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Abstract

Kinetic analyses of the Hofmann degradation of n-octylamine adsorbed on layered aluminosilicates prepared from

apophyllite are reported. The data were collected by simultaneous thermogravimetry and evolved gas analysis (TG-DTG-

EGA). Based on Kissinger plots using the DTG data, it is indicated that the activation energy of the Hofmann degradation

increases with increasing Al/Si ratio of the layered aluminosilicates. Using the EGA data for 1-octene, a similar tendency is

observed. However, there is no such tendency for the results using the EGA data for ammonia. This indicates that ammonia

remain on the surface after the Hofmann degradation. Hence, the activation energy obtained for ammonia is not that of the n-

octylamine decomposition, but from the analyses, using Ozawa's method, no tendency is observed in the relationship between

the activation energy and the Al/Si ratio of the samples. This indicates that the Hofmann degradation is not a single elementary

reaction in the strict meaning. However, the reaction mechanism could be estimated; e.g. two-dimensional dispersion (D2) for

the sample with an Al/Si ratio in the range of 0:13ÿ0:18 and three-dimensional dispersion (D4) for the Al/Si ratio of

0:05ÿ0:09. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Apophyllite is one of the phyllosilicate minerals,

which consists of unique silicate sheets. Previously, it

was shown that several kinds of layered silicates [1,2]

and layered aluminosilicates [3] can be prepared from

apophyllite. It was also found that the Al/Si ratio of

these samples depends on the concentration of the

reaction solution during the preparation. In the struc-

ture of these samples, the SiO4 sheet structure of

apophyllite is basically maintained. Due to their

unique structures, it is presumed that these alumino-

silicate samples should have some characteristic prop-

erties, e.g. an acidic property.

The acidic properties of the solid catalytic samples

are generally examined by infrared spectrometry using

organic bases, for example, pyridine and amine, as

probe molecules [4±9]. Thermal analysis is also one of

the useful tools for estimating the acidity of catalytic

materials [10±13]. Especially, temperature-pro-

grammed desorption is used to characterize surface

acid sites on solid acid catalysts, e.g. various kinds of

zeolites [14]. From studies on the desorption of basic

molecules from aluminosilicate samples, it is known

that amine molecules adsorbed on Brùnsted sites

decompose alkene and ammonia by the Hofmann
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degradation mechanism during heating [10,11]. The

same reaction is also observed for n-octylamine inter-

calated in the layered aluminosilicate samples pre-

pared from apophyllite [15]. However, there is little

information about the decomposition process of amine

molecules adsorbed on aluminosilicate samples, espe-

cially for layered samples. Furthermore, the acidity of

the samples should have some relationship with their

aluminum contents [7]. This means that the decom-

position process of the intercalated amine molecule is

dependent on the aluminum content of the samples. It

is important to examine the acid properties of the

layered aluminosilicates from natural minerals

because it will determine the possible use of these

minerals in industry.

In this study, the thermal decomposition data of n-

octylamine intercalated into the aluminosilicate sam-

ples obtained from apophyllite were recorded at con-

stant heating rates. The Hofmann degradation of the

samples was analyzed and the catalytic properties of

the aluminosilicates were considered.

2. Experimental

2.1. Sample preparation

Apophyllite from Jalgaon, Maharashtra, India, was

used as the starting material. According to the che-

mical analysis, the chemical composition of this apo-

phyllite sample was determined to be (K1.04, Na0.03)

Ca4.02 (Si7.72, Al0.01) O20 (F, OH)�6.75H2O. This

composition corresponds to the ideal formula of apo-

phyllite.

Five kinds of layered aluminosilicates were pre-

pared from apophyllite as follows. A 250 mg sample

of natural apophyllite powder ground to less than

75 mm was dispersed in 50 cm3 of aluminum chloride

solution. The concentration of the reaction solution

was varied between 0.05 and 1.00 mol dmÿ3. This

suspension was stirred using a magnetic stirrer at room

temperature for a period of 10±15 days. The solid

phase was then centrifugally separated (15 min at

3000 rpm). The separated solid phase was washed

three times by distilled water. Finally, this solid phase

was dried at ca. 108C for 1 day and the particle size of

these products was adjusted to <75 mm again. These

samples were labeled Al-AP.

The preparation conditions of all the Al-AP samples

are listed in Table 1. Under these conditions, samples

with an Al/Si ratio of 0:05ÿ0:18 were obtained. The

Al-AP samples are described as Al-AP-X, where X

represents the concentration of the reaction solution

used in sample preparation. For example, Al-AP-010

was prepared with 0.10 mol dmÿ3 of aluminum chlor-

ide solution.

N-octylamine (hereafter abbreviated as n-OA) is

then intercalated into the Al-AP samples in the fol-

lowing way: 200 mg of the sample was dispersed in n-

OA solution, which is a mixture of 2 ml of n-OA and

10 ml of methanol. This suspension was allowed to

stand for 1 day. The solid phase was then separated

from the liquid phase by centrifugation (15 min,

3000 rpm). The solid phase was then dried at room

temperature. From the XRD patterns of the samples

after the n-OA treatment, the n-OA intercalated to

interlayer space of Al-AP samples was determined.

2.2. Methods

The chemical compositions of the Al-AP samples

were analyzed by energy dispersive spectroscopy

(EDS) using a Link QX 200J attached to a JEOL

JSM-5400 with an accelerating voltage at 15 kV.

Simultaneous thermogravimetry and differential ther-

mal analysis (TG-DTA) studies were performed using

a Rigaku Thermoplus TG8120. Samples were heated

from 300 to 5008C at various heating rates (20, 10, 5

and 2 K minÿ1) in 150 cm3 minÿ1 of ¯owing He.

During the thermal analysis, the desorbed substances

from the samples were investigated by evolved gas

analysis (EGA) using an HP6890 Series gas chroma-

tograph system with a 5973 Mass Selective Detector.

Table 1

Conditions of sample preparation and the Al/Si ratio of the

resulting samples

Sample name AlCl3 solution treatment Al/Si ratio

Concentration

(mol dmÿ3)

Duration

(day)

Al-AP-100 1.00 10 0.18

Al-AP-050 0.50 10 0.17

Al-AP-020 0.20 10 0.13

Al-AP-010 0.10 10 0.09

Al-AP-005 0.05 15 0.05
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2.3. Analyses

Activation energies of the Hofmann degradation

were determined as follows. The DTG-EGA data were

applied to the following equation and the values of

ln(b/Tm
2) were plotted versus 1/Tm, which is the well-

known Kissinger plot [16].

ln
b

Tm
2

� �
� ÿ E

RTm

� constant (1)

where b, Tm, E and R are the heating rate, the absolute

temperature at maximum reaction rate, i.e. peak top

temperature, the activation energy and the gas con-

stant, respectively. Using this equation, the activation

energy can be estimated without assuming a reaction

mechanism.

Kinetic analyses of the Hofmann degradation for n-

OA intercalated Al-AP samples were also carried out

by Ozawa's method [17±18]. The TG data were

recorded at various heating rates b within a certain

temperature range. The start and end of the mass loss

were determined from the DTG curves. From the mass

loss curves, temperatures T at certain mass loss frac-

tion a value from 0.05 to 0.95, at 0.05 intervals, were

obtained, where a is the fraction converted. Using

these data, log b was plotted versus 1/T for 19 values

of a. The kinetic analyses were carried out using the

following equation [19].

log b � ÿ2:315� log
AE

Rg�a�
� �

ÿ 0:4567E

RT
(2)

where b, T, A, E and R are the heating rate, the absolute

temperature, the pre-exponential factor, the activation

energy and the gas constant, respectively; g(a) is a

function of a certain mechanism in the solid state

reaction. The designations for rate-controlling process

of the mechanisms using in this calculation are listed

in Table 2. The above equation is satis®ed if parallel

straight lines should be obtained. E is then calculated

from the linear relation in the a range of 0.15±0.85.

The averaged value is used for the following calcula-

tions.

The reaction mechanism is then obtained. At ®rst,

the reduced time y introduced by Ozawa is calculated

using the following equation:

log y � log
Em

bR

� �
ÿ 2:315� 0:4567

Em

RTe

� �
(3)

where Em is the averaged activation energy obtained

above and Te is temperature when b � 1 K minÿ1

determined by extrapolation of log b versus 1/T plots

for each a to log b � 0, i.e. the values of y can be

determined for each a. The values of y were then

applied to the equation

g�a� � Ay (4)

When the selected reaction mechanism represented by

g(a) is correct, a plot of the g(a) versus y will give a

straight line, the slope of which is equal to A, the pre-

exponential factor. Selection of correct reaction

mechanism is made by comparing the correlation

coef®cient obtained by the least square method.

3. Results and discussion

3.1. Kinetic analyses using the DTG data

The DTG curves for n-OA-treated Al-AP-010

recorded for various heating rates are shown in

Fig. 1. During the Hofmann degradation, one distinct

peak was observed at ca. 4008C in the DTG curve.

Since no shoulder peaks or overlapping peaks were

observed, the mass loss process should be the same

and independent of heating rate. For other Al-AP

samples, a similar thermal behavior is observed in

the DTG curves. The peak top temperatures were used

for the kinetic analysis. Kissinger plots using these

data for each sample showed that straight lines could

be drawn by the method of the least squares (for

example, the plot for Al-AP-010 shown in Fig. 2).

According to the analyses using the DTG data,

activation energies of the Hofmann degradation were

estimated within the range of 188:5ÿ201:7 kJ molÿ1

(Table 3). This value is in good agreement with the

value of 213.5 kJ molÿ1, which is the activation

Table 2

Designations of rate-controlling process

Designation Rate-controlling process

F1 Random nucleation, one nucleus on each particle

A2 Random nucleation, Avrami Eq. (1)

R2 Phase boundary reaction, cylindrical symmetry

D2 Two-dimensional dispersion, cylindrical symmetry

D4 Three-dimensional dispersion, spherical symmetry
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energy for the decomposition of n-butylamine around

4008C on a silica±alumina sample [4]. The results

indicate that the activation energy increase with

increasing the Al/Si ratio of Al-AP, see Fig. 3. With

respect to the change in acid properties due to the Al/

Si ratio, some studies of amine molecules adsorbed on

aluminosilicate samples were done by infrared absorp-

tion spectrometry [7,15]. They, hence, concluded that

the strength of the adsorption site decreases with the

amount of increasing Al in the samples since the wave

number of the NH3
� asymmetric vibration band is

reduced with increasing Al/Si ratio. It is assumed that

the Hofmann degradation would occur at Brùnsted

acidic site generated by Al on aluminosilcate sheet.

The trend of the activation energy may be associates

with the acid strength of Al-AP; strong acid sites

would function to lower the activation energy of

decomposition.

3.2. Kinetic analyses using the EGA data

Every EGA curve of both 1-octene (m=z � 112)

and ammonia (m=z � 17) simultaneously recorded

with the DTG curves have one evolution peak around

4008C, where m/z is a number of mass/charge ratio of

the molecular ion. In Fig. 4, the EGA curves of 1-

octene and ammonia from Al-AP-010 recorded at

various heating rates are shown as an example. From

Kissinger plots of both 1-octene and ammonia,

Fig. 1. DTG curves of the Hofmann degradation for n-octylamine

adsorbed on the sample, Al-AP-010 (Al=Si � 0:17) recorded at (a)

2 K minÿ1; (b) 5 K minÿ1; (c) 10 K minÿ1 and (d) 20 K minÿ1.

Fig. 2. Kissinger plot of the Hofmann degradation for n-

octylamine adsorbed on the sample, Al-AP-010 (Al=Si � 0:17)

using DTG data.

Table 3

Activation energy of n-octylamine decomposition in the Hofmann

degradation obtained by Kissinger plot

Sample Al/Si ratio Activation energy (kJ molÿ1)

DTG EGA

(1-octene)

EGA

(ammonia)

Al-AP-100 0.05 188.5 201.0 207.5

Al-AP-050 0.09 188.9 177.6 181.8

Al-AP-020 0.13 191.8 193.4 180.9

Al-AP-010 0.17 201.7 196.2 182.8

Al-AP-005 0.18 199.6 201.4 171.7

Fig. 3. Relationship between activation energy of the Hofmann

degradation obtained using DTG data and Al/Si ratio of Al-AP

samples.
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straight lines drawn by the method of the least square

showed good linearity for each sample (for example,

the plots for Al-AP-010 shown in Fig. 5).

From the slope of the lines, the activation energies

of the Hofmann degradation were obtained in the

range 171:7ÿ207:5 kJ molÿ1 for both 1-octene and

ammonia (Table 3), and they were similar to the

results from the DTG data. However, relationships

between the activation energies obtained for evolved

1-octene and ammonia and the Al/Si ratio of the

aluminosilicate showed different tendency. The acti-

vation energies estimated from the EGA curves of 1-

octene seem to be increasing with the Al/Si ratio

except for Al-AP-100. This tendency was analogous

to that of the plot for the DTG data, though it has some

exception.

From the EGA data of ammonia and 1-octene, the

activation energy of ammonia does not depend on the

Al/Si ratio above 0.09, see Fig. 6. Thus it appears that

the desorption process of ammonia is different from

that of 1-octene for higher Al/Si ratios of Al-AP. There

is no evolution peak above ca. 4008C on the EGA

curves of ammonia in this study. Hence, re-adsorption

of ammonia [20] does not occur. It is assumed that the

released basic ammonia have some interaction with

the the acidic sites of Al-AP surface. Hence, it is

assumed that ammonia still remain on the sample

surface after the decomposition. Hence, the values

of the activation energies obtained for ammonia cor-

respond to the acid strength of the Al-AP samples and

not to decomposition of n-octylamine.

Fig. 4. EGA curves of 1-octene and ammonia evolved in the

Hofmann degradation for n-octylamine adsorbed on the sample,

Al-AP-010 (Al=Si � 0:17) recorded at (a) 2 K minÿ1; (b)

5 K minÿ1; (c) 10 K minÿ1 and (d) 20 K minÿ1.

Fig. 5. Kissinger plot of the Hofmann degradation for n-

octylamine adsorbed on the sample, Al-AP-010 (Al=Si � 0:17)

using EGA data of 1-octene and ammonia.

Fig. 6. Plots of activation energy of the Hofmann degradation

obtained by Kissingeer plot using EGA data of 1-octene and

ammonia as a function for Al/Si ratio of Al-AP samples.
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3.3. Kinetic analyses by Ozawa's method

Plots of log b versus 1/T for different a (using data

obtained from n-OA treated Al-AP-010) values are

shown in Fig. 7. The parallel straight lines are obtained

over almost the entire range of a, especially in the

range of 0:2ÿ0:8 for all samples. This indicates that

the reaction at ca. 4008C could be treated as a single

elementary reaction and the activation energies Em of

the Hofmann degradation could be estimated from the

slope of each line. Similar operations were done for

data of all samples since parallel straight lines were

obtained. The averaged Em values are listed in Table 4

and the relationship with the Al/Si ratio of the Al-AP

is shown in Fig. 8. The result shows good agreement

with the Em values obtained from the DTG data in the

same range of 180ÿ200 kJ molÿ1. In addition, the

activation energy seems to be independent of Al/Si

ratio. The reason for the results can be postulated that

the decomposition of n-octylamine observed on the

Al-AP samples should not be a single elementary

reaction and it causes the relationship in Fig. 8 to

be complex.

Plots of g(a) versus y were made for all samples.

From the plot for Al-AP-010 (Fig. 9), linearity is best

when assuming a reaction mechanism of D2. With a

relatively high Al/Si ratio (0:13ÿ0:18), the same

tendency was observed and it suggested that D2

should be the correct mechanism. However, for the

sample with a lower Al/Si ratio (under 1.00), the

linearity of the D2 plot was not as good as that of

the D4 plot. These results indicate that the decom-

position mechanism of n-octylamine would depend on

the Al/Si ratio of the samples.

From the TG data, amount of n-OA decomposing

around 4008C was larger for the sample with a rela-

tively higher Al/Si ratio [15]. This means that con-

siderable amount of n-OA remains between the

Fig. 7. Ozawa plots of log n vs. Tÿ1 for different a of the Hofmann

degradation of n-octylamine on the sample, Al-AP-010

(Al=Si � 0:17).

Table 4

Results of kinetic analyses by Ozawa's method for n-octylamine decomposition in the Hofmann degradation

Sample Al/Si ratio Activation

energy (kJ molÿ1)

A (sÿ1) Reaction

mechanism (Ra)

Al-AP-100 0.05 195.9 � 4.9 6.72 � 1012 D2 (0.999)

Al-AP-050 0.09 199.4 � 3.1 1.22 � 1013 D2 (0.999)

Al-AP-020 0.13 183.9 � 6.3 2.06 � 1012 D2 (0.998)

Al-AP-010 0.17 193.4 � 4.0 4.19 � 1011 D4 (0.999)

Al-AP-005 0.18 192.6 � 4.0 3.91 � 1012 D4 (0.999)

a Correlation coef®cient.

Fig. 8. Relationship between activation energy of the Hofmann

degradation obtained by Ozawa's method and Al/Si ratio of Al-AP

samples.
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aluminosilicate sheets for the higher Al/Si ratio sam-

ples until the Hofmann degradation. With respect to

these results, the following schematic drawings are

believed to illustrate the processes for n-octylamine

decomposition in an Al-AP sample. For samples with

a high Al/Si ratio (Fig. 10), the interlayer distance is

assumed to have little change during decomposition.

This indicates that the gas evolved due to decomposi-

tion could mainly move in the two-dimensional direc-

tion along the aluminosilicate sheets. This assumption

explains the results of the analyses. On the other hand,

the sample with a relatively lower Al/Si ratio showed

that it retains a smaller amount of n-OA after deso-

rption under 3008C that narrows its interlayer space

and the evolved gas could not move smoothly through

Fig. 9. g(a) vs. y plots of the Hofmann degradation of n-

octylamine on the sample, Al-AP-010 (Al=Si � 0:17) and Al-AP-

100 (Al=Si � 0:05) for various kinetic mechanisms.

Fig. 10. Schematic drawings for the Hofmann degradation of n-

octylamine on layered aluminosilicate sample with relatively high

Al/Si ratio: (a) before heating; (b) until 3508C and (c) around

4008C.
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the interlayer, see Fig. 11. Hence the amount of

evolved gas through the eight-membered rings of

the SiO4 tetrahedra in the aluminosilicate sheet

becomes relatively larger to that through the inter-

layer. Due to this, a three-dimensional dispersion (D4)

would be valid reaction mechanism for the sample

with relatively lower Al/Si ratio. The above interpre-

tation seems to be valid since the schematic models are

good agreement with the results of the analyses.

4. Conclusion

The activation energies for the Hofmann degrada-

tion of n-OA on aluminosilicates prepared from apo-

phyllite were obtained in the range of

180ÿ200 kJ molÿ1. According to the kinetic analyses

using a Kissinger plot, larger activation energy is

observed for the decomposition of n-octylamine

adsorbed on the higher Al/Si samples than the lower

ones. This tendency corresponds to the results of the

infrared absorption spectra that showed the sample

with a higher Al/Si ratio does not have a very strong

acidity. On the other hand, results of the kinetic

analyses by Ozawa's method showed no tendency

in the plot of the Al/Si ratio versus the activation

energy. This indicates that the real reaction process is

not a single one but a more complex reaction though

the TG data could be treated as a single elementary

reaction for the analyses. The reaction mechanism of

the Hofmann degradation on the aluminosilicates was

basically a two-dimensional dispersion (D2), however,

a three-dimensional dispersion (D4) for the relatively

lower Al/Si samples. These are suitable results for the

reaction models of the aluminosilicate Ð n-octyla-

mine complex.
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