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Catalytic Processes in the
Atmospheres of Earth and Venus

W. B. DeMore and Yuk L. Yung

Planetary atmospheres are profoundly
influenced by the photochemical action
of solar radiation. On Earth, a major
effect of solar ultraviolet absorption is
the creation of the ozone layer in the
upper stratosphere. This broad band of
ozone in the region from 15 to 40 kilome-
ters protects the surface of Earth from
harmful ultraviolet radiation, which
would otherwise be incompatible with
the existence of the biosphere in its
present form. In recent years much at-
tention has been directed to the subject
of stratospheric photochemistry, with
special attention to the possibility of
man-made perturbation of the ozone lay-
er. The first large-scale study of strato-
spheric photochemistry was a national
and worldwide program (/) to evaluate
possible reduction of the ozone layer by
exhaust emissions (especially oxides of
nitrogen) from high-flying aircraft, such
as the supersonic transport. This pro-
gram was followed by an investigation of
related effects on stratospheric ozone
which might arise from release of chloro-
fluoromethanes (CFM’s) into the atmo-
sphere (2). The postulated effect of
CFM’s is now well known as the Molina-
Rowland hypothesis (3). Although the
quantitative conclusions of these studies
remain to be settled with certainty, there
is no doubt that man’s activities can alter
the ozone layer.

Venus presents a novel and challeng-
ing problem to the atmospheric scientist
because its atmospheric composition is
very different from that of Earth. Al-
though it might be assumed that the
photochemical mechanisms of the two
planets are very different, we will show
that many of the important properties of
the two upper atmospheres are con-
trolled by related processes. Where dif-
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ferences arise, they are primarily the
result of varying emphasis rather than
fundamentally different chemistry at the
conceptual level.

The upper atmosphere of Venus has
been actively studied through Earth-
based and space probe observations dur-
ing the past decade (4, 5). In this connec-
tion it is of interest to note that HCl was
discovered on Venus in 1967 (6), prior to
the recognition of the significance of
chlorine compounds in the earth’s strato-
sphere. The possible role of chlorine in
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per million has been established (/5).
Why the O, level is so low is an intrigu-
ing question, because photochemical
models have predicted that dissociation
of CO, by sunlight should have produced
greater concentrations of O, (and CO).
As a consequence of the low O, concen-
tration, Venus has essentially no ozone
layer. A prominent feature is the sulfuric
acid cloud layer (/6), produced by the
oxidation of the trace constituent SO,
(12, 17, 18). The constituents SO, and
HCl are much more abundant in the
Venus atmosphere than they are in
Earth’s atmosphere. Methane and ni-
trous oxide (N,0), of biological origin,
are important minor constituents of
Earth’s atmosphere but are absent in the
Venus atmosphere,

In both cases the minor constituents
are present at concentrations of parts per
million. However, their influence is out
of proportion to their abundance. The
reason is that minor constituents (or,
more often, the radical species derived
from them) provide the catalytic agents

Summary. Photochemical processes in planetary atmospheres are strongly influ-
enced by catalytic effects of minor constituents. Catalytic cycles in the atmospheres of
Earth and Venus are closely related. For example, chlorine oxides (CIO,) act as
catalysts in the two atmospheres. On Earth, they serve to convert odd oxygen (atomic
oxygen and ozone) to molecular oxygen. On Venus they have a similar effect, but in
addition they accelerate the reactions of atomic and molecular oxygen with carbon
monoxide. The latter process occurs by a unique combination of ClO, catalysis and
sulfur dioxide photosensitization. The mechanism provides an explanation for the
very low extent of carbon dioxide decomposition by sunlight in the Venus atmosphere.

the Venus atmosphere was first explored
by Prinn in 1971 (7), and other studies (8-
14) have increased our understanding of
Venus photochemistry.

Table 1 compares some of the major
properties of the stratospheres of Earth
and Venus. With regard to temperature
and pressure the two regimes are quite
similar, despite the much greater differ-
ences in these properties at low alti-
tudes. Although the composition of the
Venus atmosphere is not known as pre-
cisely as that of Earth’s atmosphere, the
basic features are well established. The
major components are carbon dioxide
(96 percent) and nitrogen (3 to 4 per-
cent). Notably absent as a major constit-
uent is oxygen; an upper limit of 1 part
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that can undergo repeated reactions be-
fore eventual removal from the system.
Thus small concentrations can bring
about large chemical changes. Although
it is well known that catalysis does not
alter the final equilibrium state in ther-
mal systems, photochemical systems
such as the stratosphere are strongly
influenced. This is because photochem-
istry tends to drive the system away
from thermal equilibrium, whereas cata-
lytic effects work to restore the system
to thermal equilibrium.
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Yuk L. Yung is an assistant professor in the Division
of Geological and Planetary Science, California In-
stitute of Technology, Pasadena 91125,

1209



It is necessary in connection with cata-
lytic processes to distinguish between
thermal catalysis and photosensitization.
Thermal catalytic processes accelerate
thermal reactions which otherwise are
relatively slow. Photosensitization oc-
curs when the minor constituent absorbs
light to which the bulk medium is trans-
parent and ultimately utilizes the photon
energy to bring about a chemical change
in the medium. Both types of processes
are important. The constituents SO, and
NO,, being strong absorbers of sunlight,
play major roles as photosensitizers in
the atmospheres of Earth and Venus. In
later sections we will discuss several
examples of catalytic and photosensiti-
zation effects, and show how they influ-
ence the stratospheric composition of
both planets. '

The minor species do not, for the most
part, enter directly into catalytic reac-
tions. Instead they serve as sources or
parent molecules of free radicals, which
are the active catalytic agents. As exam-
ples, the free radicals in the HO, family
(H, OH, and HO,), the NO, family (NO
and NO,), and the CIO, family (Cl and
ClO) are derived, respectively, from par-
ent molecules such as H,O, N,O, and
chlorofluoromethanes.

Photochemistry

For both Earth and Venus the atmo-
spheric component with which we are
concerned is oxygen, with particular em-
phasis on the question of how it is dis-
tributed among the various forms such as
0,, O, O3, and CO,. The species O and
O, are often referred to as odd oxygen,
and O; is even oxygen.

The concentration of a particular spe-
cies depends on the balance between its
rates of formation and destruction, reac-
tions which are largely photochemical in
nature. In order to understand the chem-
ically delicate nature of this balance on
both Earth and Venus, it is useful to
examine four categories of reactions:

1) Reactions that make the O, bond.

2) Reactions that inhibit O, formation.

3) Reactions that break the O, bond.

4) Reactions that suppress catalytic
processes.

Some of the most important reactions
in categories 1 and 2 are catalytic in
nature. A given catalytic agent (HO,, for
example) may act in more than one ca-
pacity, with the relative importance of its
different roles depending on the particu-
lar conditions (mainly atmospheric com-
position) under which it is functioning.

Table 1. Comparison of some important features of the stratospheres of Earth and Venus.

Feature Earth Venus
Altitude (km) 20-40 60-80
Pressure (mbar) 100-5 300-5
Temperature (K) 200-250 270200
Mixing ratios of major constituents i
N, 78.1 percent 3—4 percent
0, 21.0 percent < 1x10°¢
Ar 0.93 percent 0.01 percent
CO, 0.03 percent 96 percent
Mixing ratios of minor constituents
Total chlorine 23 x107° 4 x 1077
Total sulfur ~1 x107° ~ 2% 107
Total NO, 2 x 1078 =3x10°8
Water ~5 x107° 1-30 x 107
Methane ~1 x107° ~0
Hydrogen 0.5 x10°¢ Unknown*
N,O 0.25 x 107 ~0
*See text.
Table 2. Some catalytic cycles that make the O, bond.
1 (HO,) II (HO,)
H+0,+M —HO,+M OH +0; — HO,+ 0,
O + HO, — OH + O, HO, + O3 — OH + 20,
O + OH -0, +H
Net: O + O - O, Net: 20; — 30,
111 (CIO,) IV (NO,)
Cl+ O, — ClO + O, O + NO, - NO + 0,
O + CIO - Cl + O, NO +0O; — NO,+ 0,
Net: O + O, —0,+ 0, Net: O +0; — O0,+0,
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Reactions of type 3 often involve photo-
sensitization, with the sensitizing agent
absorbing photon energy at wavelengths
not absorbed directly by O, itself. In
some important cases the photon energy
alone is insufficient to break the strong
O, bond, and a combination of photon
energy and chemical energy is necessary
to effect bond breakage. Reactions in
category 4 tend to suppress the other
three types of reactions, usually by con-
verting the catalytic or photosensitizing
agent to an inert form.

In the following sections these reac-
tion types are discussed individually in
terms of their application to Earth and
Venus.

Reactions That Make the Oxygen Bond

Reactions in this category are the es-
sential element in the destruction of odd
oxygen in ah atmosphere, by both cata-
lytic and noncatalytic processes. For
that reason they have received attention
in connection with the question of ozone
destruction. On Venus, in addition to
destroying ozone, these processes deter-
mine the extent to which atomic oxygen
formed by solar photolysis of CO; is
converted to O,. Thus they are influen-
tial in setting the equilibrium O, concen-
tration in the Venusian atmosphere.

For a pure O, atmosphere (no minor
constituents), the noncatalytic reactions
(Chapman chemistry) are:

O+O3—>02+02 (1)
O+0+M—->0,+M )

where M represents a third body. It is
well known that in the terrestrial atmo-
sphere the Chapman reactions are domi-
nated by much faster catalytic cycles
involving free radicals derived from the
minor constituents. The most common
cycles are listed in Table 2. Based on a
recent model (/9), the relative contribu-
tions of the different mechanisms to odd-
oxygen destruction in the earth’s entire
atmosphere (not only the stratosphere)
are approximately as follows: Chapman
scheme, 12 percent; HO,, 40 percent;
NO,, 31 percent; and CIO,, 15 percent,

The major O,-forming reactions that
have been considered for the Venus at-
mosphere in recent models (12, 14, 17,
18) are the following.

O+0+ M — O, +M (2
O+0OH —- O, +H (@3
O0+ClI0O - Cl +0, @

O+ NO; — NO +0;, (5
SCIENCE, VOL. 217



These reactions are thus exactly analo-
gous to those which convert odd oxygen
to O, in the earth’s atmosphere, as can
be seen by reference to Table 2. The
model of Winick and Stewart (12) for the
Venus atmosphere predicts levels of O,
about two orders of magnitude higher
than the known upper limits. The
O + CIlO reaction was largely responsi-
ble for the O, production.

Thus we see that catalytic O,-forming
reactions are important in the Venus
atmosphere and that they are the same
processes which destroy odd oxygen in
the earth’s atmosphere. But if these pro-
cesses are so efficient, why is O, present
only at trace levels on Venus? The an-
swer lies in the effect of reactions in
categories 2 to 4. In the following sec-
tions, we will discuss current thinking on
these processes, and we will show that
on Venus ClO, catalyzes both O, forma-
tion and destruction.

Reactions That Inhibit Oxygen Formation

In the previous section we dealt with
reactions that tend to reverse O, photol-
ysis—that is, they recombine odd-oxy-
gen species to form O,. Catalytic pro-
cesses can also reverse the photolysis
(that is, accelerate the recombination) of
molecules other than O,, and such reac-
tions play important roles in the terrestri-
al and Venusian atmospheres. They do
not produce or destroy O, and are often
called net-nothing cycles. Some impor-
tant examples are discussed below.

It is a well-known feature of the
earth’s atmosphere that the ClO,-cata-
lyzed conversion of odd oxygen to O, is
mitigated by the presence of nitric oxide
(NO). The mechanism is cycle V in
Table 3, and the key reaction is

CIO + NO — Cl + NO, 6)

This cycle interferes with the formation
of O,, which otherwise occurs when CIO
reacts with atomic oxygen, as shown in
Eq. 4. Inspection of cycle V shows that
the photolysis of NO, has also been
reversed. Analogous catalytic processes
play important roles in certain planetary
atmospheres because they tend to re-
verse the photolysis of CO,, thereby
preventing O, formation. Some major
cycles that accomplish this are cycles VI
to VIII (Table 3).

Cycle VIinvolves HO, catalysis of the
recombination of O and CO, a reaction
that is otherwise quite slow. This cycle is
of particular importance in the Martian
atmosphere (20), where the H,O (and
therefore HO,) concentration is high. It
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Table 3. Some important net-nothing cycles.

V (ClIO, — NO,) VI (HO,)

NO, + hv —-NO+ O CO, + hv —- CO+0
0+0,+M —-0;+ M O + HO, —- OH + O,
Cl + Os — CIO + 0, OH + CO — H + CO,
CIO + NO — Cl + NO, H+0,+M — HO, + M

Net: nothing Net: nothing

VII (C10O,) VIII (ClO,)
CO, + hv —-CO+0 CO, + hv —- CO+0
Cl+CO+M —CICO+M Cl+CO+M —>CICO+M
CICO+ 0, +M — CICO; + M CICO+0;+M — CICO; + M
CICO; + O - Cl+ CO, + O, CICO; + CI — Cl + CO, + CIO

0 + CIO —- Cl+ O,

Net: nothing

Net: nothing

is less important for Venus because of
the relative dryness of the Venusian at-
mosphere.

Thus HO, cycles may either enhance
0, formation (cycle I, Table 2) or inhibit
0, formation (cycle VI, Table 3), de-
pending on conditions. A dual role for
ClO, is also possible for Venus. Whereas
on Earth the only significant effect so far
known for ClO, is odd-oxygen destruc-
tion, the Venus atmosphere offers the
proper conditions for an opposing effect
of ClO,. This novel role of ClO, in the
Venus atmosphere was recently put for-
ward by Krasnopolsky and Parshev (17)
and Yung and DeMore (/8) and has also
been explored in detail by Yung and
DeMore (14). The basic Krasnopolsky-
Parshev (KP) mechanism is based on
earlier literature studies of the chlorine-
catalyzed photooxidation of CO and the
photooxidation of phosgene (21). These
processes are believed to involve the
CICO radical and its reaction with O,. A
principal cycle in the KP mechanism is:

CO,+hm -CO+0O @)
Cl+CO+M —=CICO+M (8, —8)
CICO + O, — CIO + CO, )]
O+ ClIO =Cl+ 0, “4)

Net: nothing

Unfortunately, the database for the ki-
netics of CICO formation and reactivity
is quite poor, and Krasnopolsky and
Parshev were forced to estimate values
for the relevant reaction rate constants.
With their assumed set of rate parame-
ters, they concluded that conversion of
CO to CO, via the CICO mechanism is a
dominant factor in Venusian photochem-
istry and is primarily responsible for the
low ambient levels of O, in the Venus
atmosphere. However, measurements in
our laboratory and previous literature
reports (21) suggest that the equilibrium

constant for CICO formation is much
smaller (about two orders of magnitude)
than that assumed by Krasnopolsky and
Parshev. Also, recent results of Spence
et al. (22) and of Ohta and Mizoguchi
(23) show that the reaction of CICO with
0, is not a simple bimolecular reaction
giving ClIO and CO, as products, but
rather is a three-body reaction

CICO + O, + M= CICO; + M (10)

Yung and DeMore (I4) postulated the
following reactions of CICO; in their
Venus model:

O + CICO; — Cl + CO, + 0, (1)
Cl + CICO; — Cl + CO, + CIO (12)

With these two reactions, the overall
processes are cycles VII and VIII (Table
3). The net effect is ClO, catalysis of
O + CO recombination, which tends to
offset the ClO,-catalyzed enhancement
of O, formation. However, the model
shows that these cycles can account for
only about S0 percent of the required
rate of CO oxidation, and hence are
insufficient to prevent rapid O, accumu-
lation by the O,-forming reactions of
category 1. Reactions in category 3 are
required to explain how this remaining
0, is removed.

Reactions That Break the Oxygen Bond

The most important source of O, bond
breaking on Earth is the direct photolysis
of O, by solar ultraviolet at wavelengths
below 242 nanometers:

O +h(A<242mm)—-> 0+ O (13)

This is not, however, the only means of
breaking the O-O bond, since there are
additional photochemical paths that ac-
complish the same result. Although
these other paths are less significant in
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terms of their overall rates relative to
direct O, photolysis, they have great
practical importance because they are
sources of odd oxygen in lower regions
of the atmosphere not reached by solar
photons with wavelengths sufficiently
short to dissociate O,. Such reactions in
the lower atmosphere are the basic cause
of photochemical oxidant formation,
which is an essential feature of smog.
Some important O, bond-breaking cy-
cles in terrestrial and planetary atmo-
spheres are listed in Table 4. The most
important bond-breaking cycle for Earth
is IX. The net reaction is equivalent to
oxidation of CO by O; to form CO, and
atomic oxygen, a process that is other-
wise negligibly slow at atmospheric tem-
peratures. Thus CO is consumed by the
process, and the energy released by CO
oxidation is, in effect, used to drive the
process (by breaking the O—H bond).

The two important properties of NO are
(i) that it reacts rapidly with HO, and (ii)
that its oxidation product, NO,, absorbs
solar radiation in a wavelength range
(A > 300 nm) that penetrates with high
intensity to the lower atmosphere. Other
compounds, particularly hydrocarbons,
may play the role of CO; that is, they
may be consumed following attack by
OH, producing a radical species that
incorporates O, to form a peroxy com-
pound of the general type RO, (R = H,
CH;, C,Hs, and so on), which rapidly
oxidizes NO to NO,. Thus, throtuigh the
effect of photoxidation, the introduction
of a reducing species such as CO or RH
to the atmosplhere leads to the produc-
tion of odd oxygen. .

An O, bond-breaking mechanism that
is very important for the Mars atmo-
sphere (19) is the HO, cycle, X in Table
4. However, this process is inadequate

Table 4. Reactions that break the O, bond.

IX (HO, — NO,)

OH + CO — H + CO,
H+0,+M—HO, + M
HO, + NO — NO, + OH

NO, +hv  —NO+O0

Net: CO + O, — CO, + O

XI (SO,)

SO +hv—S+0
S+0,—S0+0

Net: 0, - 0 + O

XIII (SO, — HO,)

© S0, + hv—> S0 + O
H+0,+M-— HO, +M
SO + HO, — SO, + OH

Net: H+ O,—-OH + O

¥ (HO; + HO, —» H,0, + 0y)
Yy (H,0, + hv — OH + OH)
OH + CO = H + CO,

Net: CO +'7202-—> CO,
XI1I (S0O,)

SO, + v—>SO0 + O
SO+ SO—=S0; + S
S+0,—-S0+0

Net: 0, -0 + O
XIV (SO, — ClO,)

SO, + v—> SO+ O
Cl+CO+M—CICO+M
CICO + O, + M — CICO; + M
Cl + CICO; — Cl + CO; + CIO
CIO + SO — Cl + SO,

 Net: CO + 0,— CO, + O
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to account for the efficient removal of O,
in the Venus atmosphere because there
are insufficient concentrations of HO,,
due largely to the much lower H,O con-
centrations. Winick and Stewart (12)
notéd this problem and introduced two
new mechanisms for breaking the O,
bond, both involving SO, photosensiti-
zation (cycles X and XI in Table 4).
These processes produce atomic sulfur,
which reacts rapidly with O,. Ultimate-
ly, formation of SO; occurs by the reac-
tion

O+SOz+M—>SO3+M (14)

and SO; is converted to H;SO,4 by reac-
tion with H,O. Thus, the SO, effectively
photosensitizes its own conversion to
H,SO,. However, despite the success of
the Winick and Stewart miodel in ac-
counting for SO, behavior with regard to
H,S0O, formation, it fails to reproduce
the low observed levels of O, and CO. In
seeking a solution to this problem, Yung
and DeMore introduced an additional
path involving SO; for breaking the O,
bond (cycle XIII). The efficiency of this
process is based on the reaction of SO
with HO», a reaction which has not been
observed in the laboratory but which is
believed to be fast based on its simi-
larity to the recently studied reaction
CIO + SO — CI + SO; (24). It is well
known that the species HO, and CIO
have similar patterns of reactivity in re-
actions in which they serve as oxidants,
owing to the nearly equal values of the
HO-O and CI-O bond energies (~ 60
kcal/mole). However, the importance of
this mechanism (cycle XIII) in Venus
photochemistry was found to be depen-
dent on the presence of high H, concen-
trations in the Venus atmosphere, a sub-
ject of considerable controversy at pres-
ent (4, 25, 26). As a possible alternative
to the “‘high H,”” model, which suffers
from the lack of an obvious source of Hj,
Yung and DeMore also examined a mod-
el with total NO, present at a mixing
ratio (mole fraction) of 3 x 107%. Such
amounts are theoretically possible, as
NO, is formed by lightning and has a
long residence time in the relatively an-
hydrous Venus atmosphere. The NO,
mechanism accounts reasonably well for
the low O, and CO levels observed for
Venus, and the photochemical cycle is
identical to the smog cycle (cycle IX)
previously discussed in connection with
the earth’s atmosphere.

Thus, while the trace species HO,,
S0O,, and NO, can in principle account
for the conversion of CO and O, to CO,
in the Venus dtmosphere, the models
require postulation of H, and NO, levels
that are unconfirmed by measurement or
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(in the case of Hy) are difficult to explain
on the basis of known chemistry. A more
acceptable mechanism is a third possibil-
ity considered in (/4), based on cycle
XIV of Table 4. This cycle involves the
rapid reaction

ClO + SO — CI + SO, (15)

The cycle is similar to the net-nothing
cycle (VIII) previously discussed (Table
3), with the exception that in this case
the O, bond is broken, as opposed to the
simple catalytic recombination of atomic
oxygen and carbon monoxide. The key
step is utilization of SO, photosensitiza-
tion to break the ClO bond:

SO; + v — SO + O
CIO + SO — CI + SO,

Net: CIO - CI+ O

The mechanism is thus based on a syner-
gistic effect of ClO, catalysis and SO,
photosensitization. It requires no un-
proven or improbable hypotheses con-
cerning the atmospheric composition. It
may be noted that the overall process is
analogous to the terrestrial smog cycle
(IX), with SO, playing the role of NO,
and ClO, playing the role of HO,. The
atomic oxygen produced in cycle XIV is
available for oxidation of SO, via reac-
tion 11, as previously discussed in con-
nection with the Winick and Stewart
cycles XI and XII.

Figure 1, based on the model of (I4),
summarizes the relative importance of
the reactions making and breaking the O,
bond. The dominant role of the O + CIO
reaction in O, formation is apparent, as
is the fact that the resulting O, formation
is almost exactly counterbalanced by the
CICO; cycle.

Reactions That Suppress Catalytic

Processes

In previous sections we have seen that
catalytic cycles play a dominant role in
establishing the balance between the
making and breaking of O, bonds in the
atmospheres of Earth and Venus and
also that the cycles are closely related in
the two cases. Further parallels exist
with regard to the processes that control
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the effectiveness of certain cycles. For
example, the ClO,-catalyzed destruction
of odd oxygen in the earth’s atmosphere
is limited by the presence of CH4, which
converts atomic chlorine to the inert
reservoir HCI

Cl + CH, — HCI1 + CH; (16)

The CH, is biogenic in origin and is
irreversibly consumed by the reaction.
Changes in the rate of CH, supply to the
atmosphere, either natural or due to hu-
man activity, would have important con-
sequences for stratospheric chemistry.
On Venus, H; could in principle play a
role similar to that of CH,4 because it can
suppress ClO, chemistry by converting
atomic chlorine to HCI

Cl + H; —» HCl + H an
The principal sink for HO, is
OH + HCI — H,0 + Cl (18)

which is important because the product
H,O is shielded from solar photons by
CO, and therefore is not readily photo-
dissociated. Thus, to maintain a stable
HCI concentration, H, must be supplied
to the atmosphere at a rate at least equal
to that of reaction 15 [see (/4)]. In the
absence of a supply of H,, Cl builds up to
very high concentrations, as first demon-
strated in the model of Krasnopolsky
and Parshev (/3). This circumstance
(low H,) favors the role of ClO, in Venus
chemistry, We consider this mechanism,
when combined with SO, photosensiti-
zation, to represent the most successful
Venus photochemical model.

Concluding Remarks

We have discussed in a general way
how catalytic cycles affect the strato-
spheres of Earth and Venus. Similar
processes operate in other planetary at-
mospheres. The basic principle is that
catalysis tends to restore thermal equi-
librium, in opposition to solar photo-
chemical effects, which establish thermal
disequilibrium. Earth’s ozone layer is an
example of thermal disequilibrium pro-
duced by photochemistry, and its stable
existence is important to terrestrial biol-
ogy. The ClO, catalytic cycles play an

important role in limiting the strato-
spheric ozone concentration. On Venus
ClO, has a similar effect, converting odd
oxygen to O,. However, the ClO, goes
one step further, in concert with SO,
photosensitization, and catalyses the ox-
idation of CO by O,. Thus the small
extent of CO, decomposition on Venus
is explained.
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