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Abstract-Conversion of tertiary butylacetate to isobutylene and acetic acid and cracking of n-octane 
were used as model reactions to monitor the catalytic activity of a condensate and aqueous extract derived 
from a sampie of montmorillonite. The condensate was obtained by condensing the vapor phase evolved 
on heating the clay and the extract was derived from the clay by prolonged water extraction. Both 
condensate and extract were colloidal systems, which were separated into solid and liquid fractions by 
distillation. Reactions carried out in a dynamic system established that the solid components acted as true 
acid catalysts, whereas the liquid fractions were inactive under the experimental conditions adopted. The 
catalytic activity per weight of the condensate exceeded that of either the parent clay or the extract. 

The present results confirm that colloidal size catalysts of high activity can be generated from clays. 
Such materials, mobilized and transported alone or with formation fluids, may act as catalysts in places 
removed in space and time from their source. This finding refutes objections previously raised to the 
operation of bulk c\ays as catalysts for reactions with particulate organics and supports the concept that 
acid catalysts derived from clays may participate in organic geochemical reactions in an aqueous medium. 

Key Words-Clay condensate, Clay extract, Geocatalyst, Octane cracking, Tertiary butylacetate decom­
position. 

INTRODUCTION 

Clay minerals are frequently invoked as potential 
catalysts for diagenetic processes of organic matter in 
nature, in particular for the generation of petroleum 
hydrocarbons from kerogen and their maturation pro­
cess. Objections sometimes raised against the partici­
pation of clays in such processes include the reduced 
catalytic effect of clay minerals in an aqueous medium 
and the possibility that direct physical contact between 
clay formations and the organic material may be very 
limited. Recent studies have shown that clay volatiles 
and condensates, that is the vapor phase evolved on 
heating clay minerals and the corresponding conden­
sates, are effective catalysts for hydrocarbon cracking 
(Heller-Kallai et aL 1989; Miloslavski et aL 1991). 
Similarly extracts derived from clays by continuous 
washing were found to catalyze some reactions of or­
ganic matter. It seems reasonable to assurne that both 
extracts and condensates may participate in catalytic 
processes at different stages of burial diagenesis. Both 
condensates and extracts are aqueous suspensions of 
varying composition, which contain some very finely 
divided particulate matter (Keller 1986; Heller-Kallai 
et aL 1988; Keller and da Costa 1989). Their reactivity 
is not destroyed by the aqueous environment. It has 
also been shown that clay condensates attack calcite 
(Heller-Kallai et al. 1987; Heller-Kallai and Miloslav­
ski 1992). They may be expected to penetrate forma­
tions that are otherwise inaccessible to solid catalysts. 

Because of the pervasive and circulatory nature of 
subsurface fluids, such condensates and extracts may 
travel far from their original clay source. 

The present study was undertaken to confirm, be­
yond doubt, that clay condensates and extracts are, in­
deed, genuine catalysts. Previous experiments were 
carried out as either batch reactions or with a finite 
stream of clay volatiles. Catalytic activity was inferred 
from the nature of the products, but was not directly 
demonstrated in a dynamic system. An additional aim 
was to establish which catalysts are the reactive con­
stituents of the aqueous suspensions and to assess their 
relative catalytic activity. In view of the proven ability 
of the suspensions to catalyze cracking of hydrocar­
bons, attention was focused on the activity of the com­
ponents, solid and liquid, as acid catalysts. Tertiary 
butyl acetate (TBA) and n-octane were selected as 
model compounds. Conversion of TBA to isobutylene 
and acetic acid is a very facile reaction at temperatures 
above approximately 50°C in the presence of an acid 
catalyst. Acid catalyzed cracking of n-octane requires 
more robust reaction conditions to achieve measurable 
conversions within a reasonable period of time. 

EXPERIMENTAL 

Starting Materials 

TBA (99% pure) was supplied by EM Science and 
n-octane (99+% pure) by Aldrich Chemical Company. 
A mass spectrum of the starting nCg showed that it 
contained two isomers of Cg as impurities. Gas chro-
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Figure 1. Reaction train. The vertical arrow marks the position of an additional sparger for reactions between octane and 
liquid components. 

matograms demonstrated that these impurities did not 
exceed about 0.5%. 

Ca montmorillonite from Texas (CMS Standard) 
was the parent clay used for all the experiments. 

Condensates were obtained by the method previ­
ously described (Heller-Kallai et al. 1988), that is by 
heating the clay to 500°C in a quartz reactor and con­
densing the vapor phase material evolved in an ice­
cooled vessel. 

Extracts were prepared by stirring the clay with dis­
tilled water (clay: water ratio 1: 10) continuously for 
10 d at room temperature. The slurry was centrifuged 
for 80 rnin at 12,000 rpm followed by 60 rnin at 
18,000 rpm. The supematant suspension was filtered 
and used for the experiments. 

Both condensate and extract contained particulate 
matter that could not be separated by prolonged high­
speed centrifuging, even with an ultracentrifuge. Com­
plete separation of the solid from the liquid phase was 
achieved by a distillation process. The suspensions 
were placed into glass reactors at 85°C, a stream of 
high purity nitrogen was bubbled through and the 
emerging gases were condensed in an ice-cooled re­
ceiver. 

Elemental Analysis 

The elemental composition of dried aliquots of the 
total condensate and extract and of the respective dis­
tillates was determined by microprobe analysis 
(EMPA), using a Jeol JXA 8600 electron rnicroprobe 
in both energy (EDS) and wavelength (WDS) disper­
sive modes. 

Reactions Between Organic Matter and Solid or 
Liquid Components 

A schematic drawing of the reaction train is shown 
in Figure 1. High purity nitrogen was used as a carrier 
gas. Residence time of the reactant was controlled by 
the carrier gas flow rate. The vapor phase concentra­
tion of the reactant in the carrier gas is deterrnined by 
its partial pressure at the temperature of the sparger, 
which can be calculated using the Antoine equation. 

The sparger containing the organic matter was 
maintained at room temperature. The reactions with 

TBA were perforrned at 85°C, with either solid or 
liquid reagent within the fumace. Reactions with oc­
tane demanded higher temperatures, 250-300 oe. This 
required insertion of an additional sparger for reactions 
with the liquid components (Figure 1), which was kept 
at 85°C. The carrier gas transferred both reagent and 
reactant into the empty fumace maintained at 250-300 
oe. Solid or liquid components derived from 4 rnl of 
condensate or extract were used for each experiment. 

A Varian Model 3700 GC equipped with a bonded 
dimethylpolysiloxane capillary column, a flame ion­
ization detector and agas sampling valve were used 
for on-line analysis. The transfer line to the GC was 
heat traced at 80 to 90°C to prevent condensation. 
Occasionally gas sampies were collected from the re­
actor with a gas-tight syringe and injected directly into 
the GC, to obtain larger sampies or to check for im­
purities. 

RESULTS 

The Solid and Liquid Components of the Clay 
Condensate and Extract 

Light scattering experiments gave a mean effective 
diameter of about 115 nm for the particles suspended 
in the extract. The condensate contained some larger 
aggregates, which precluded measurement of particle 
size by the Tyndal effect. The freshly prepared distil­
lates were completely clear and showed no light scat­
tering when illurninated by a laser beam. The pH of 
distillate derived from the condensate was 3.5, that 
from the extract 5.0. 

Microprobe analysis of dried aliquots of the distil­
lates obtained from both condensate and extract con­
tained Na, Ca, Sand Cl. Some K was found in the 
extract distillate. For both distillates rninor amounts of 
Si were detected by WDS, merely as a small increase 
above background response. 

The condensate solids, 0.56 mg/mI condensate, 
were largely composed of silica with some Al, Mg and 
Fe substitution. The chernical composition of most of 
the particles dispersed in the extract, 1.8 mg/mI ex­
tract, was sirnilar to that of the original clay. 
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Table 1. Tertiary butyl acetate decomposition catalyzed by 
the parent clay, the clay extract and condensate solids and an 
Al clay. Reaction conditions: vapor phase TBA concentration 
= 2 X 10- 4 gm/cc; reaction period ,. = 6 X 10-2 h; T 
85 oe. 

Extract Condensate 
Catalyst Ca clay solids solids Al clay 

Wt. catalyst (mg) 2.2 7.6 2.2 2.1 
% Conversion 

(observed) 1.7 <1.3 5.3 19.2 
% Conversion 

(per mg catalyst) 0 .8 < 0.2 2.4 9.1 

Decomposition of TBA 

The decomposition of TBA to isobutylene and ace­
tic acid is acid catalyzed. It proceeds according to 
Equation [1]: 

(CH3)3COCOCH3:;:= CH2 ==C(CH3)2 + CH3COOH 
(Fieser and Fieser 1944) [1] 

By removing the products on the right side of the 
equation, as in our experiments, the reaction becomes 
essentially irreversible and its extent can be used to 
assay the activity of the catalyst, using standard GC 
technique (Goldstein 1983; Johns and McKallip 1989). 

Under identical reaction conditions, the relative con­
version of TBA catalyzed by the original Ca mont­
morillonite and the solids separated from the conden­
sate and extract is shown in Table 1. For comparison, 
the relative conversion of TBA catalyzed by an Al 
montmorillonite, which is an effective catalyst for this 
reaction (Golds tein 1983), is also included. Under the 
same conditions, but with the liquid components of 
either condensate or extract in the reactor, no decom­
position of TBA was detected. For control experi­
ments, using either an empty or a quartz filled reactor, 
TBA did not undergo decomposition under the reac­
tion conditions given in Table 1. This result is consis­
tent with previous work demonstrating that non-acidic 
materials such as quartz or calcium carbonate do not 
act as catalysts for TBA decomposition under our re­
action conditions (Goldstein 1983). When a dilute 
aqueous acid, for example 0.6 N HCI, was used as the 
catalyst, ester hydrolysis was the major reaction and 
the products were chiefty tertiary butanol and acetic 
acid. 

Cracking of Octane 

Clay condensates were previously shown to induce 
cracking of long-chain hydrocarbons (Heller-Kallai et 
al. 1989; Miloslavski et al. 1991). The present exper­
iments were designed to compare the acti vity of the 
solid and liquid components of these condensates and 
of clay extracts with the parent clay. To facilitate anal­
ysis in a dynamic system, a shorter-chain hydrocarbon 
(Cs) was chosen. 
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Figure 2 . Typical gas chromatogram of reaction mixture ob­
tained from clay catalyzed octane cracking. 

At a temperature of 250°C even the least reactive 
of the three solids caused measurable conversion. Re­
action to cracked products increased with increasing 
temperature andlor increasing residence time. Octane 
cracking was not observed during control experiments 
using either empty or quartz filled reactors under iden­
tical reaction conditions. This finding is consistent 
with published data (Greensfelder 1955). 

Figure 2 shows a typical chromatogram of octane 
and its reaction products. Representative results ob­
tained with the solid catalysts under identical re action 
conditions are shown in Table 2. With time on-stream 
the conversion slowly decreased, as the catalysts be­
came poisoned. The initially white solids darkened 

Table 2. n-Octane eraeking catalyzed by the parent clay and 
the clay extract and eondensate solids. Reaction eonditions: 
vapor phase n-oetane concentration = 7 X 10- 6 gm/cc; re­
aetion period ,. = 2.5 X 10- 1 h; T = 300°e. 

Extract Condensate 
Calalyst Ca day solids solids 

Wt. eatalyst (mg) 30 7 .6 2.2 
% Conversion 

(observed) 1.1 0 .5 0.2 
% Conversion 

(per mg catalyst) 0.04 0 .07 0 .1 
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progressively as coke was deposited. The cracked 
products are highly isomerized (Figure 2) indicative of 
acid catalyzed cracking (Greensfelder 1955; Corma 
and Wojciechowski 1985). 

Reactions at 250°C with aqueous liquids (the dis­
tillates) as potential catalysts in a flow system at at­
mospheric pressure necessitated some modification of 
the reaction train, as indicated in Figure 1. Under the 
conditions of these experiments, with reactor temper­
atures up to 300 °C, no cracking was detected. 

DISCUSSION 

The results show that the solid components derived 
from the clay condensate and from the extract act as 
true catalysts far the two reactions studied, whereas 
under the prevalent experimental conditions the liquid 
components did not catalyze these reactions. The rel­
ative activity of catalysts for mediating TBA decom­
position is indicative of their ability to promote other 
acid catalyzed reactions (Goldstein 1983). For the two 
series of experiments, the efficiency of the solid from 
condensate significantly exceeded that of equal 
weights of either the parent clay or the solid from ex­
tract. The activity of these two solids was low, which 
reduced the accuracy of the results. It appears that 
their efficiency is similar, within the limits of the ex­
perimental errors. These observations imply that the 
octane cracking was, at least in part, acid catalyzed, 
an inference also supported by the distribution of the 
isomerized cracked products. It is noteworthy that for 
previous experiments with long-chain hydrocarbons 
(C 19 and C24) and clay condensates (the aqueous sus­
pensions) as catalysts, the dominant cracked products 
above C7 were straight-chain hydrocarbons, although 
branched-chain ones were also present. In the lighter 
fraction branched-chain hydrocarbons were much 
more abundant (Miloslavski et al. 1991). This puzzling 
result requires further investigation. 

Previous work demonstrated that the original con­
densate, which comprises both the aqueous phase and 
the solids, was catalytically active (Heller-Kallai et al. 
1989; Miloslavski et al. 1991) as were volatiles and 
condensates derived from other clays. The present 
study suggests that the reactivity largely resides in the 
finely dispersed solid particles, which are mostly com­
posed of amorphous silica substituted by Al and other 
cations. This material was either present within the 
original sampIe and was carried over with the evolved 
gases, or was derived from the parent clay within the 
course of evolution of the gases. Per unit weight it is 
a more effective acid catalyst than the parent clay. 

The chemical composition of the extract solids re­
sembles that of the parent clay. In view of the small 
particle size of the suspended matter (mean diameter 
115 nm) these solids rnight be expected to be appre-

. ciably more reactive than the parent clay, both due to 
their larger surface area and the greater accessibility 

of the clay interlayers. In fact, their reactivity does not 
differ substantially from that of the clay. This may, 
perhaps, be due to the inhibiting effect of thin surface 
coatings, which would escape detection by EMPA. 

Implications for Geochemical Processes 

It was already evident from previous work that cat­
alytically active material can be mobilized from clay­
containing formations. Moreover, this activity was ob­
served within an aqueous medium and was known to 
be preserved in the finely divided solids, which are 
present in clay volatiles and in the corresponding con­
densates (Heller-Kallai et al. 1989; Miloslavski et al. 
1991). The present study suggests that the acid cata­
lytic activity resides mainly in these solids. Similarly, 
in extracts obtained by exhaustive water washing of 
the clays it is the colloidally dispersed solid particles 
that are the catalytically active components. 

For surface sediments the extractive process is ex­
pected to be more important, whereas at depth, cata­
lytically reactive material may be produced by both 
processes, volatilization and extraction. Once formed, 
the highly dispersed catalyst is easily transported, ei­
ther alone or with other formation fluids and can op­
erate in places removed in space and time from the 
source material. In addition, since condensates can at­
tack carbonates (Heller-Kallai et al. 1987; Heller-Kal­
lai and Miloslavski 1992) and perhaps also silicates 
they are capable of altering rock porosity, thus opening 
new pathways for fluid transport. 

The finding that finely divided, easily transportable 
catalysts can be derived from clays refutes the objec­
tions previously raised to a possible solid-solid inter­
action between organics, particularly kerogen, and 
bulk clay, due to their limited contact. Moreover, al­
though the presence of water will reduce the rate 
(Goldstein 1983), the catalytic reactions are not com­
pletely inhibited by an aqueous medium. Clay conden­
sates and extracts may therefore play an important role 
in the alteration, maturation and transport of organic 
matter in nature. 
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