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cles of matter. Finally, the presented pro­
cesses are reviewed with respect to an inte­
gration into the global ecosystem. This 
means, that no waste products should be 
formed and that the required energy 
should - in principle - be supplied by the 
sun.
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The role of carbon dioxide within the natural cycles of matter and energy is shortly 
discussed. Possibilities for the generation of organic carbon compounds by the catalyzed 
reaction of molecular hydrogen with natural metal carbonates are displayed. Together with 
the exothermal recarbonatization of the so-formed metal oxides, a closed cycle for conver­
sions of organic and inorganic carbon compounds is obtained, within which no fossil carbo­
naceous matter takes part.

2. The Formation of
Organic Carbon Compounds 
from Metal Carbonates

Natural metal carbonates have been and 
still are important parent products for the 
generation of technically useful materials 
such as metal oxides or, after subsequent 
reduction, for metals. In general, these

1. Introduction
Carbon dioxide represents not only the 

thermodynamically stable carbon com­
pound of various degradation processes of 
organic material such as respiration, com­
bustion, fermentation or putrefaction, but 
also an indispensable parent product for 
the photosynthetic formation of essential 
biomolecules. Natural cycles of matter are 
so to say specialized in the use of this mole­
cule as carbon storage, i.e. as carbonate 
deposits, and as ubiquitously disposable 
reagent, i.e. as gaseous or dissolved carbon 
dioxide. All the complicated and mutually 
integrated conversions constitute the dy­
namic equilibrium of natural processes 
and therefore play a key role in the mate­
rial fundaments of life. Within the global 
ecosystem, the necessary energy is supplied 
by the sun.

The extensive use of fossil carbon com­
pounds such as coal, oil or gas has led to an 
increase of the atmospheric concentration 
of carbon dioxide in the range of 1.5 ppm/ 
year111. The possible influences on the

global ecosystem are the object of contro­
versial discussions. There is, however, no 
doubt, that carbon dioxide represents a 
waste product within the present human 
energy concept.

As it is displayed in Fig. 1, this account 
focusses on the role of carbon dioxide and 
its possible conversions within a frame­
work made up of the globally present com­
pounds water and calcite as well as of their 
constituents respectively conversion prod­
ucts. Calcite has been chosen due to the 
fact, that it is one of the most abundant 
natural carbonate deposits. It has to be 
mentioned, that within these natural metal 
carbonates 104—105 times more carbon is 
stored than within the fossil carbon depos­
its coal, oil, and gas121. Moreover, they are 
readily accessible and - as it is shown in 
Section 3 - their formation is much faster 
than the formation of fossil carbon com­
pounds. The displayed framework reveals 
as well, that the carbon compounds with 
relevance for technical and industrial use 
are predominantly carbohydrates and 
methane. The importance of the inorganic 
chemistry of carbon dioxide and its con­
version products, however, has not yet 
been taken into account sufficiently.

In the following, investigations on the 
conversion of inorganic carbon com­
pounds into organic materials as well as 
the uptake of gaseous, e.g. atmospheric 
carbon dioxide by means of heterogeneous 
solid state reactions are presented. The re­
sults are discussed with respect to possible 
technical applications and with respect to 
ecologically relevant concepts of closed cy-

Fig.l. Graphic representation of the posi­
tion respectively interrelations of carbon 
dioxide within a reaction framework made 
up of ecologically relevant compounds. The 
lower «inorganic triangle» consists of wa­
ter, calcia, and carbon dioxide as well as 
their mutual conversion products. The upper 
«organic triangle» is made up of hydrogen, 
oxygen, and carbon as well as their mutual 
conversion products. Note the important 
role of the central units CYH. O, respectively 
Ca(HCO1)2. - From this scheme, the out­
standing role of carbon dioxide as mediating 
compound between organic and inorganic 
conversions of matter is readily comprehen­
sible (—: inorganic processes;-----: orga­
nic processes).
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technically important materials are ob­
tained by thermal decomposition of the 
initial carbonates in air. Effects of the am­
bient atmosphere on the course of the ther­
mal degradations have only been studied 
on the basis of scientific interest. No atten­
tion has been paid to the volatile products 
CO and predominantly CO2, which repre­
sent potential parent products for the 
generation of useful carbon compounds.

By combined thermogravimetric/mass 
spectrometric techniques, however, it has 
been found that the actual inert, oxidizing 
or reactive (e.g. CO,) atmosphere influ­
ences the decomposition temperature. 
Concomitantly the mechanistic and kinetic 
course and - as an important feature - the 
morphology of the solid products formed 
also depend upon the ambient atmo­
sphere131. For calcite, the most pronounced 
differences are found between the thermal 
degradation in carbon dioxide and the one 
in vacuum: Under CO2, sintering processes 
take place and the reaction temperature is 
well above 1000 K; under vacuum condi­
tions, however, the decomposition takes 
place at temperatures as low as 800 K and 
as product, microcrystalline calcium oxide 
with particle sizes below 1 pm is obtained. 
These facts are of importance with respect 
to the kinetics of the recarbonatization (see 
Section 3).

Under the mentioned experimental con­
ditions, carbon dioxide is the main volatile 
product. Taking the initially mentioned 
statements into consideration, one could 
think about the conversion of so-formed 
carbon dioxide into partly or fully reduced, 
i.e. technically useful carbon compounds. 
The catalytic conversion of CO2 is 
presently elucidated by various groups (see 
e.g.14-61 and references cited therein).

In a recent study, we investigated the 
decomposition of natural metal carbon­
ates, i.e. calcite CaCO3, dolomite Mg- 
Ca(CO3)2, and magnesite MgGO3 in reduc­
ing atmosphere, i.e. in molecular hydro­
gen171. As Combined thermogravimetric/ 
mass spectrometric measurements reveal, 
the decomposition temperatures of the 
said carbonates are lowered by more than 
150 K compared to the analogous reac­
tions in inert or oxidizing atmospheres. 
High-resolution electron microscopic in­
vestigations give evidence for the forma­
tion of the pure or mixed metal oxides 
MgO respectively CaO as conglomerates 
of microcrystalline domains with diame­
ters in the range of 10-20 nm. During the 
decomposition of magnesite the evolution 
of even amounts of carbon monoxide and 
carbon dioxide is observed. For calcite, 
however, carbon monoxide is detected 
as main volatile carbon compound 
(CO:CO2 > 10:1). The decomposition tem­
perature as well as the ratio of the gaseous 
products formed for dolomite are between 
the values measured for the two pure car­

bonates. These observations indicate, that 
the mechanism changes remarkably, i.e. re­
duction processes of the carbon oxide spe­
cies take place. Considering the role of car­
bon monoxide as parent carbon com­
pound in the Fischer-Tropsch synthesis of 
organic carbon compounds, these results 
open up a further possibility for the con­
version of inorganic carbonates into or­
ganic materials (see e.g.!81).

In order to obtain detailed insights into 
such decomposition/reduction processes, 
we performed experiments using mixed 
Mg,M- respectively Ca,M-carbonates as 
initial materials (M = Co, Ni, Cu; 10% 
each). Compared to the analogous degra­
dations of the pure carbonates in non­
reducing atmospheres, a lowering of the 
decomposition temperatures in the range 
of 200 K to 400 K (for Ca,Ni-carbonates) 
is registered. Moreover, the composition of 
the evolved gases changes drastically: Mg, 
Cu- respectively Ca,Cu-carbonates decom­
pose under evolution of mixtures of carbon 
monoxide and carbon dioxide. Samples 
containing Co as transition metal evolve 
carbon monoxide and methane, but only 
few percents of carbon dioxide. For the 
degradation of Mg,Ni- respectively Ca,Ni- 
carbonates methane is detected as main 
gaseous carbon compound (> 90 %). The 
solid products are made up of the earth 
alkali metal oxide and of the respective 
elemental metals. It has been found, that 
the Ca,Ni system is a highly active catalyst 
for the direct conversion of CO2 into CH4 
under ambient pressure of molecular hy­
drogen191. This finding gives evidence for 
the role of the transition metals as catalyt­
ically active species. Preliminary investiga­
tions on the nature of these catalysts by 
means of high-resolution electron micros­
copy, electron diffraction, and electron 
spectroscopic techniques yielded that the 
metals are present as highly dispersed, 
poorly crystalline materials1101.

Fig. 2. Series of gradually magnified sections (photographs and scanning electron micrographs) illustrating the formation and thus the 
growth of a natural calcite deposit by the reaction of atmospheric CO2 with dissolved Ca2® ions respectively Ca2® compounds.

Obviously, the combination of hetero­
geneous solid state reactions with hetero­
geneous catalysis allows a straightforward 
approach to the direct conversion of metal 
Carbonates into organic carbon com­
pounds.

3. Carbonatization of
Earth Alkali Metal Compounds

The reaction of gaseous or dissolved car­
bon dioxide with earth alkali metal com­
pounds or ions is an ubiquitously occur­
ring, natural day-to-day process. As illus­
tration, the formation of calcium carbon­
ate by the reaction of atmospheric carbon 
dioxide with calcium ions dissolved in the 
water of a natural source is displayed in 
Fig. 2. The sequence of gradually mag­
nified sections gives evidence for the fact, 
that the macroscopic phenomenon - the

terrace-like rock - is made up of small 
CaCO3 crystals exhibiting an unusual habi­
tus with a pronounced growth zone. X-ray 
diffraction proves, that the crystalline ma­
terial consists of pure calcite. No indica­
tions for the presence of the other modifi­
cations of calcium carbonate - aragonite 
and vaterite - have been found. The dy­
namics of the natural process is variable 
owing to its dependence on many parame­
ters such as the concentration of CO, and 
Ca2® ions as well as on the temperature- 
and pH-dependent solubility of the cal­
cium carbonate formed (see e.g.1"1). As it 
can be seen in Fig. 1, the compound 
Ca(HCO3)2 is of central importance within 
the mentioned conversions, i.e. precipita­
tion and dissolution of calcium carbonate 
in aqueous medium. Owing to the metasta- 
ble character of this hydrogencarbonate 
phase, it has not yet been isolated nor suffi­
ciently characterized with respect to its 
structure and its chemical reactivity.

The carbonatization of MgO respec­
tively CaO has been studied by means of 
thermogravimetry under well controlled 
atmospheres. In a dry CO2 atmosphere, 
MgO does not undergo significant carbo­
natization at low temperatures. CaO, how­
ever, readily reacts with CO2. In a model 
experiment, CaCO, was decomposed un­
der vacuum (temperature: < 950 K; pres­
sure: 1 Pa). After cooling to 300 K, the 
reaction of the obtained microcrystalline 
CaO with dried CO, was measured under 
isothermal conditions. A fast uptake of 
CO2 is observed, even in atmospheres con­
taining only few percents of CO,1'21. The 
evaluation of the weight gain reveals, that 
the carbonatization reaches 70-80% of the 
stoichiometric conversion. The kinetics of 
this process depend decisively on the parti­
cle size of the initial reactant CaO. X-ray 
diffractometry and high-resolution elec­
tron microscopy give evidence for the for­
mation of amorphous calcium carbonate. 
This up to now never observed phe­
nomenon is substantiated by the fact, that 
by heating this amorphous phase, an exo­
thermal reaction corresponding to the 
crystallization of the amorphous calcium 
carbonate is registered at ca. 600 K by 
means of differential thermal analysis as 
well as temperature dependent X-ray dif­
fraction, The obtained crystalline calcium 
carbonate consists of Conglomerates made 
up of domains of calcite with domain 
diameters in the range of 10-20 nm.

4. The Ecological Relevance
The outlined experimental findings al­

low the principal conclusion of the possible 
existence of a closed carbon compound cy­
cle without participation respectively inte­
gration of fossil carbon deposits. Within 
this cycle carbon dioxide acts as mediating
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reagent between organic and inorganic 
matter. As further main constituents of 
such a cycle, water and calcia must be men­
tioned. As Fig. 3 shows, these three com­
pounds, i.e. CO2, H2O, and CaO, represent 
the material fundament for a concept of 
technically applicable conversions of 
matter, which could be integrated within 
the naturally occurring processes. Thus, an 
ecologically feasible alternative to the 
present concept - the extensive use of fossil 
fuels comprising the production of CO2 as 
waste material - is imaginable.

Fig. 3 reveals, that hydrogen acts as cru­
cial reactant within the presented scheme 
of conversions. Moreover, it represents a 
possible main constituent of future global 
energy scenarios1131. Its production - in an 
ecologically feasible concept it must be 
generated by the photovoltaic, electro­
chemical, or thermal splitting of water - as 
well as the catalyzed reduction of CO2 re­
quire energy, which can be supplied by the 
sun. Thus the combination of splitting wa­
ter as well as reducing carbon dioxide by 
means of solar energy meets the require­
ments for closed cycles of matter. From an 
economic point of view, however, the pro­
duction of organic carbon compounds by 
means of a solar receiver/reactor system is 
at present not competitive, although possi­
ble and ecologically reasonable. This situa­
tion might change drastically, when the ex­
ploitation of fossil carbon deposits be­
comes increasingly costly or when possible 
adversary impacts of the present energy 
concept on the global ecosystem require 
fundamental alternatives.

Thinking about the problems, which 
could arise from the increasing concentra­
tion of atmospheric CO2, the concept 
sketched out in the present article contains 
one crucial process. By the «sun-driven» 
natural convection of the atmosphere, CO2 
is ubiquitously disposable and by its exo­
thermal reaction with dissolved or solid 
Ca2® compounds, it can be concentrated.
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Consequently, this cyclic concept is not 

an inorganic alternative for the generation

Fig. 3. Schematic representation of a closed 
cycle of ecologically feasible carbon com­
pound conversions illustrating the possible 
generation of organic material from metal 
carbonates, i.e. without participation of fos­
sil carbonaceous matter. In principle, the 
required energy for the splitting of water 
into the reactants oxygen and hydrogen as 
well as the activation (decomposition of 
CaCO3) and the catalyzed conversion of 
CO2 into CxHyOz can be supplied by solar 
radiation. The oxidation of CxHyOz as well 
as the recarbonatization of calcia are exo­
thermal processes. The energy scale on the 
right is semi-quantitative inasmuch as it 
refers to the stabilities of the compounds 
within the global ecosystem.

of combustible carbon compounds and 
thus for a large-scale production of con­
ventional fuel. It rather represents a sum of 
mutually integrated chemical conversions, 
which are not only relevant for natural 
processes and concomitantly for man’s re­
quirements (see e.g.[14]), but also confirm 
the importance of carbon dioxide and its

potential conversion products in the fields 
of heterogeneous solid state reactions and 
heterogeneous catalysis (see e.g.[151).
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