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INTRODUCTION
Carbon dioxide

Carbon dioxide (chemical formula CO2) is a chemical compound composed of two oxygen
atoms covalently bonded to a single carbon atom. ltfis @ gas at standard temperature and
pressure and exists in Earth's atmosphere in this state. CO2 Is,a trace gas comprising 0.039%
of the atmosphere.

Carbon dioxide is used by plants duringgphotosynthesis to make sugars, which may either be
consumed in respiration or used as the raw material to produce other organic compounds
needed for plant growth and development. It is emitted during respiration by, plants, and by
all animals, fungi and microorganisms that depend either directly or indirectly on plants for
food. It is thus a major componentief the carbon cycle. Carbon dioxide is generated as a by-
product of the combustion of fossil fuels or the burning of vegetable matter, among other
chemical processes. Amounts of carbon dioxide are emitted from volcanoes and other
geothermal processes such as, hot springs and geysers anddby the dissolution of carbonates in
crustal rocks.

As of April 2010, carbon dioxide in the Earth's atmosphere is at a concentration of 391 ppm
by valume. Atmospheric concentrations of carbon dioxide fluctuate slightly with the change
of the “seasons, driven primarily by seasonal plant growth in the Northern Hemisphere.
Concentrations, of carbon dioxide fall during the northern spring and summer as plants
consume the gas, and rise during the northern autumn and winter as plants go dormant, die
and decay. Taking all, this into_account, the concentration of CO> grew by about 2 ppm in
2009. Carbon dioxide is'a greenhouse gas as it transmits visible light but absorbs strongly in
the infrared and near-infrared.

Before the advent of human-caused release of carbon dioxide to the atmosphere,
concentrations tended to increase with increasing global temperatures, acting as a positive
feedback for changes induced by other processes such as orbital cycles. There is a seasonal
cycle in CO2 concentration associated primarily with the Northern Hemisphere growing
season.

Carbon dioxide has no liquid state at pressures below 5.1 atmospheres. At 1 atmosphere
(near mean sea level pressure), the gas deposits directly to a solid at temperatures below
—78 °C (—108.4 °F; 195.1 K) and the solid sublimes directly to a gas above —78 °C. In its
solid state, carbon dioxide is commonly called dry ice.
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CO:2 is an acidic oxide: an aqueous solution turns litmus from blue to pink. It is the anhydride
of carbonic acid, an acid which is unstable in aqueous solution, from which it cannot be
concentrated. In organisms carbonic acid production is catalysed by the enzyme, carbonic
anhydrase.

CO2 + H0O ~H,COs

CO:z is toxic in higher concentrations: 1% (10,000 ppm)avill'make some people feel drowsy.
Concentrations of 7% to 10% cause dizziness, headaehe, visual and hearing dysfunction, and
unconsciousness within a few minutes to an hour.,

Chemical and physical properties
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Carbon dioxide pressure-temperature phase diagram showing the triple point and critical point of
carbon dioxide

Small pellets of dry ice subliming in air.
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Carbon dioxide is colorless. At low concentrations, the gas is odorless. At higher
concentrations it has a sharp, acidic odor. It will act as an asphyxiant and an irritant. When
inhaled at concentrations much higher than usual atmospheric levels, it can produce a sour
taste in the mouth and a stinging sensation in the nose and throat. These effects result from
the gas dissolving in the mucous membranes and saliva, forming a weak solution of carbonic
acid. This sensation can also occur during an attempt to stifle a burp after drinking a
carbonated beverage. Amounts above 5,000 ppm are considered very unhealthy, and those
above about 50,000 ppm (equal to 5% by volume) are considered dangerous to animal life.

At standard temperature and pressure, the density of carbef dioxide is around 1.98 kg/m?,
about 1.5 times that of air. The carbon dioxide molecule (O=C=0) contains two double bonds
and has a linear shape. It has no electrical dipole, and as it.is fully oxidized, it is moderately
reactive and is non-flammable, but will support the‘eombustion, of metals such as magnesium.

Above -78.51° C or -109.3° F, carbon diexide changes directly from a solid phase to a
gaseous phase through sublimation, or from gaseous to solid through deposition. Solid carbon
dioxide is normally called "dry ice", a generic trademark. It was first observed in 1825 by the
French chemist Charles Thilorier. Drytice,is commonly, used as a cooling agent, and it is
relatively inexpensive. A convenient property for this purpose is that solid carbon dioxide
sublimes directly into the gas phase leaving no liquid. It can often be found in grocery stores
and laboratories, and it4S also usedin the shipping industry. The largest non-cooling use for
dry ice is blast cleaning.

Liquid carbonidioxide forms only at pressureshabove 5.1 atm; the triple point of carbon
dioxide is about 518ykPa at -56.6 °C (See phasediagram, above). The critical point is 7.38
MPa at 31.1 °C.

An alternative form of solid .carbon dioxide, an amorphous glass-like form, is possible,
although not athatmospheric pressure. This form of glass, called carbonia, was produced by
supercooling heated, CO- at extreme pressure (40—48 GPa or about 400,000 atmospheres) in a
diamond anvil. This discovery.eonfirmed the theory that carbon dioxide could exist in a glass
state similar to other members of its elemental family, like silicon (silica glass) and
germanium. Unlike silica and germania glasses, however, carbonia glass is not stable at
normal pressures and reverts back to gas when pressure is released.
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CARBON CYCLE
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Diagram of the carbor . ick numbers indicate how m arbon is stored in various
reservoirs, in billions o or GigaTons of Car figures are circa 2004). The
irs each year. The sediments, as
of carbonate rock and kerogen.

cycle by which carbon is exchanged among the

e, and atmosphere of the Earth. It is one of the

rth and allows for carbon to be recycled and reused
organisms.

covered by Joseph Priestley and Antoine Lavoisier, and
popularized by Hump vy. It is now usually thought of as five major reservoirs of
carbon interconnected by ways of exchange. These reservoirs are:

The atmosphere

The terrestrial biosphere, which is usually defined to include fresh water systems and
non-living organic material, such as soil carbon.

The oceans, including dissolved inorganic carbon and living and non-living marine
biota,

The sediments including fossil fuels.

The Earth's interior, carbon from the Earth's mantle and crust is released to the
atmosphere and hydrosphere by volcanoes and geothermal systems.
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The annual movements of carbon, the carbon exchanges between reservoirs, occur because of
various chemical, physical, geological, and biological processes. The ocean contains the
largest active pool of carbon near the surface of the Earth, but the deep ocean part of this pool
does not rapidly exchange with the atmosphere in the absence of an external influence, such
as a black smoker or an uncontrolled deep-water oil well leak.

The global carbon budget is the balance of the exchangesf(incomes and losses) of carbon
between the carbon reservoirs or between one specific leop (e.g., atmosphere « biosphere)
of the carbon cycle. An examination of the carbon budget of a pool or reservoir can provide
information about whether the pool or reservoir isdunctioning, as a source or sink for carbon
dioxide.

In the atmosphere

\\ “how - -
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2009 Carbon dioxide concentrationin the troposphere.

Carbon exists in the Earth's,atmosphere primarily as the gas carbon dioxide (COz). Although
it is a smalhpercentage of the atmosphere (approximately 0.04% on a molar basis), it plays a
vital role in'supporting life. Othergases containing carbon in the atmosphere are methane and
chlorofluorocarbons (the latter IS entirely anthropogenic). Trees convert carbon dioxide into
carbohydrates duringsphotosynthesis, releasing oxygen in the process. This process is most
prolific in relatively“new, forests'where tree growth is still rapid. The effect is strongest in
deciduous forests during spring leafing out. This is visible as an annual signal in the Keeling
curve of measured CO> concentration. Northern hemisphere spring predominates, as there is
far more land in temperate latitudes in that hemisphere than in the southern.

o Forests store 86% of the planet's above-ground carbon and 73% of the planet's soil
carbon.

o At the surface of the oceans towards the poles, seawater becomes cooler and more
carbonic acid is formed as CO2 becomes more soluble. This is coupled to the ocean's
thermohaline circulation which transports dense surface water into the ocean's interior
(see the entry on the solubility pump).

In upper ocean areas of high biological productivity, organisms convert reduced
carbon to tissues, or carbonates to hard body parts such as shells and tests. These are,
respectively, oxidized (soft-tissue pump) and redissolved (carbonate pump) at lower
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average levels of the ocean than those at which they formed, resulting in a downward
flow of carbon (see entry on the biological pump).

The weathering of silicate rock (see Carbonate-Silicate Cycle). Carbonic acid reacts
with weathered rock to produce bicarbonate ions. The bicarbonate ions produced are
carried to the ocean, where they are used to make marine carbonates. Unlike dissolved
COz2 in equilibrium or tissues which decay, weathering does not move the carbon into
a reservoir from which it can readily return to the atmosphere.

In 1958, atmospheric carbon dioxide at Mauna Loa was about 320 parts per million
(ppm), and in 2010 it is about 385ppm

o Future CO emission can be calculated by the kaya identity
Carbon is released into the atmosphere in several‘ways:

Through the respiration performéd by plants and animals. This is an exothermic
reaction and it involves the breaking down of glucose (or other erganic molecules)
into carbon dioxide and water.

Through the decay of.animal and plant matter. Fungi and bacteria break down the
carbon compounds' in dead animals and plants and ‘convert the carbon to carbon
dioxide if oxygen Is present, or methane if not.

Through_combustion yof organicsmaterial which oxidizes the carbon it contains,
producing earbon dioxide«and other things, like water vapor). Burning fossil fuels
such as coal, petroleum products, and natural gas releases carbon that has been stored
in the geosphere for millions of years. Burning agro fuels also releases carbon dioxide
which has been stored for only a few. years or less.

Production of cement."Carbon dioxide is released when limestone (calcium carbonate)
is heated to,produce lime'(calcium oxide), a component of cement.

At the surface of the“oceans where the water becomes warmer, dissolved carbon
dioxide is released back into the atmosphere.

Volcanic eruptions and metamorphism release gases into the atmosphere. Volcanic
gases are primarily water vapor, carbon dioxide and sulfur dioxide. The carbon
dioxide released is roughly equal to the amount removed by silicate weathering
[citation needed]; so the two processes, which are the chemical reverse of each other,
sum to roughly zero, and do not affect the level of atmospheric carbon dioxide on
time scales of less than about 100,000 years.
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In the biosphere

Biosphere carbon is also known as green carbon. Around 42,000 gigatonnes of carbon are
present in the biosphere. Carbon is an essential part of life on Earth. It plays an important role
in the structure, biochemistry, and nutrition of all living cells. Biosphere carbon is divided
into three carbon pools: living biomass, dead biomass and soil.

o Autotrophs are organisms that produce their own organic compounds using carbon
dioxide from the air or water in which they live. To do this they require an external
source of energy. Almost all autotrophs use solar radiation to provide this, and their
production process is called photosynthesis. A small number of autotrophs exploit
chemical energy sources in a process called chemosynthesis. The most important
autotrophs for the carbon cycle are trees in forests on land and phytoplankton in the
Earth's oceans. Photosynthesis follows the reaction 6CO> + 6H,0O — CgH1206 + 602

Carbon is transferred within the biosphere as heterotrophs feed on other organisms or
their parts (e.g., fruits). This includes the uptake of dead organic material (detritus) by
fungi and bacteria for fermentation or decay.

Most carbon leaves the biosphere through sespiration. When oxygen is present,
aerobic respiration occurs, which releases carbon-dioxide into the surrounding air or
water, following the reaction CeH1206 + 602 — 6CO2 +'6H20. Otherwise, anaerobic
respiration occurs and releases methane into the surrounding environment, which
eventually makes its way into the atmosphere or hydrosphere (e.g., as marsh gas or
flatulence).

Burning of biomass (e.g. forest firespwoed used forsheating, anything else organic)
can also transfer substantiahamounts of carbon to the atmosphere

Carbon may also be circulated within the biosphere when dead organic matter (such
as peat) becomes incorporated in the geosphere. Animal shells of calcium carbonate,
in particular, may eventually decomerhimestone through the process of sedimentation.

Much remains, to be learned about the cycling of carbon in the deep ocean. For
example, a recent, discovery isithat larvacean mucus houses (commonly known as
“Sinkers™) are created, in such large,numbers that they can deliver as much carbon to
the deep ocean as has been previously detected by sediment traps. Because of their
size “and, composition, < these houses are rarely collected in such traps, so most
biogeochemical analyses have erroneously ignored them.

Carbon storage in the biosphere is influenced by a number of processes on different time-
scales: while net primary productivity follows a diurnal and seasonal cycle, carbon can be
stored up to several hundreds of years in trees and up to thousands of years in soils. Changes
in those long term carbon pools (e.g. through de- or afforestation or through temperature-
related changes in soil respiration) may thus affect global climate change.
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In the ocean

"Present day" (1990s) sea surface dissolved inorganic carbon concentration (from the
GLODAP climatology)

The oceans contain around 36,000 gigatonnes of carbon, mostly in the form of bicarbonate
ion (over 90%, with most of the remainder being carbonate). Extreme storms such as
hurricanes and typhoons bury a lot of carbon, because they wash away so much sediment. For
instance, a team reported in the July 2008¢issue of the journal Gealogy that a single typhoon
in Taiwan buries as much carbon in the ecean—in the form of sediment—as all the other
rains in that country all year long combined. Inorganic carbon, that is carbemcompounds with
no carbon-carbon or carbon-hydrogen bonds, is impertantuin, its reactions within water. This

carbon exchange becomes impertant in controlling pH in“the ocean and can also vary as a
source or sink for carbon,Carbon'is readily exchanged between the atmosphere and ocean. In
regions of oceanic upwelling, carbon is released to the atmosphere. Conversely, regions of
downwelling transfer carbon (COz) from the atmosphere to.the ocean. When CO:> enters the
ocean, it participates in a series,of reactions'which are locally'in equilibrium:

Solution:

CO(atmospheric) = CO(dissolved)
Conversion te carbonic acid:

COz(dissolved) + H.O'= H2CO3
First ionization:

H2CO3 = HT +IHCO3 o(bicarbonate ion)
Second ionization:

HCOs; = H*" + CO3  (carbonate ion)

This set of reactions, each of which has its own equilibrium coefficient, determines the form
that inorganic carbon takes in the oceans. The coefficients, which have been determined
empirically for ocean water, are themselves functions of temperature, pressure, and the
presence of other ions (especially borate). In the ocean the equilibria strongly favor
bicarbonate. Since this ion is three steps removed from atmospheric CO», the level of
inorganic carbon storage in the ocean does not have a proportion of unity to the atmospheric
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partial pressure of CO.. The factor for the ocean is about ten: that is, for a 10% increase in
atmospheric CO, oceanic storage (in equilibrium) increases by about 1%, with the exact
factor dependent on local conditions. This buffer factor is often called the "Revelle Factor",
after Roger Revelle.

In the oceans, dissolved carbonate can combine with dissolved calcium to precipitate solid
calcium carbonate, CaCOgz, mostly as the shells of microscopic organisms. When these
organisms die, their shells sink and accumulate on the‘ocean floor. Over time these carbonate
sediments form limestone which is the largest reservoir of carbon in the carbon cycle. The
dissolved calcium in the oceans comes from the chemical"weathering of calcium-silicate
rocks, during which carbonic and other agids,in groundwater react with calcium-bearing
minerals liberating calcium ions to solytion and leaving behind a“residue of newly formed
aluminum-rich clay minerals and insoluble minerals such as quartz.
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