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Abstract In this study, the effects of four types of clay

minerals on the thermal decomposition of 12-aminolauric

acid (ALA) were investigated. The decomposition temper-

ature of ALA in ALA–clay complexes was in the range of

200–500 �C. The derivative thermogravimetry results indi-

cated that all clay minerals exhibited catalytic activity on the

decomposition of ALA. Pure ALA decomposed at approxi-

mately 464 �C, a temperature higher than the decomposition

temperature of ALA in the presence of clay minerals. The

decomposition temperature of ALA in different ALA–clay

complexes follows the order illite (452 �C) [ kaolinite

(419 �C) [ rectorite (417 �C) [ montmorillonite (400 �C).

This order is negatively correlated with the amounts of solid

acid sites in the clay minerals, indicating that ALA is cata-

lyzed by the solid acid sites in these minerals.

Keywords 12-aminolauric acid �Thermal decomposition �
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Introduction

It is widely accepted that the process of petroleum formation

is catalyzed by clay minerals. Simulation experiments have

been conducted using mixtures of clay minerals and natural

organics such as kerogen and bitumen to explore how clay

minerals affect hydrocarbon generation in natural processes

[1–5]. Nevertheless, due to the diversity and complexity of

the chemical composition of kerogen and bitumen, the

results obtained from these studies are not applicable to the

investigation of the catalysis site and the corresponding

catalysis mechanism related to clay minerals.

To conduct a thorough study of clay geocatalysis in

hydrocarbon formation, high purity and structurally simple

synthetic organics, representative of the typical organics in

source rock were selected as model compounds. These

compounds were mixed with clay minerals to simulate the

transformation of organic matter into gas and oil [6–12].

The conversion of naturally occurring fatty acids to par-

affins is considered an important reaction in petroleum

genesis. Thus, fatty acids are commonly used in simulation

studies. Previous investigators found that clay minerals

promoted the decarboxylation of long straight-chain fatty

acids to form long-chain alkanes and that the clay minerals

exhibited a strong effect on the subsequent cracking of

these alkanes [6, 10, 11, 13]. Organic compounds con-

taining nitrogen are also typically found in low-rank coals,

oil shales, and immature kerogens [14–16]. The discovery

of porphyrin, a nitrogen-containing organic in petroleum,

was one of the first indicators of the organic origin of

petroleum [17]. In addition, Williams and Ferrell [18]

demonstrated that a large amount of N is released in the

form of NH4
? and NH3 during the rapid degradation of

kerogen. Despite the close relationship between N-related

organics and petroleum’s origin and maturity, few
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simulation experiments have been performed using nitro-

gen-containing organics as model compounds.

Goldstein stated that several model reactions involved in

oil formation were difficult to perform in the laboratory

using purely thermal processes, even at high temperatures,

in the absence of catalysts. However, these reactions could

occur under mild conditions (lower temperature and shorter

reaction time) in the presence of solid acid catalysts, such

as clay minerals and silica–alumina [7]. In these types of

catalytic reactions, the change in thermal decomposition

temperature is an effective indicator of catalytic activity.

In this study, the thermal behaviors of nitrogen-containing

organics were studied in the presence of clay minerals using

a thermogravimetry (TG) instrument. TG is the most com-

monly used thermal analysis technique in soil science [19],

especially in clay mineralogy [20, 21]. The decomposition

temperatures of samples can be directly obtained from the

TG and derivative TG (DTG) curves. 12-aminolauric acid

(ALA; NH2(CH2)11COOH) was selected as the model

organic compound. ALA contains amino and carboxyl

groups and alkyl chains with moderate numbers of carbon

atoms. These groups are common in natural organics, as

mentioned above, and are thus suitable for use in simulation

experiments. Four types of clay minerals—montmorillonite

(Mt), rectorite (Rt), kaolinite (Kt), and illite (Ilt) which are

ubiquitous in source rock, were mixed with ALA in order to

investigate the effect of clay minerals on the thermal

decomposition of ALA. To better understand the possible

reaction mechanism, the amount of solid acid sites in the clay

minerals used in this study was also determined.

Experimental

Materials and methods

Montmorillonite (denoted as Mt, obtained from Inner

Mongolia, China), rectorite (Rt, obtained from Zhongxiang,

China), kaolinite (Kt, obtained from Maoming, China), and

illite (Ilt, obtained from Lingshou, China) were used in this

study. ALA of 98 % purity was supplied by the Tokyo

Chemical Industry Co., Ltd., and was used as received.

To facilitate complete contact between the clay minerals

and the ALA, 10 g of a clay mineral and 2.5 g of ALA

were mixed and ground by ball milling for 20 min using a

Pulverisette-6 Planetary Mill. These ALA–clay complexes

were denoted as ALA–Mt, ALA–Rt, ALA–Kt, and ALA–

Ilt according to the type of clay mineral used.

X-ray diffraction characterization

The X-ray diffraction (XRD) patterns of the samples were

recorded between 1� and 80� at a scan rate of 3� (2h) min-1

using a Bruker D8 Advance diffractometer with a Ni filter

and Cu Ka radiation (40 kV and 40 mA).

Thermal analysis

The TG analysis of the samples was performed on a

Netzsch 449C instrument. Approximately 20 mg of finely

powdered samples was heated from 30 to 1,000 �C at a

heating rate of 10 �C min-1 under high purity N2 atmo-

sphere (60 cm3 min-1).

Solid acidity measurements

n-Butylamine titration using Hammett indicators was

performed to determine the amounts of inherent solid

acid sites in the clay minerals [22]. Approximately 0.1 g of

mineral powder was dispersed in 2 mL of dry petroleum

ether in a series of capped glass bottles, and different

volumes of n-butylamine were then added. The volume of

n-butylamine (V, mL) was calculated using the following

equation: V = NM/C, where M is the mass of the sample

(*0.1 g), N is the titer of the sample (mmol g-1), and C is

the concentration of the n-butylamine (mmol mL-1).

The mixture was then ultrasonically stirred for 30 min to

achieve adsorption equilibrium. The dispersion was then

distributed into several test tubes. The change in color of

methyl red (a type of Hammett indicator, pKa = 4.8) in each

test tube was observed. All chemicals and reagents used in

this study were of analytic grade and were used as received.

Results and discussion

X-ray diffraction

Figure 1 depicts the XRD patterns of Mt, Rt, Ilt, and Kt.

The basal spacing of Mt is 1.47 nm (Fig. 1a). The 110

reflection corresponding to 0.45 nm is also observed. The

001 and 002 reflections of Rt appear as sharp and well-

defined peaks, which can be clearly identified at 2.39 and

1.22 nm, respectively (Fig. 1b). Ilt exhibits a series of

well-defined 00l reflections, indicative of the highly

ordered structure of Ilt (Fig. 1c). Kt has a basal spacing of

0.71 nm (Fig. 1d). XRD results of ALA–clay complexes

indicate that the intercalation only occurred on Rt, rather

than Mt, Ilt, and Kt during the sample preparation, based

on the d values (see Supplementary Information Fig. S1).

Thermal analysis

The TG and corresponding DTG results for the clay min-

erals are shown in Fig. 2. Mt and Rt exhibit similar thermal

decomposition behaviors (Fig. 2a, b) with two degradation
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steps. In the first step (below 200 �C), free (absorbed)

water and interlayer water residing between the Mt and Rt

layers is released [23]. The mass losses in this region for

Mt and Rt are 7.47 and 6.31 %, respectively. Dehydroxy-

lation occurs within the temperature range of 500–700 �C,

where a broad DTG peak is resolved at 633 �C for Mt

and at 593 �C for Rt. A small mass loss of approximately

2.07 % is observed for Kt below 400 �C (Fig. 2c).

According to the literature, this loss is assigned to the

elimination of adsorbed water molecules on the external

surfaces of the Kt particles [24]. The most important

thermal events for Kt occur between 400 and 700 �C with a

well resolved DTG peak at 517 �C that is related to the

dehydroxylation of Kt and the formation of meta-kaoline

[25, 26]. In contrast to the aforementioned clay minerals,

Ilt exhibits a distinct thermal behavior. As noted in Fig. 2d,

no mass loss is observed until 600 �C, indicating that

neither adsorbed nor interlayer water is present in the Ilt.

The dehydroxylation of Ilt occurs at a higher temperature

(709 �C). The broad DTG peak at approximately

800–900 �C corresponds to the matrix destruction of the

silicate lattice [27].

The thermal decomposition of pure ALA can be separated

into two steps. A small mass loss is observed over the range

of 200–300 �C with a small DTG peak at 214 �C (Fig. 3a).

The major thermal event of pure ALA occurs within the

range of 400–500 �C resulting in a sharp DTG peak at

464 �C. Considering the possible effect of milling treatment

on the thermal stability of ALA, the thermal behavior of

milled ALA was also studied. After milling, only a slight

decrease in the decomposition temperature of ALA

(approximately 8 �C) is observed (Fig. 3b) indicating that

milling has little effect on the thermal stability of ALA.

ALA–clay complexes exhibit thermal degradation

characteristics that are a combination of those of pure ALA

and the original clay minerals. For both ALA–Mt and

ALA–Rt, the initial mass loss below 200 �C is attributed to

the release of adsorbed water and interlayer water

(Fig. 4a). Lower temperatures of dehydration, as defined

by the DTG peaks, are observed for these two ALA–clay

complexes relative to those of the original minerals

(Fig. 4b). As observed for ALA (Fig. 3b), milling treat-

ment may also slightly decrease the thermal stability of

clay minerals. The most distinct difference between the

original minerals and their organic-mixed products is in the

temperature range of 200–500 �C, where ALA decom-

posed. The maximum mass loss rate for ALA–Mt occurs at

400 �C which is dramatically lower than the corresponding

temperature for pure ALA (464 �C). ALA–Rt and ALA–Kt

exhibit well-defined DTG peaks at 417 and 419 �C,

respectively. For ALA–Ilt, the maximum mass loss rate of

ALA occurs at 452 �C. Thus, no obvious effect is observed

on the thermal decomposition of ALA when Ilt is added.

The lower decomposition temperature of ALA in the

presence of these clay minerals indicates that the clays used

in this study accelerate the breakdown of ALA. Moreover,

the small DTG peaks at approximately 220 and 450 �C

(Fig. 4b) are assigned to a small amount of ALA that is

unaffected by the clay minerals and decompose spontane-

ously. Within the temperature range of 500–1,000 �C,

1400 1.47 nm

0.45 nm

1.00 nm

Q

Q

0.50 nm

IIt

Q:Quartz
A: Albite

0.20 nmA

0.26 nm
Q:Quartz

Mt

0.15 nm

1.22 nm

2.39 nm

0.49 nm

0.71 nm

0.36 nm

0.
44

 n
m

0.23 nm
Q:Quartz

0.15 nm

Kt

Q

0.31 nm
Q

Rt

Q:Quartz

Q

1200

1000

800

In
te

ns
ity

2θ/°

600

400

200

0

3500

3000

2500

2000

1500

1000

500

0

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80 10

0

200

400

600

800

1000

1200

1400

1600

20 30 40 50 60 70 80

10

0

200

400

600

800

1000

1200

20 30 40 50 60 70 80

In
te

ns
ity

In
te

ns
ity

In
te

ns
ity

2θ/°

2θ/°2θ/°

a b

c d

Fig. 1 XRD patterns of the clay

minerals used in this study
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the DTG peaks corresponding to the dehydroxylation of the

original clay minerals disappear, except that for ALA–Kt

(526 �C). The amount of ALA in the ALA–clay complexes

is equal to 25 % of the clay minerals by mass. This value is

far greater than the percentage of hydroxyl groups in Mt,

Rt, and Ilt (Table 1). Thus, for ALA–clay complexes

(except ALA–Kt), the dehydroxylation for clay minerals is

negligible compared to the significant weight loss due to

ALA decomposition.

As measured by n-butylamine titration, the total amount

of acid sites in Mt, Rt, Kt, and Ilt are 0.80, 0.25, 0.06, and

0.03 mmol g-1, respectively. Many studies have focused

on the solid acidity of clay minerals. The sources of the

solid acid sites in the different types of clay minerals are

similar due to their similar structures. The Brønsted acidity,

defined as the proton-donating capability, of Mt primarily

results from the polarization of interlayer water molecules

by the interlayer hydrated cations [28–30], whereas the

Lewis acidity (ability of being an electron pair acceptor)

generally arises from the exposed Al3? and Fe3? ions at the

edge of the Mt crystallites [31, 32]. The TG data for Ilt

indicate the absence of interlayer water, which implies that

no solid acid sites exist within this interlayer space. Thus,

the trace amount of acid sites obtained in this study for Ilt

may be related to Lewis acid sites on its external surface.

Rt is usually composed of 1:1 regular interstratification of

Ilt and Mt lamellars. Because the solid acidity of Ilt com-

ponent is weak, the main source of the solid acid sites of Rt
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is the Mt component, which can explain why Rt has a much

lower acid amount than an equal weight of Mt. In the study

of Benesi [22], Kt exhibited a higher acid strength than Mt.

However, the amount of acid sites of Kt is approximately

one order of magnitude lower than that of Mt in our study.

Kt does not contain either interlayer cations or naturally

intercalated water. The small quantity of acid sites in Kt

results from the coordinately unsaturated Al3? ions at the

edges of its external surface.

As described above, clay minerals induce the catalytic

decomposition of ALA, which decreases the decomposi-

tion temperature of the ALA in ALA–clay complexes.

The ALA decomposition temperatures in these complexes

decrease in the following order: ALA–Ilt [ ALA–

Kt [ ALA–Rt [ ALA–Mt. Obviously, there is a negative

correlation between the decomposition temperature and the

amount of solid acid sites, which indicates the catalytic

activity of clay minerals is primarily determined by the

solid acidity. It is interesting that the main decomposition

temperatures of ALA in ALA–Kt and ALA–Rt are nearly

equal, even though the acid amount of Kt is only one

quarter that of Rt. As mentioned above, Kt starts to

dehydroxylate at 400 �C and to transform into meta-Kt.

Rong and Xiao [33] noted that at a certain calcination

temperature (460 �C in their article), some of the hydroxyls

in Kt may break off to produce Brønsted acid sites, and the

four- or five-coordinate aluminum cations, formed in the

process of Kt transformation, act as Lewis acid sites. Other

authors have reported similar conclusions, as summarized

by Heller-Kallai [34].

The present results are comparable to the previous obser-

vation conducted on kerogen and fatty acids. Wei et al. [5]

found that Mt has a significant catalytic effect on the pyrolysis

of kerogen, that Kt is a less active catalyst, and that Ilt exhibits

no effect. Other investigators obtained the following conclu-

sions from their studies on fatty acids: in the transformation of

fatty acids to lighter hydrocarbons, decarboxylation and C–C

cleavage are the most important reactions. The former reac-

tion is significantly promoted in the presence of clay minerals,

and the related catalytic activity is ascribed to the Lewis acid

sites [35]; the latter reaction is initiated by the Brønsted acid

sites of clay minerals via the carbocation mechanism [36].

Because ALA has a structure similar to that of fatty acids, such

a proposal may also be applicable to ALA–clay complexes. It

is still unclear whether clay minerals have an effect on the

decomposition of the amino group in ALA during heating and

how the effect works. This research is underway and will be

reported in a future publication.

Conclusions

This study investigated the effects of clay minerals on the

thermal decomposition of ALA. The presence of clay

minerals promoted the catalytic degradation of ALA,

resulting in a lower decomposition temperature of ALA.

There was a negative correlation between the amount of

solid acid sites in the clay minerals and the decomposition

temperature of the ALA in the ALA–clay complexes. The

amounts of acid sites of clay minerals used in this study

decreased as follows: Mt [ Rt [ Kt [ Ilt. Mt exhibited the

strongest catalytic activity, with the decomposition tem-

perature of ALA falling to 400 �C which is 64 �C lower

than that of pure ALA. Rt and Kt exhibited weaker cata-

lytic activities than Mt but are similar to each other,

whereas Ilt had little effect on the thermal decomposition

of ALA.
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Table 1 TG results for the dehydroxylation of the clay minerals

Clay minerals Temperature range/�C Mass loss/%

Mt 500–700 3.40

Rt 500–700 3.58

Ilt 500–800 1.67

Kt 400–700 12.82
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