L

S

brought to you by

provided by NASA Technical Reports Server
I.

-

SYSTEM.

}

SCLAR
Hayatsu

ni
(THRU)
(CATEGORY

Ryoicl

ROCARBONS
Anders

MATTER IN EARLY

C

e

o e
?%mﬁw,ﬁﬁ e

$q
Jel) I
£ s o 4
m e = =
s = ] 2
+ = a
w2 o < e
=] b4 e N
1 K]
b3
=

RPN
e
/

{ACCESSION NUMBER}
7
7
{PAGES)

CRGANI

ot
+

i
s
b=

(MASA CROR T

02 WHOA ALINIDVA

ORIGIN OF

|
]
O
I
)
2
o
Ol
o
<
2
&
J]
o
IS
o
=
ke
=
%2}
=]
o
IS
c
o
=
[
=
o
<
o
[
o
o
g
4]
S
=
Q
>



https://core.ac.uk/display/85248773?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

8§

ORIGIN OF ORGANIC MATTER IN EARLY SOLAR SYSTEM. I

HYDROCARBONS

Martin H. Studier
Chemistry Division,
Argonne National Laboratory,

Argonne, Illinois

Ryoichi Hayatsu and Edward Anders
Enrico Fermi Institute

University of Chicago, Chicago, Illinois

Submitted to

Science

December 1965

NASA Grant NsG-366 Research

EFINS 65-115




ABSTRACT
W -k

Iron and stony meteorites are effective catalysts for a
Fischer-Tropsch type reaction between carbon monoxide and
hydrogen. Even in hydrogen-rich mixtures approaching cosmic
composition, aliphatic and aromatic hydrocarbons are produced
rapidly at temperatures between 25°C and 580°C. When these
hydrocarbons are partially equilibrated by sustained reheating,

they match the hydrocarbon distribution in carbonaceous chondrites

in all important respects. ﬂLYt;
A/
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In an earlier paper (1), we reported two striking properties
of the trapped volatiles in Eif&gﬂgceous chQd?ites: methane was
at least 1000 times more abundant than ethane, and aromatic
hydrocarbons predominated over aliphatic ones. The observed
distribution grossly resembled an equiiibrium distribution in a
carbon-rich C-H-O mixture (2). We therefore proposed that the
organic compounds in meteorites formed in the solar nebula

under near-equilibrium conditions, during rapid cooling of a

gas phase depleted in hydrogen. We have now attempted ﬁg»test

this hypothesis experimentally,

et o

For our experiments we used mixtures of CO and H2' The
choice of CO was obvious: at temperatures of 1000-2000°C and
moderate pressures, CO is the dominant form of carbon in a cosmic
gas (3). The composition of the gas mixture ranged from an
(atomic) C:H:0 ratio of 1:1:1, well within the "asphalt" region
of the C-H-O phase diagram (2), to 1:500:1, close to the cosmic
value. Elemental carbon is the stable equilibrium product in
the asphalt region, but if its formation is kinetically inhibited,
large amounts of aromatic hydrocarbons can form instead as
metastable products (2). Our entire hypothesis hinged on the
assumption that the formation of free carbon would be inhibited
long enough to allow the buildup of a metastable distribution

rich in aromatics. Our experiments were to test this assumption.
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In order to keep the system simple, we limited our first
series of experiments to C-H-O mixtures, excluding other non-
metallic constituents of a cosmic gas. However, it is known
that silicate and metal particles condense when a cosmic gas
cools from high temperatures (4). Such particles might catalyze
reactions of CO and other carbon compounds. We therefore added
to some of our gas mixtures 0.01-0.1 g of coarsely ground
meteorite powder, normally iron (Canyon Diablo) but in one
case; stone (Bruderheim). Before use, the meteorite powder
was baked out overnight at 600-900°C until all organics had

been removed.

The gas mixture, usually at a total pressure of 1-2 atm at
room temperature, was placed in a 45 cm x 1 cm I. D. quartz
tube sealed at one end and joined to a metal valve by a graded
seal. The sealed end was inserted to a depth of 7 cm in a
tubular furnace which was heated to the desired temperature.
The other end remained at room temperature. In this arrangement,
volatile compounds could distill away from the reaction zone,
thus remaining protected to some extent from further reaction.
The gas phase was examined periodically on a time-of-flight

mass spectrometer, as described in (1).

It soon became apparent that meteorite powder had a strong
catalytic effect. Without meteorite, the gas mixture had to be

heated for a long time to produce detectable amounts of organics.
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With Canyon Diablo powder, complex hydrocarbons were produced
rapidly and in great variety: all n-paraffins from CH4 to
C20H42 and beyond; methyl alkanes; cycloalkanes; aromatics;

alkylaromatics (Fig. 1). Not a trace of free carbon was seen.

Evidently, the CO and H2 had merely reacted according to
the familiar Fischer-Tropsch reaction which produces hydrocarbons

via oxygenated intermediates:

nCO + (n+0.5x)H2 -+ Con -+ nHZO

In the industrial Fischer-Tropsch synthesis, Fe, Co, and Ni
are used as catalysts. It so happens that meteoritic iron
consists largely of these three elements, and thus is an effective

catalyst for this reaction.

During the reaction, the meteorite was partly converted
to the volatile carbonyls Fe(CO)5 and Ni(CO)4. The remainder was
gradually oxidized to Fe304 impregnated with relatively non-
volatile hydrocarbons. Fe304 itself is an effective Fischer-
Tropsch catalyst (6). Depending on the degree of oxidation,
these reactions consumed some fraction of the oxygen of the

system, generally no more than 10-20%.

Quite obviously, the reaction did not proceed to equilibrium
at these low temperatures. For a mixture lying in the '"asphalt"

region of the C-H-O diagram, only trace amounts of aliphatics
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heavier than methane were expected under equilibrium conditions.
Instead, aliphatics often predominated over aromatics in our
reaction mixtures. Apparently the product distribution was
governed by steric and kinetic factors, rather than by ther-
modynamic ones. This was shown most strikingly in a 69-hr
experiment at 200°C, where the C:H:0 ration was 1:500:1, far
outside the asphalt region but close to the cosmic value.

Under equilibrium conditions, methane and CO2 should have been
the principal products, with mere traces of higher aliphatics.

Aromatics should have formed at levels of <10_20

moles per mole
of total carbon (2). Yet this experiment again gave small
amounts of benzene. and toluene, with larger amounts of various

aliphatic products, including keto compounds from C3 to Cg.

In all our experiments, the product distribution was
strongly dependent on time and temperature. Higher temperatures
and longer times resulted in a closer approach to equilibrium.
In one experiment a 1:1 mixture of CO and H2 at a total pressure
of 2 atm was heated stepwise from room temperature to 580°C
in ilhe presence of Canyon Dia
changes were observed.

1. After two hours at room temperature methane, ethane,
dimethyl ether, and a trace of toluene were observed. No
benzene was seen.

2. After 30 minutes at 100°C, aliphatic hydrocarbons

Cl—C5 were seen along with a trace of benzene. Toluene
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seemed slightly more abundant. All these products were somewhat
enhanced after an additional 2 hours at 115°C. C6 appeared also.

3. After another 1.8 hours at 115°C prominent peaks
which may have been due to 1,4 dioxane appeared at masses
88 anl 58. Toluene was more abundant but benzene was present in
traces only. Some xylene appeared to be present. Methane
and dimethyl ether were much more abundant.

4. After 16 hours at 230°C the complexity of the spectrum
had increased markedly. Oxygenated aliphatic compounds to mass
128 seemed to be present. Toluene, xylene,and benzene were more
abundant, but dimethyl ether and dioxane had diminished.

5. After an hour at 350°C ethylene and butene were
observed. Dimethyl ether had further decreased.

6. After two hours at 460°C aromatic compounds were
noticeably more abundant. Oxygenated aliphatic compounds
to mass 170 were observed.

7. After 68 hours at 580°C most of the CO and H, had
disappeared. There remained large amounts of methane, water,
carbon dioxide, and benzene, with lesser amounts of other
aromatic compounds including toluene, xylene, indene, naphthalene,
methyl and dimethyl naphthalene, and biphenyl. Except for
methane the aliphatic compounds had disappeared. The ratio of
benzene to toluene was much larger than at lower temperatures.
Apparently the mixture now was close to equilibrium. Both the

high methane/ethane ratio and the predominance of aromatics are
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characteristic of equilibrium in the ''asphalt region" of the
C-H-0 diagram (2). Again, not a trace of free carbon was

seen.

At still higher temperatures, equilibrium was approached
rapidly. Once methane had formed, a distribution rich in
polynuclear aromatics was obtained, regardless of whether
catalyst was present or not. (That aromatics form in the
pyrolysis of methane had been known since the 19th century (7.

Results of typical 900°C experiments are shown in Fig 2.

In these experiments, the lighter aromatics were identified
by mass spectrometry, as usual. Owing to their low volatility,
compounds of 5 or more aromatic rings were not sought in the
gas phase, but were recovered in solvent rinsings of the
reaction tube. They were separated by chromatography on a 92mm x
7mm alumina column, and identified by UV spectrophotometry. In
some cases additional separations and identifications were
carried out via picrates. In the 900° experiment illustrated
in Fig. 2, ~15 mg of 4-7 ring aromatics was recovered, corresponding
to about 35% of the total carbon in the system. 7This was the

only experiment in which some free carbon formed.

At longer times, aromatic-rich distributions were obtained
even at temperatures much below 900°C. A mixture of CO (1 atm)

and H, (2 atm) heated with Canyon Diablo to 300°C for 112 hrs

2

gave CH4, CO H,O, and large amounts of aromatics including

2° 72
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many polynuclear compounds, with only traces of aliphatics
heavier than methane. A parallel experiment at 250°C gave
a nearly complementary distribution: aliphatics to mass 400
and beyond, with only minor amounts of aromatics. No free

carbon was seen in either experiment.

In general, the proportions of aliphatics, aromatics,
and alicyclics could be varied within wide limits by proper
choice of composition, temperature, pressure, and time. A
further degree of freedom was provided by the choice of catalyst.
Conventional Fischer-Tropsch catalysts (Fe, Co) give only
traces of aromatics, but others (e.g. A1203, Zns, Cr203, etc.)
yield aromatics preferentially (8). Some differences in product
distribution were also observed in our experiments when stony

meteorite was substituted for Canyon Diablo iron.

On sustained reheating, all mixtures lying above the
asphalt threshold of the C-H-O diagram tended to converge
to the same equilibrium state. Methane and aromatics were
enhanced at the expense of aliphatics, presumably by dispro-

portionation reactions of the type:

23C H6 + 32CH, + C

2 4 + C1at10
Similar reactions apparently take place spontaneously in
nature, when (aliphatic) plant materials are converted to

(aromatic) coal. Methane, the expected byproduct of this
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reaction, is often associated with coal deposits.

Now we can attempt to reinterpret the meteorite data in
the light of our experimental results. The meteoritic
hydrocarbon distribution has the following main characteristics:

1. The methane/ethane ratio is greater than 1000.

The next three alkanes, from C, to C. are undetectable (1).

3 5
2. Hydrocarbons from C6 to at least C10 are represented
almost entirely by aromatics, not aliphatics (1).
3. At higher carbon numbers, aromatics still predominate.
If the insoluble aromatic polymer is included, aromatics
comprise about 1000-5000 ppm, compared to only 10-100 ppm
of aliphatics (9,10).
4, Among heavier aliphatics, n-alkanes are prominent,
comprising perhaps one-tenth of the total paraffin
fraction. Contrary to earlier reports (11), they do
not seem to show an odd-carbon preference (10).
5. Polynuclear aromatics of up to 6 rings are present (12).
6. Isoprenoid alkanes are present in both carbonaceous

(10) and non-carbonaceous chondrites (13).

7. Free carbon is absent (14).

The first two observations are based on traces. of volatiles
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trapped at highly retentive sites inside mineral grains (1).
They alone reflect the original distribution. The last five
pertain to relatively nonvolatile organics which, having
been situated at less retentive, interstitial and surface

sites, apparently lost their complement of volatiles.

Observations 1, 2, 3, 5, and 7 led us to propose that the
meteorite organics formed under near-equilibrium conditions (1).
However, the presence of even small amounts of alkanes was an
embarrassment to the equilibrium hypothesis. Under equilibrium
conditions, these compounds should be some 10_20 times less
abundant than the aromatics (2), but their actual abundance
is closer to 10_2, To make matters worse, straight-chain
isomers predominate among the alkanes, so that a highly selective
formation mechanism is called for. 1In our earlier paper we
had suggested several such mechanisms, including "metastable
formation in a partially equilibrated mixture" (1), while
oro (15) haq explicitly proposed the Fischer-~Tropsch reaction.

The present work indeed supports these suggestions.

Our experiments show that a partially equilibrated Fischer-
Tropsch distribution matches the meteorite distribution in all’
its principal features. Two steps are required to produce
such a distribution: a primary Fischer-Tropsch reaction
with meteoritic catalyst which yields n-alkanes and light

aromatics (observations 4 and 2); and a secondary, partial
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equilibration that depletes lighter alkanes, enhances
aromatics and methane, and produces polynuclear aromatics but
no free carbon (observations 1, 3, 5, 7). This leaves only
the isoprenoid hydrocarbons (obs. 6) to be accounted for,
whose presence in meteorites had not been established when our
previous paper was written. These compounds have not been
previously reported from Fischer-Tropsch syntheses. However,
we detected them in several experiments by a combination of

gas chromatography and mass spectrometry. Their presence is

not surprising since the alkadienes formed in our experiments (Fig.

are known to polymerize and isomerize readily to isoprenoid
hydrocarbons (16). The identification of isoprenoid hydro-
carbons will be described in detail in another paper of this

series.

As far as can be told at present, the Fischer-Tropsch
reaction seems capable of accounting not only for the gross
features of the meteoritic distribution, but also for its
finer details. Lovelock (17) has pointed out that hydrocarbons
from both the Murray meteorite and the Fischer-Tropsch reaction
show a "random" distribution, in contrast to the "ordered"

distributions of biogenic hydrocarbons.

This two-step model also eliminates the restriction that
the gas phase from which the meteorite organics formed be

depleted in hydrogen. As our experiments show, the first

1)
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(Fischer-Tropsch) step proceeds readily at H/C ratios as high
as 500, close to the cosmic value. Only in the second (equili-
bration) step is it necessary that the composition lie in the
asphalt region (H/C <4). But the organics made in the primary
step have H/C =2 and O0/C <1. This composition automatically
places them in the asphalt region, once they éondense and thus
become chemically or physically isolated from the hydrogen-

rich gas phase.

The time and temperature conditions for the primary
stage of the synthesis can now be roughly circumscribed. If
contact with the catalyst is sufficiently intimate, an appreciable
part of the CO can be converted to organics in times of less
than 1 second at 170-400°C (6, 8). Yet the reaction time (prior
to the loss of H2) cannot have been very long, otherwise

heavier organics would have been converted to CH, by reaction

4
with excess H2. Our experiments indicate that reaction times

as long as a few days at 200-250°C are still permissible.

In the light of our experiments, a simpler picture can
now be presented for the formation of organic compounds in
meteorites, During the formation of the solar system, local
regions of the solar nebula were heated to temperatures of
1000-2000°K. The heating may have been caused by flares such
as those observed in T Tauri stars, or by some other catastrophic

process. The gas was of cosmic composition, with carbon and
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hydrogen present mainly as CO and H2. The gas mixture cooled to
<400°K on a time scale of seconds to months. During the

cooling stage, metal and silicate ﬁarticles condensed, and began
to catalyze the reaction between CO and H2. The primary product
distribution contained aromatics as well as the entire n-alkane
series. Small amounts of noble gases and other volatiles were
trapped in the interior of mineral grains growing from the
supersaturated gas phase. Less-volatile organics condensed

on the surfaces of mineral grains, and became isolated from

the noncondensable gases (chiefly H2) which were subsequently
lost. The condensed organics had an H/C ratio less than 2:1,
and thus lay well within the asphalt region of the C-H-0O phase
diagram. Subsequent slight heating brought the mixture close

to equilibrium, enhancing  methane and aromatics at the expense

of alkanes.

A point in favor of the proposed scheme for the formation
of organics is its exact correspondence with current models for
the formation of the inorganic constituents of meteorites (4).
Precisely the same sequence of events is called for: 1local
heating events in the solar nebula; rapid cooling; metamorphic
reheating. And these conditions in turn are provided by many

modern theories on the origin of the solar system (18).

There is reason to believe that the formation of hydro-

carbon3 by the Fischer-Tropsch reaction is a rather common
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process in the universe. It will happen whenever CO, H2’
and meteoritic dust cool on a rapid time scale. These
conditions must have been satisfied many times during the history

of the solar system (19).
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Fig. 1.

Fig. 2.
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FIGURE CAPTIONS

Fischer-Tropsch Reaction with Meteorite Catalyst.
After removal of unreacted CO at -190°C, the reaction
mixture was briefly heated to 200°C to decompose
metal carbonyls. Reaction products were then re-
condensed at -190°C into the bottom of a l-meter
capillary tube, and were fractionally distilled.
Periodically, the distilling species were admitted

to the mass spectrometer. Identificafions were

based on published fragmentation patterns (5).

Polynuclear Aromatic Hydrocarbons Produced at 900°C

Without Catalyst. Many of these compounds have also

been detected in meteorites. Anthracene and phehanthrene

could not be distinguished mass spectrometrically.
Compounds of 4 or more rings were separated by alumina

chromatography and identified by UV spectrophotometry.



Hydrocarbons from Reaction of CO and H, (I:1)
(T =300°C, t=I9hrs., Iron Meteorite Catalyst)
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Hydrocarbons from Pyrolysis of CH4 or

CH4-CO - CO2 mixtures at 900°C
(2-39 hours)
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