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abstract

The formation of fossil oil within clay minerals i.e., mineral-catalyzed decarboxylation, is a 
mechanism awaiting a thorough chemical explanation. To contribute to such an explanation, the study 
presented here investigates this mechanism at the level of first-principles, electronic structure compu-
tations, employing density functional theory (DFT plus Hubbard-U), planewaves, pseudopotentials, 
and periodic cells of two types of ferruginous clay minerals, specifically two types of nontronite [Fe2 
(Si,Al)4O10(OH)2]. The formation of the fossil oil is modeled as a decarboxylation pathway, convert-
ing the fatty acid propionic acid, C2H5COOH to an alkane, C2H6 and the intermediate stages along 
this conversion pathway are represented by five configurations of interlayer species within the clay 
minerals. In this study, we test both the effect of the presence of iron on the theoretical stages of de-
carboxylation, together with the effect of two different density functionals: with and without strong 
correlations of the d-orbital electrons of iron. We have found that inclusion of the d-orbital electron 
correlations in the guise of a Hubbard parameter results in the introduction of three new intermediate 
configurations (one of which is potentially a new transition state), alters the location of the occupied 
Fermi level orbitals, and changes the band gaps of the clay mineral/interlayer species composites, all 
of which serves to inform the chemical interpretation of mineral-catalyzed decarboxylation.
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IntroDuctIon

Almon and Johns (1975) performed a series of experiments 
designed to elucidate the chemical pathway describing the 
formation of fossil oil within clay minerals. The abundance of 
iron-bearing clay minerals comprising the bulk of our Earth 
(Greenwood and Earnshaw 1994; Morgan and Anders 1980) 
makes it highly probable that these clays were hosts to fossil oil 
formation and hence decarboxylation. Almon and Johns (1975) 
were of the same opinion as a type of iron-bearing clay mineral, 
nontronite [Fe2(Si,Al)4O10(OH)2], was one of their experimental 
minerals. From the results of their experiments, Almon and Johns 
(1975) hypothesized a reaction comprising five stages of the 
decarboxylation pathway within the interlayer space of a clay 
mineral, from the initial reactant stage of a fatty acid (propionic 
acid, C2H5COOH) to the end product stage of an alkane (C2H6) 
with three intermediate stages in-between. The motivation for 
examining the catalytic effect of various clay minerals in this 
decarboxylation mechanism, derives from the similarity between 
the fatty acids of the fossilized biological matter and those within 
the crops used as biofuel feedstocks, hence this study has the 
potential to inform and eventually improve the efficiency of the 
production of biofuels.

A clay mineral layer is formed by the conjoining of a tetrahe-
dral silicate sheet—general form Si4O6—to an octahedrally co-
ordinated metal oxide sheet, which in nontronite is Fe4O8(OH)4. 
The ratio of tetrahedral to octahedral sheets describes this coor-
dination, e.g., nontronite is a 2:1 dioctahedral phyllosilicate, i.e., 

there is one octahedral metal oxide sheet sandwiched between 
two tetrahedrally coordinated silicate sheets where the octahedral 
sheet contains the species Fe3+. The tetrahedral or basal surfaces 
often contain substitutions where the charge deficit introduced by 
substitution of Fe3+ or Al3+ for Si4+ is balanced by an interlayer 
cation. Nontronites with a basal surface substitution of 1/8 Fe3+ 
or Al3+ are type NG-1 and ideal, respectively. The space between 
the layers of clay minerals is host to various ions such as cations 
of sodium, calcium, and potassium as well as organic molecules 
such as fatty acids and hydrocarbons. The variety of the chemical 
environment of all clay mineral surfaces, including edges as well 
as basal surfaces, together with that of the interlayer species, 
are thought to be responsible for catalyzing chemical reactions 
such as the decarboxylation of a fatty acid into an alkane. In this 
study we examine the basal surfaces only, and therefore will 
not be capturing the full potential reactivity of the ferruginous 
clays, a comprehensive study of which is beyond the scope of 
this investigation.

Along a chemical reaction pathway there generally exists 
intermediate configurations1 of chemically reactive species, 
some of which might be transition states. Their identification is 
important due to the information they yield regarding chemical 
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1 In this study we have not made a distinction between “inter-
mediate,” “intermediate stage,” or “intermediate configuration.” 
Throughout the discussion where any of these three terms are 
used, they refer to configurations that are potential transition 
states, as opposed to “intermediates” in the chemical sense, 
which are distinctly different to transition states.


