-
osols in the atmosphere is a matter of polymerization or oligomerization of organic
molecules in the solid phase [18]. The compounds identified in aerosol particles of
high molecular weight and properties similar to humic substances (such as polarity,
acidity, UV and fluorescence spectra) are often recognized as HULIS, humic-like
substances [20]. These substances are multifunctional chemical water-soluble com-
pounds, surface active, which results in their taking an active part in the formation
of clouds.

In 2002, Myoseon Jang, Nadine M. Czoschke, Sangdon Lee and Richard
M. Kamens confirmed the possibility of inclusion of organic carbonyl compounds
into acid aerosol particles based on sulphuric acid [21]. Organic carbonyl compounds
such as glyoxal, due to its volatility, are not able to produce aerosol particles spon-
taneously. Scientists listed above have found that catalytic reactions taking place
in the droplet of sulphuric acid between carbonyl compounds result in an increase
in their molecular weight, which in consequence leads to a reduction in the vapour
pressure of the reaction products. This mechanism indicates that the formation of
secondary organic aerosols is more effective in an atmosphere which is rich in SO,.
This effect has been confirmed by experimental studies in aerosol chambers [21].
Further studies on the formation of secondary organic aerosols in the atmosphere
have shown that the formation of multimolecular products of oxidation/decompo-
sition of BVOCs does not need to take place in the presence of an acid aerosol at
all. Research conducted in the aerosol chamber has proved that within a few hours
after the decomposition of hydrocarbons it is possible to form oligomers in the solid
phase [18].

Currently, there are various mechanisms describing the increase in the molecu-
lar weight of the products of BVOC decomposition (aerosol particles formation),
more or less confirmed experimentally. In addition to the aforementioned mecha-
nism of the formation of the aerosol in the acid catalysis reaction of carbonyl com-
pounds, the mechanism of esterification or anhydride formation from the acids
available in the aerosol particle should be mentioned. Recombination reaction of
radicals in the gas phase is also possible, which leads to compounds of higher mo-
lecular weight. The final mechanism is the formation of multimolecular products by
polymerization in aerosol droplets in the clouds.

The difficulty of making an unambiguous description of the phenomenon of
forming secondary organic aerosols in the atmosphere is due to the fact of the ex-
istence of a large number of factors which determine the direction of the occurring
chemical reactions in the atmosphere.

The course of the reactions depends on the qualitative and quantitative com-
position of trace substances in the atmosphere, on the prevailing meteorological
conditions and circumstances related to the interactions between the atmosphere
and the litho-, hydro- and biosphere.
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4. Summary

The knowledge of the impact of BVOC emissions on chemical processes oc-
curring in the ground layer of the atmosphere plays a key role in the conscious
management of air quality and influences a better understanding of the factors
affecting the climate. A direct effect of BVOC emission into the air is the increase
of ozone-forming potential of the ground layer of the atmosphere and the forma-
tion of secondary pollutants, which depending on the type and amount of trace
substances in the atmosphere may take the form more or less stable (e.g. PAN,
secondary organic aerosols). These substances, due to their physicochemical and
toxicological properties, may be a greater threat to the ecosystem than the primary
substances emitted to the atmosphere.

Some types of BVOC in favourable conditions are subjected to the processes of
condensation, nucleation, polymerization or oligomerization often with contribu-
tion of anthropogenic pollutants (e.g. SO,, PM).

As a result of these processes the secondary pollutants are formed which due
to their low vapour pressure can lead to formation of the aerosols substantially
changing the optical parameters of the atmosphere and thereby affecting the local
balance of energy exchange between the atmosphere and the surface of the Earth.
All of these processes mentioned above affect the air quality and determine form-
ing of the local climate.
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