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Structure of intercalated organic montmorillonite 
and its pyrolysis properties analyzed using the 
Agrawal integral equation

Abstract: We prepared intercalated organic montmoril-
lonite (OMMT) from a pristine MMT and long-alkyl-chain 
quaternary ammonium salts (LACQAS). X-ray diffrac-
tion, Fourier transform infrared spectroscopy, scanning 
electron microscopy, and thermogravimetric analyses 
revealed that the amount, carbon atoms, and alkyl chains 
of LACQAS influenced the large value of d(001) of OMMT sig-
nificantly. The d(001) stabilized at 100–150 mmol·(100 g)-1  
of LACQAS/MMT. The single LACQAS cations arranged in 
the form of a lateral layer or half-paraffin-type molecu-
lar structure between MMT layers, whereas the dual and 
triple LACQAS cations arranged in the form of a paraf-
fin-type molecular structure. The pyrolysis temperature 
and maximum pyrolysis rate of OMMT increased greatly 
compared with those of MMT. The thermal weight loss of 
MMT was caused by the removed absorbed and structural 
water, whereas that of OMMT was by the pyrolysis of LAC-
QAS. With the help of the Agrawal integral equation, the 
pyrolysis kinetics of MMT and OMMT were obtained using 
a trial-and-error method.
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1  Introduction

As a natural nanomineral, montmorillonite (MMT) is cheap 
and easily accessible. Its crystal structure is a 2:1-type 
layered silicate formed by an aluminum (or magnesium) 
octahedral layer inserted into two silicon oxygen tetrahe-
dron layers. MMT has shown good expansion, dispersion, 
and absorption properties, and also can be made into mud, 
activated, organized, and modified easily. Moreover, the 
application fields of MMT have broadened greatly since the 
emergence of organic MMT (OMMT). Now, MMT and OMMT 
have been used in medicine and health, food, cosmetics, 
paint, printing ink, coating, building materials, metallurgy, 
petroleum well drilling, and other applications [1–10].

In our previous works, we obtained intercalated 
OMMT and applied it into the emulsion polymerization of 
polyvinyl acetate successfully [11–18]. In addition, we also 
used a polyhedral oligomeric silsesquioxane surfactant 
and Huisgen [2+3] cycloaddition (click chemistry) to exfo-
liate MMT into single layers and sheets of nanoparticles 
[19], and applied them into polybenzoxazine to improve 
the mechanical properties, thermal properties, and 
surface hydrophobicity [20, 21]. To continue expanding the 
application of MMT in polymers or polymeric composites 
and perform a systematic study on this topic, we prepared 
intercalated OMMT from a pristine MMT and different 
long-alkyl-chain quaternary ammonium salts (LACQAS). 
The preparation process was simplified without any ultra-
sonic dispersing, titrating, or vacuum drying. The struc-
ture and pyrolysis properties of the obtained OMMT were 
studied using X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), scanning electron micros-
copy (SEM), and thermogravimetric analysis (TGA).

2  Materials and methods

2.1  Samples

Five hundred milliliters of water and 10 g of MMT were 
mixed together for 5  h with strong stirring. When the 
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mixture had become a suspension liquid, the temperature 
was increased to 70–80°C. A certain amount of LACQAS 
was dissolved in the mixture of water and hydrochloric 
acid, and then they were added into the suspension liquid 
and allowed to stand for 0.5–1 h. After strong stirring for 
2–3 h, the colloid of OMMT was prepared. After washing, 
filtering, drying, and grinding, the solid, powdery OMMT 
composited with MMT (Zhejiang Fenghong New Mate-
rial Co., LTD, Hangzhou, China) and different LACQAS 
was obtained. Here, LACQAS included dodecyl trime-
thyl ammonium bromide (DTAB), tetradecyl trimethyl 
ammonium bromide (TTAB), cetyl trimethyl ammonium 
bromide (CTAB), octadecyl trimethyl ammonium bromide 
(STAB), octadecyl trimethyl ammonium chloride (STAC), 
dioctadecyl dimethyl ammonium bromide (DOAB), and 
trioctadecyl methyl ammonium bromide (TOAB), all from 
Sigma-Aldrich (St. Louis, MO,USA).

2.2  Characterization

XRD data were collected using a DX-2000 wiggler beam 
line (Dandong Fangyuan, Dandong, China). A triangular 
bent Si (111) single crystal was employed to obtain a mono-
chromated beam having a wavelength (λ) of 1.54184 Å. The 
value of d(001) was calculated using Bragg’s law, λ = 2dsinθ, 
where λ is the wavelength of the X-rays, d is the distance 
between two MMT layers, and θ is the diffraction angle. 
The FTIR spectra of the sample pellets were recorded using 
a NICOLET 380 FTIR spectrophotometer (Thermal Scien-
tific, Waltham, MA, USA) and the conventional KBr disk 
method; 32 scans were collected at a spectral resolution of 
1 cm-1; the pellets used in this study were sufficiently thin 
to obey the Beer-Lambert law. SEM images were recorded 
using a Quanta 200 scanning electron microscope (FEI, 
Hillsboro, OR, USA) operated at an accelerating voltage 
of 200 kV. The thermal stabilities of the samples were 
measured using a TGA 92 thermogravimetric analyzer 

(SETARAM, Caluire, France) operated under a pure N2 
atmosphere. The sample (ca. 7 mg) was placed in a Pt cell 
and heated at a rate of 10°C·min-1 from 25°C to 750°C under 
a N2 flow rate of 60 ml·min-1. The thermal weight loss (C, %) 
was calculated as follows: C = (mi-mf)/mi × 100%, where mi 
is the weight at onset temperature and mf is the weight at 
offset temperature. The organic content (O, %) of samples 
was calculated with the formula O = (m1-m2)/m1 × 100%, 
where m1 is the weight of solid samples dried for 2  h at 
120°C and m2 is the weight of solid samples fired for 4 h 
at 400°C.

3  Results and discussion

3.1  Structure

As Table 1 shows, the d(001) increased with increasing STAB, 
suggesting the OMMT activated by STAB was an interca-
lated nanocomposite. Besides the temperature, stirring, 
time, etc., the intercalation is related closely to the cation 
exchange capacity (CEC) of MMT. The CEC is 90 mmol· 
(100 g)-1 for the used MMT in this study. That is, 90 mmol 
of LACQAS can react completely with 100 g of MMT under 
ideal conditions, and their cations can intercalate into 
MMT layers fully without any being wasted or becoming 
residue. However, this cannot be achieved in a real study; 
thus, increasing the amount of LACQAS to improve the 
intercalation is always conducted. When STAB was  < 90 
mmol·(100 g)-1 of MMT, the cations exchanged strongly 
with the metal cations (K+, Na+, Ca2+, Mg2+, Fe2+, etc.) 
between MMT layers. As Table 1 shows, the d(001) increased 
from 1.263 to 1.912 nm in the range of 0–90 mmol·(100 g)-1 
of STAB/MMT. The increment of d(001) was small because 
the MMT layers were distracted to a limited extent owing to 
the limited amount of STAB. This case was changed totally 
when STAB was   ≥  90 mmol·(100 g)-1 of MMT because of the 

Table 1 MMT layers influenced by the amount of STAB.

STAB/MMT 
[mmol·(100 g)-1]

  θ (°)  d(001) 
(nm)

  d0 
(nm)

  α (°)  STAB/MMT 
[mmol·(100 g)-1]

  θ (°)  d(001) 
(nm)

  d0 
(nm)

  α (°)

0  3.50  1.263  0.303  –  130  2.13  2.074  1.114  24.11–25.09
50  3.11  1.421  0.461  9.73–10.11  140  2.11  2.094  1.134  24.57–25.57
60  2.92  1.513  0.553  11.70–12.15  150  2.09  2.114  1.154  25.04–26.06
70  2.70  1.636  0.676  14.35–14.91  160  2.11  2.094  1.134  24.57–25.57
80  2.48  1.782  0.822  17.54–18.23  170  2.12  2.084  1.124  24.34–25.33
90  2.31  1.912  0.952  20.43–21.25  180  2.14  2.065  1.105  23.90–24.87

100  2.13  2.074  1.114  24.11–25.09  190  2.15  2.055  1.095  23.67–24.63
110  2.15  2.055  1.095  23.67–24.63  200  2.15  2.055  1.095  23.67–24.63
120  2.14  2.065  1.105  23.90–24.87         
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sufficient amount of STAB and the strong exchange capa-
bility of cations. The cations filled into the gaps and were 
absorbed to the skeletons of the MMT layers. They even 
exchanged with the Fe3+, Al3+, and Si4+ cations that were 
hardly substituted. As Table 1 shows, the d(001) changed 
from 2.055 to 2.114  nm in the range of 100–150 mmol· 
(100 g)-1 of STAB/MMT. Therefore, MMT layers were dis-
tracted greatly and fully; the d(001) of OMMT increased sig-
nificantly and stabilized at 100–150 mmol·(100 g)-1 of MMT. 
If the amount of STAB continued to increase, the d(001) 
changed slightly. In the range of 160–200 mmol·(100 g)-1 
of STAB/MMT, the d(001) varied between 2.055 and 2.094 nm 
(Table 1), which were not larger than those in the range 
of 100–150 mmol·(100 g)-1 of STAB/MMT. This is because 
STAB cations had exchanged with the metal cations in the 
MMT layers almost completely, and the excess or surplus 
STAB cations made use of every bit of space between the 
layers and became overlaid and stacked together. There-
fore, the amount of STAB was preferably up to 100–150 
mmol·(100 g)-1 of MMT in this study.

On the basis of the above description, the amount of 
150 mmol·(100 g)-1 of LACQAS/MMT was used in this study, 
and the OMMT was prepared from pristine MMT and dif-
ferent LACQAS. As Table 2 shows, the d(001) increased 
significantly. The OMMT activated by different LACQAS, 
including DTAB, TTAB, CTAB, STAB, STAC, DOAB, and 
TOAB, all were intercalated nanocomposites. The longer 
the alkyl chain, the greater the d(001). The d(001) increased 
as the alkyl chain length of LACQAS increased. As the 
alkyl chain length increased from DTAB to TTAB, CTAB, 
and STAB, the d(001) showed increasing values at 1.819, 
1.833, 1.973, and 2.114 nm, respectively (Table 2). LACQAS 
are cationic surfactants. Besides the physical absorption 
and distribution, the absorption caused by exchange-
able ions also often occurred as follows: Me-MMT+CH3
(CH2)mNX→MeX+CH3(CH2)mN-MMT, where Me is the metal 
cation, X is the halogen substituent, and m is the number 
of carbon atoms. The d(001) of OMMT activated by STAB and 
STAC were 2.114 and 2.094 nm, respectively, at 150 mmol· 

Table 2 MMT layers influenced by different LACQAS.

LACQAS  θ  
(°)

  d(001) 
(nm)

  d0 
(nm)

  LC 
(nm)

  L (nm)  α (°)

MMT   3.50  1.263  0.303  –  –  –
DTAB   2.43  1.819  0.859  1.668  1.868–1.968  25.88–27.38
TTAB   2.41  1.833  0.873  1.921  2.121–2.221  23.15–24.31
CTAB   2.24  1.973  1.013  2.174  2.374–2.474  24.17–25.26
STAB   2.09  2.114  1.154  2.427  2.627–2.727  25.04–26.06
STAC   2.11  2.094  1.134  2.427  2.627–2.727  24.57–25.57
DOAB   1.11  3.980  3.020  4.704  4.704  39.95
TOAB   1.08  4.090  3.130  4.704  4.704  41.71

(100 g)-1 of MMT, showing that the halogen substituent did 
not have any great effect on the layers.

d(001) is related closely to the arrangement of LACQAS 
cations between MMT layers. In the low-charge dense 
layered silicates, the LACQAS cations with short alkyl 
chains arrange in the form of a lateral layer and those 
with long alkyl chains in the form of dual lateral layers; 
in the high-charge dense layered silicates, the LACQAS 
cations arrange in the form of a paraffin-type molecular 
structure, a dual-paraffin-type molecular structure, and 
fake triple layers, etc. (Figure 1) [22–25]. LACQAS cations 
are absorbed between or onto MMT layers. For a cation, 
the end with positive charge points to the absorbed layer 
and the non-polar end deviates from the layer. The cation 
arranges between MMT layers and forms an intersection 
angle through this physical absorption effect. The rela-
tionship among the d(001), α, and L is d(001) = Lsinα+0.96 [26], 
where α is the intersection angle of a LACQAS cation to the 
layer and L is the length of a LACQAS cation.

d(001) is made up of d0 and 0.96  nm that follows 
d(001) = d0+0.96, where d0 is the actual distance between 
two MMT layers and 0.96 nm is the thickness of a single 
MMT layer. The d0 increased as d(001) increased (Tables 1 
and 2). The length of an alkyl chain (LC) is calculated by 
the Tanford equation, LC = 0.15+0.1265m [27], where m is 
the carbon atom number in an alkyl chain. The length of 
a LACQAS cation (L) can be calculated by L = LC+LG, where 
LG is the length of an ammonium ion in a LACQAS cation 
at 0.20–0.30 nm.

The arrangement of LACQAS cations between MMT 
layers is also related to the configuration of the nitrogen 
atom. As Figure 2 shows, the configuration is a tetrahe-
dron connected by alkyl chains or methyl at four vertexes. 
If the connected alkyl chains increase from 1 to 2, even to 3, 
the flexibility of the configuration decreases whereas the 
upright stability increases. Because of this specific con-
figuration and the bond angles of tetrahedron, the MMT 
layers were distracted and stretched. As Table 2 shows, the 
d(001) was 2.114, 3.980, and 4.090 nm for OMMT activated 
by STAB, DOAB, and TOAB, respectively. The increment of 
d(001) was 1.886 nm as the alkyl chains of LACQAS cations 
increase from 1 (STAB) to 2 (DOAB), but only 0.110  nm 
from 2 (DOAB) to 3 (TOAB). The arrangement of LACQAS 
cations between MMT layers was determined by d0, LC, LG, 
L, and α. DTAB, TTAB, CTAB, STAC, and STAB with single 
LACQAS cations arranged in the form of a lateral layer and 
a half-paraffin-type molecular structure, whereas DOAB 
and TOAB with dual and triple LACQAS cations arranged 
in the form of a paraffin-type molecular structure.

Figure 3 shows the FTIR spectra of STAB, DOAB, 
TOAB, MMT, and OMMT. The transmittance peaks near 
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3600–3370 cm-1 and 1640 cm-1 for the stretching vibration 
and bending vibration of -O-H in MMT and OMMT repre-
sented the absorbed water between layers and the crystal 
water in crystal lattices. The dual transmittance peaks 
near 2920–2840 cm-1 for the symmetrical and asymmetrical 
stretching vibration of -C-H in -CH3 and -CH2-, the trans-
mittance peaks near 1470–1480 cm-1 for the asymmetrical 
deformation vibration of -C-H in -C-CH3 and deformation 
vibration of -C-H in -CH2, and the transmittance peaks 
near 720  cm-1 for the rocking vibration of -C-H in -(CH2)z 
(z  ≥  4) combined together to show the entrance of LACQAS 
cations into the MMT layers. In the fingerprint region  < 1333 
cm-1, the FTIR spectra of MMT and OMMT were almost the 
same. They all displayed the characteristic transmittance 
peaks of MMT, such as asymmetrical stretching vibration 
of Si-O-Si near 1010 cm-1, stretching vibration of Al-O-H 
near 920 cm-1, stretching vibration of Fe-O-H near 890 cm-1, 
stretching vibration of Mg-O-H near 790 cm-1, etc., showing 
that the layered silicate skeleton did not change after 
the LACQAS cations exchanged with the metal cations 

CH3A B CCH3 CH3

CH3CH3 CH3

R R
R R

R

R

N+ N+
N+

Figure 2 Configuration of the nitrogen atom in LACQAS.
(A) Single alkyl chain, (B) dual alkyl chains, and (C) triple alkyl 
chains, where R = alkyl chain. Figure 3 FTIR spectra of MMT, STAB, DOAB, TOAB, and OMMT.

between MMT layers. It can be seen that the skeletons of 
MMT and OMMT were similar, but not the same. In addi-
tion, no chemical bond was found from the FTIR spectra, 
but only physical absorptions between MMT and LACQAS. 
The transmittance bands of MMT and LACQAS stacked 
with those of OMMT. Neither new transmittance bands 
formed, nor did existing transmittance bands disappear.

As Figure 4 shows, OMMT presented a different surface 
morphology compared with that of MMT. MMT was a 
regular, clustered, compact solid with crystal characteris-
tics; the surface was structured, flat, smooth, and with no 
crimping (Figure 4A). The surface of OMMT was changed 
totally after the intercalation of LACQAS. The OMMT 

0.96 nm MMT

A

D E F

B C

0.96 nm MMT

0.96 nm MMT

0.96 nm MMT

d0 d0

0.96 nm MMT

0.96 nm MMT

d0

Figure 1 Arrangement of LACQAS cations in MMT layers.
(A) Short alkyl chain, (B) intermediate alkyl chain, (C) long alkyl chain, (D) lateral layer, (E) half-paraffin-type molecular structure, and (F) 
paraffin-type molecular structure, where d0 is the actual distance between two MMT layers and 0.96 nm is the thickness of an MMT layer.
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activated by STAB seemed to be made up of folded or broken 
layers and loose flake-like aggregate overlaid or stacked 
with exfoliated layers (Figure 4B). The OMMT activated by 
DOAB (Figure 4C) and TOAB (Figure 4D) also seemed to be 
made up of exfoliated layers and loose sponge-like aggre-
gate overlaid or stacked with flocculated layers.

3.2  Pyrolysis properties

Figure 5 shows the TGA curves of MMT and OMMT. The 
pyrolysis was found to consist of three phases from the 
weight curves: phase 1, phase 2, and phase 3 (Figure 5 
and Table 3). The onset and offset temperatures of each 
phase were different. The surface physically absorbed 
water (H2Os) of MMT and OMMT was removed in 
phase 1. The weight loss rate curve of MMT presented 
a strong absorption valley. The valley temperature (Tv) 
and maximum pyrolysis rate (vv) were 82°C and 0.1225 
mg·min-1 respectively. In phase 3, the crystal lattices 
were broken. A water molecule was formed by two -OH 
and released from these crystal lattices. The structural 

water (-OH2) was removed. The absorbed water (H2Os) 
between MMT layers was removed in phase 2. Phase 2 of 
OMMT was relatively more complex than that of MMT. 
The intercalated LACQAS between MMT layers was pyro-
lyzed also in this phase. The weight loss rate curves 
of OMMT presented two strong absorption valleys in 
phase 2. The Tv and vv were both larger than those of 
MMT. The longer the alkyl chain of LACQAS, the higher 
the pyrolysis temperature. The Tv increased as the alkyl 
chain lengthened. As Figure 5 and Table 3 show, the Tv 
was 277°C, 327°C, and 349°C at the first strong absorp-
tion valley, and 390°C, 390°C, and 405°C at the second 
strong absorption valley, for OMMT activated by STAB, 
DOAB, and TOAB, respectively. Moreover, the higher the 
organic content in OMMT, the more the organic content 
was pyrolyzed at the valley temperature in a unit time. 
As Figure 5 and Table 3 show, the vv was 0.3583, 0.2854, 
and 0.3135 mg·min-1 at the first strong absorption valley, 
and 0.1776, 0.3911, and 0.4321 mg·min-1 at the second 
strong absorption valley, for OMMT activated by STAB, 
DOAB, and TOAB, respectively. It can be seen that the 
Tv and vv of OMMT both increased greatly compared 

Figure 4 Surface morphology of (A) MMT, (B) OMMT (STAB), (C) OMMT (DOAB), and (D) OMMT (TOAB).
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with those of MMT. The C of MMT was 10.10% caused 
by the loss of absorbed and structural water in phase 
1 to phase 3. The pyrolysis of OMMT mainly occurred 
in phase 2. The C was 46.37%, 53.20%, and 56.43% for 
OMMT activated by STAB, DOAB, and TOAB, caused by 
the pyrolysis of STAB, DOAB, and TOAB, respectively. 
The C coincided well with the O at 42.25%, 50.99%, and 

54.74% of OMMT activated by STAB, DOAB, and TOAB, 
respectively (Table 3).

Concerning the pyrolysis kinetics of OMMT, the mech-
anism function is expressed by
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Figure 5 TGA curves of (A) MMT, (B) OMMT (STAB), (C) OMMT (DOAB), and (D) OMMT (TOAB).

Table 3 Pyrolysis results of MMT and OMMT.

    T (°C)  Tv (°C)  vv (mg·min-1)  C (%)  O (%)  k (min-1)

MMT   Phase 1  25–105  82  0.1225  10.1  –  –
  Phase 2  105–700  –  –      –
  Phase 3  700–750  –  –      –

OMMT (STAB)   Phase 1  25–170  –  –  46.37  42.25  –
  Phase 2  170–510  277–390  0.3583–0.1776      0.01–1.26
  Phase 3  510–750  –  –      –

OMMT (DOAB)  Phase 1  25–170  –  –  53.20  50.99  –
  Phase 2  170–520  327–390  0.2854–0.3911      0.01–0.03
  Phase 3  520–750  –  –      –

OMMT (TOAB)   Phase 1  25–170  –  –  56.43  54.74  –
  Phase 2  170–530  349–405  0.3135–0.4321      0.02–0.03
  Phase 3  530–750  –  –      –
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where a is the relative thermal weight loss calculated by

-
,

-
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where mi is the weight at onset temperature, mf is the 
weight at offset temperature, and mT is the weight at T.

The Agrawal approximate equation is [28]
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For the general reaction temperature and most Ea, the 
relationship among Ea, R, and T is

1; 1- 1; 1-5 1.a
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Thus, the Agrawal integral equation can be simplified as
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 and 1
T

 will be linear 

with a suitable G(a). The Ea can be calculated from the 
linear slope and A from the linear intercept. In the above 
equations, T is the temperature, R is the universal gas con-
stant of 8.314 J·(mol·K)-1, β is the heating rate of 10°C·min-1, 
Ea is the active energy, and A is the frequency factor.

According to the simplified Agrawal integral equa-
tion, T and a in phase 2 were fitted linearly using a 
trial-and-error method. On the basis of linearly depend-
ent coefficients, the pyrolysis kinetics of OMMT was 
obtained (Table 4). In these kinetic parameters, G(a) was 
the kinetics mechanism function used to illustrate the 
pyrolysis process of MMT and OMMT. The arrangement 
of LACQAS cations between MMT layers influenced the 
pyrolysis process. STAB has a long single alkyl chain, 
DOAB has two, and TOAB has three. STAB cations were 

Table 4 Pyrolysis kinetics of OMMT.

  Ea 
(kJ·mol-1)

  A (min-1)  Kinetic compensation 
effect equation

OMMT (STAB)   36.16  88014.17  lnA = 0.4314Ea-4.4632
OMMT (DOAB)  12.67  1.40  lnA = 0.4135Ea-4.47
OMMT (TOAB)   13.62  1.92  lnA = 0.4103Ea-4.4428

arranged in the form of a lateral layer or a half-paraf-
fin-type molecular structure, whereas DOAB and TOAB 
cations in the form of a paraffin-type molecular struc-
ture. The G(a) of OMMT activated by STAB was calculated 
with the Avrami-Erofeev equation, [-ln(1-a)]4. Those of 
OMMT activated by DOAB and TOAB both were calcu-
lated with the Valensi equation, a+(1-a)ln(1-a). Their G(a) 
were different, and so were their related linear fit equa-
tion, linearly dependent coefficient, Ea, A, and reaction 
order (n). The n was 4, 2, and 2 for OMMT activated by 
STAB, DOAB, and TOAB, respectively. Ea is the minimum 
required energy from a reactant molecule to an activated 
molecule in a chemical reaction, or the different energy 
between the onset and offset states of a pyrolysis process. 
A is a constant value determined by the reaction essence, 
and has nothing to do with the reaction temperature and 
concentration in the system. The OMMT activated by 
STAB, DOAB, and TOAB were pyrolyzed mainly in phase 
2. Their onset and offset states were different as their Ea 
and A differed. As Table 4 shows, the Ea and A were 36.16 
kJ·mol-1 and 88014.17 min-1 for OMMT activated by STAB, 
12.67 kJ·mol-1 and 1.40 min-1 for OMMT activated by DOAB, 
and 13.62 kJ·mol-1 and 1.92  min-1 for OMMT activated by 
TOAB, respectively.

In the pyrolysis kinetics, the reaction rate constant (k) 
is always used to explain the reaction rates quantitatively. 
It is related to A, Ea, and T calculated by the Arrhenius 
equation:

-
.

aE
RTk Ae=

Table 3 presents the k of OMMT in phase 2. k is related 
closely to the reaction temperature, reaction medium (or 
solvent), catalyst, and so on, even the shape and char-
acteristics of reactors. Therefore, during the pyrolysis 
processes, the k increased as the pyrolysis temperature 
increased. The k of OMMT activated by DOAB and TOAB 
were almost the same owing to their similar pyrolysis 
mechanisms. As Table 3 shows, the k was 0.01, 0.01, and 
0.02  min-1 at the first strong absorption valley, and 1.26, 
0.03, and 0.03  min-1 at the second strong absorption 
valley, for OMMT activated by STAB, DOAB, and TOAB, 
respectively.
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The kinetic compensation effect, expressing the linear 
relationship between lnA and Ea, is a main characteristic 
in kinetics. It explains that A compensates for the change 
of Ea partly [29]:

ln ,aA KE Q= +

where K and Q are the kinetic compensation effect 
parameters calculated from the linear fit between Ea and 
A. As Table 4 shows, the K was 0.4314, 0.4135, and 0.4103 
and the Q was -4.4632, -4.47, and -4.4428 for the OMMT 
activated by STAB, DOAB, and TOAB, respectively. It can 
be seen that the pyrolysis kinetic compensation effect 
equations of OMMT activated by DOAB and TOAB were 
similar, while that of OMMT activated by STAB was not. 
The kinetic compensation effect parameters have nothing 
to do with the experimental factors; thus, the kinetic 
compensation effect equations can explain the pyrolysis 
processes of OMMT clearly, as well as their theoretical 
expression.

The form factor (Φ) indicates the symmetry of the heat 
flow curve. The symmetry will worsen as n decreases. The 
Φ is defined in Figure 6 [30] and only related closely to the 
n at Φ = 0.63n2. The Φ in phase 2 was 10.08, 2.52, and 2.52 
for OMMT activated by STAB, DOAB, and TOAB, respec-
tively, showing that the OMMT activated by STAB dis-
played a better symmetrical heat flow curve than those of 
OMMT activated by DOAB and TOAB. This phenomenon 
coincided well with the heat flow curves collected by 
using TGA (Figure 5).

4  Conclusions
In this study, we prepared intercalated OMMT from pris-
tine MMT and different LACQAS. The amount, carbon 
atoms, and alkyl chains of LACQAS influenced the large 
value of d(001) of OMMT significantly. The d(001) ranged 
from 1.263 nm for MMT to 2.114, 3.980, and 4.090 nm for 

Figure 6 Φ of the DTA curve.

OMMT activated by STAB, DOAB, and TOAB, respectively. 
The d(001) stabilized at 100–150 mmol·(100 g)-1 of LACQAS/
MMT. The arrangement of LACQAS cations between 
MMT layers was related closely to the α, L, d0, and the 
configuration of the nitrogen atom in LACQAS. Single 
LACQAS cations arranged in the form of a lateral layer or 
a half-paraffin-type molecular structure between MMT 
layers, and dual and triple LACQAS cations in the form 
of a paraffin-type molecular structure. The pyrolysis tem-
perature and maximum pyrolysis rate of OMMT increased 
greatly compared with those of MMT. With the help of the 
Agrawal integral equation, the pyrolysis kinetics of MMT 
and OMMT were obtained using a trial-and-error method 
that coincided well with the structure and pyrolysis 
processes.
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