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Abstract

Dehydration reactions and the corresponding kinetics of gibbsite [y-Al(OH);] were analyzed using non-isothermal thermoanalysis and the
Kissinger equation. It is concluded that the starting temperature of the dehydration reaction of y-Al(OH)j; rises with increasing heating rate of the
system. At a heating rate of 10 °C min~"', y-AI(OH); has lost part of its crystalline water, and was completely transformed into boehmite (y-
AlOOR)) at about 317 °C. However, y-AIOOH did not lose the residual crystalline water entirely, and did not change into amorphous Al,O3 until
the system was above 700 °C. The kinetic energy needed to convert y-Al(OH); to y-AIOOH, and y-AlOOH to amorphous Al,Oj3, was calculated by
differential scanning calorimetry (DSC) with activation energies of 108.50 and 217.24 kJ mol ™!, pre-exponential factors of 2.93 x 10° and
8.30 x 10'3, and reaction orders of 0.96 and 1.06, respectively. The kinetic parameters of dehydration reactions for y-Al(OH); obtained using the
derivative thermogravimetric method (DTG) are very similar to that of obtained by DSC.

© 2010 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Various forms of hydrated alumina include trihydrate and
monohydrate variants. The trihydrate is divided into gibbsite [y-
Al(OH)3], bayerite (a-Al(OH);), doyleite and nordstrandite;
while the monohydrate form is divided into boehmite
(y-AlOOH)), diaspore (a-AIOOH)) and psendoboehmite [1,2].
The trihydrate form of alumina, especially y-Al(OH)3, is not only
the main raw material source used to produce aluminum oxide by
the Bayer method in industry, but is also the hydrated product
from calcining p-alumina, an important binder used in refractory
castables [3-6]. The dehydration temperature, and the corre-
sponding kinetic parameters of y-Al(OH); and its crystalline
phase transformation into alumina, have been the focus of
research by the ceramics and refractories industries [7—10].

Thermal analysis and X-ray diffraction are usually used to
evaluate the phase transitions of alumina. For example, Yang and
Yan [11] reported the kinetic study of the phase transformation of
v-alumina to a-alumina using gravimetric analysis measure-
ments at a constant temperature. Wang et al. [12] discussed the
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kinetic issues when dehydrating vy-Al(OH); using X-ray
diffraction (XRD). Non-isothermal analysis, such as differential
thermal analysis (DTA), differential scanning calorimetry
(DSC), and thermogravimetry (TG) are other important methods
used to evaluate the phase transformation and the kinetics of
inorganic synthesization [13-15]. When compared with iso-
thermal methods, several advantages emerge in the use of non-
isothermal techniques, such as simple operation, a broad
temperature testing range, and the applicability to reactions
with a high rate of phase transformation with temperature [16].
Peri¢ et al. [17] investigated the dehydroxylation of y-Al(OH);
into v-AlOOH by DSC analysis and found the activation energy
ranged from 132.92 to 142.26kJ mol~!. However, the
endothermic peak temperature (257-277 °C) of transformation
from y-Al(OH); into y-AlIOOH in their research [17] is much
lower than the results obtained at the same heating rate (300-
320 °C) by other researchers [18,19].

In this study, the dehydration temperature of y-Al(OH); was
determined, and its corresponding kinetic parameters were
calculated by DSC analysis. Furthermore, derivative thermo-
gravimetric (DTG) analysis was adopted to verify the data
determined using DSC analysis. DTG values can be obtained as
the first derivative of mass loss to time when the corresponding
TG data are measured [20,21].
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In order to simplify the description of the kinetic equations
in the paper, all the nomenclature used in them and the
corresponding meanings are listed as follows:

A — apparent pre-exponential factor

oy — conversion degree reaction extent of reactant A*
B — heating rate

E — activation energy

flaax), f(w) — functions of kinetic model

k — reaction rate constant

n — reaction order

R — universal gas constant (8.314J mol ! Kil)

S — peak shape factor

T — thermodynamic temperature

T, — peak thermodynamic temperature of DSC curve
t — reaction time

w — residual mass extent of system

wy, wo — residual mass at ¢ time and O time of system,
respectively

2. Experimental procedure

In order to avoid interference by impurities on the
heating effect of +y-Al(OH);, analytically pure
{w[AI(OH)3] > 97.50%, Kermel, Tianjin, China} was uti-
lized in this study. The XRD pattern of this material (Fig. 1)
indicated a small amount of y-AIOOH exists in it (the
characteristic diffraction peaks of y-Al(OH); and y-AIOOH
are 0.484505, 0.437383, 0.432421 nm and 0.610700,
0.316050, 0.234460 nm, respectively). The sample was
ground into powder with a particle size less than
0.045 mm and a constant mass of 104+ 0.2 mg used in
every test. TG and DSC data were measured simultaneously
using a differential scanning calorimeter (Model STA449/6/
G, Netzsch, Germany) with a flowing atmosphere of dry
argon (50 cm’® minfl) and a heating rate of 5, 10, 15 and
20 °C min~', respectively. All test data were processed using
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Fig. 1. XRD pattern of a sample high in y-Al(OH); used to study its decom-
position.

the commercial mathematical software, Origin 70 (Origin
Lab, USA).

3. Results and discussion
3.1. Dehydration reaction

The TG and DSC curves of sample at the heating rate of
10°Cmin~" are shown in Fig. 2. Two major endothermic
peaks and one exothermic peak were observed on the DSC
curve between 100 and 800 °C. The first endothermic peak
begins at 270 °C and ends at 317 °C, with a peak temperature
occurring at 300 °C. The second endothermic peak began at
475 °C and ended at 550 °C, with a minimum occurring at
520 °C. The exothermic peak was minor, with a maximum at
725 °C. The TG curve corresponding to endothermic peaks
indicates a large mass loss through 317 °C, with other weight
changes being minor by comparison.

The degree of y-Al(OH); dehydration with a heating rate of
10 °C min ™" at different temperatures is given in Table 1. Up to
the end temperature of the first endothermic peak (317 °C), the
cumulative mass loss of the sample was 23.87 wt.%, which
approached the theoretical mass loss from the conversion of
v-Al(OH);3 to y-AIOOH (23.08 wt.%). It is concluded that the
first endothermic peak (270-317 °C) is induced by the
conversion of +y-Al(OH); to y-AlOOH, and the second
endothermic peak (475-550 °C) is induced by the conversion
from +v-AlIOOH to amorphous Al,Os3, according to the
following equations respectively:

v-Al(OH); — y-AIOOH + H,0(23.08 wt.%]lossintheory)
)]

v-AlIOOH — 0.5A1,03 + 0.5H,0
(11.54 wt.% more loss in theory compared with y-Al(OH)3)

2)

It is also observed from Table 1 that the sample still exhibits
mass loss during the temperature range from 550-825 °C,
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Fig. 2. TG and DSC curves of a test sample heated at 10 °C min™".
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Table 1

Quantitative relationship between temperature and dehydration of y-Al(OH); (heating rate of 10 °C min~h).

Temperature intervals (°C)

<100 100-270 270-317 317475 475-550 550-650 650-725 725-825
Mass loss (%) 0 5.92 17.95 3.57 2.69 1.38 1.64 0.22
Cumulative mass loss (%) 0 5.92 23.87 27.44 30.13 31.51 33.15 33.37

indicating that the complete dehydration of y-AIOOH does not
terminate at the temperature corresponding to its endothermic
peak, but is still occurring at higher temperatures.

3.2. Kinetic parameters of the dehydration reaction

A general heterogeneous reaction is as follows:

A" — B+ Cy 3)
The reaction rate equation is given by
dO{A*
—k . 4
ar flaa) 4)
or
dw
Tk 5
k) ©

where f(a4+) = (1 — ay+)" and f(w) = w", and ks calculated
according to the following equation:

k=Aexp ( RET) (6)

The values of E, A and f(as+) [or f(w)] are the three kinetic
factors describing a reaction [22].

Most of the methods that calculate kinetic parameters are
derived from Eqgs. (4)—(6); among which, the Kissinger method
is the one most frequently used in non-isothermal thermo-
analysis [23-25]. Dehydration of y-AI(OH); is divided into
two stages: the conversion from y-Al(OH); to y-AIOOH, and
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Fig. 3. DSC curves of the same y-Al(OH); starting material at different heating
rates during the first dehydration stage.

the conversion from y-AIOOH to amorphous Al,Oj3. The
Kissinger method was used to calculate kinetic parameters of
the two dehydration reactions [y-Al(OH); and y-AlIOOH],
respectively.

3.2.1. Determination of kinetic parameters of the first stage
by DSC curves

Kissinger made some differential derivation based on
Egs. (4) and (6), deriving the following equation [26]:

( ,3) AR\ E 1
In{ = :]n(—)——— @)
T, E RT,

As for different heating rates (B8), T, is also different. A
linear plot of In(B/ T,Z,) against 1/T, can be obtained according
to Eq. (7). Furthermore, E and A can be calculated from the
slope and intercept of the fitted line.

Partial DSC curves of samples at heating rates of 5, 10, 15
and 20 °C min~' showing where the maximum endothermic
peak occurs are given in Fig. 3. All beginning, ending, and peak
temperatures of each endothermic curve shift to higher
temperatures with an increase of heating rate; which means
that dehydration temperature of y-Al(OH); is not fixed, but
increases with increasing of heating rate. The fitted linear
equation between In(8/T) and 1000/, has a high coefficient
of correlation (R2 =0.996), as shown in Fig. 4 [Yand X stand for
ln(,B/le,) and 1000/T,, respectively]; and results in a value of
108.50 kJ mol ' for E, and 2.93 x 10° for A, respectively. The
activation energy of conversion from y-Al(OH); to y-AIOOH
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Fig. 4. Plotting In(B/ Tf,) vs. 1000/T,, during the first dehydration stage
(between 200 and 400 °C).
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obtained in this study is lower compared with the result of Peric¢
et al. [17] (132.92-142.26 kJ molfl) mainly because of the
different decomposition temperature of y-Al(OH)s.

3.2.2. Determination of kinetic parameters of the first stage
by DTG curves
DSC curves indicate the energy changes of y-Al(OH);
during dehydration, while TG curves reflect weight changes of
the process. Plotting the first derivative of weight loss versus
time, i.e. DTG curve, displays more sensitivity to weight
changes than temperature by giving greater definition to small
weight changes [20,27]. For that reason, DTG curves were used
to calculate kinetics parameters of dehydration of y-Al(OH); to
verify the accuracy of results derived from DSC curves.
Imitating the differential method of Kissinger, the following
equation based on Egs. (5) and (6) was obtained:

ln(— ‘;—f) - —R—ET+ In[A f(a)] ®)

According to the definition, DTG = dw/dt is the DTG value
at time ¢. Using a group of DTG curves at different heating
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Fig. 5. Conversion degree (a) and DTG (b) curves of sample at different heating
rates during the first dehydration stage [y-Al(OH); to y-AIOOH].
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Fig. 6. Fitting lines of In( — DTG) vs. 1000/T at different conversion degree
during the first dehydration stage.

rates, we can determine the corresponding DTG and 7 values at
certain conversion degrees, fit a line according to different
In( — DTG) and 1/T values, then determine E from slope of the
fitted line.

The conversion of the first stage [y-Al(OH); to y-AIOOH]
occurs between 200 and 400 °C, so the degree of conversion
can be calculated presuming that dehydration starts at 200 °C
and ends at 400 °C. According to the temperature correspond-
ing to the given conversion degree (Fig. 5a), the time required to
reach the temperature can be determined, and the correspond-
ing DTG value plotted (Fig. 5b). Samples with different heating
rates result in different time and different DTG values at the
same conversion degree, then a line of In( — DTG) against 1/T
can be fitted. In Fig. 6, 4 fitted lines of In( — DTG) against
1000/T at conversion degree of 20, 40%, 60% and 80% are
represented respectively as follows:

a=20%, Y=2643—1392X (R®>=0.9953) 9)
o =40%, Y =2622—1379X (R®=0.9952) (10)
o =60%, Y=2590—13.68X (R*>=0.9983) (11)
A
DSC or
DTA peak
Z
=
H S=a/b
T

A J

Temperature

Fig. 7. Diagrammatic sketch of definition for peak shape factor [22].
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Table 2
Peak shape factor S and reaction order n of the first stage of y-Al(OH);
dehydration.

Heating rate (°C min~}) S n

5 0.460 0.85
10 0.552 0.94
15 0.627 1.00
20 0.688 1.04
a=280%, Y =24.60—-13.17X (R2 = 0.9776) (12)

where Yis the In( — DTG) value, X is the 1000/T value, and « is
the conversion degree. The slopes of the fitted lines at different
conversion degree are similar to each other, and the activation
energy E of the first dehydration stage is calculated as
113.40 kJ mol ' based on the average value of the 4 different
slopes.

Obviously, the E value calculated from the DTG curves is
very close to the one resulting from DSC curves
(108.50 kJ mol "), which means the two methods can be used
to calculate the kinetics of y-Al(OH); dehydration.

3.2.3. Reaction order of the first stage

In order to determine the reaction order, n, of the kinetic
equation, Kissinger introduced the conception of peak shape
factor, S, and defined it as the ratio of a/b shown in Fig. 7 [22].
Details about the values a and b were defined as follows:

For the triangle MNL shown in Fig. 7, the sides ML and NL
are tangent lines to a DSC or DTA peak at the right and left
inflection points (E and F), respectively. The bottom side MN is
a random straight line paralleling to the abscissa, which is
divided into 2 line segments MH and NH by the altitude line
segment LH. The length of MH is a and the length NH is b.

According to the theoretical derivation of Kissinger, the
quantitative relationship between the reaction order (n) and the
shape factor (S) is described as follows [22,28]:

n=1268% (13)

The peak shape factor, S, and the corresponding n, values of
the first dehydration stage of y-Al(OH); at different heating rate
were calculated according to Fig. 7 and Eq. (13), respectively.
The calculated values for S and 7 are listed in Table 2. All the
reaction order values of the samples at different heating rates
are close to 1 except at 5°C min~'. The average of the 4
reaction order values is 0.96.

3.2.4. Determination of kinetic parameters of the second
stage by DSC and DTG curves

The peak temperature, T, of the second endothermic peak
of y-Al(OH); at heating rates of 5, 10, 15 and 20 °C min~!, is
505, 520, 531 and 535 °C, respectively. Using DSC and DTG
data, kinetic parameters of the second dehydration stage of
v-Al(OH); were also determined using Eqgs. (7), (8) and (13)
as 217.24 kJ mol ™' for E, 8.30 x 10" for A, and 1.06 for n.

4. Conclusions

The dehydration of y-AI(OH); is divided into two stages: (1)
v-Al(OH); dehydrates partial crystalline water and transforms
into y-AIOOH, and (2) y-AIOOH dehydrates remaining water
and transforms into amorphous Al,O5 at higher temperatures.
Furthermore, the starting dehydration temperature of -y-
Al(OH); shifts to higher temperatures as the heating rate of
the system increases.

Kinetic parameters, such as: activation energy, the pre-
exponential factor, and the reaction order of the two
dehydration reactions of y-Al(OH); were calculated using
the Kissinger equation, DSC and DTG, respectively. Values
produced by DSC and DTG were very similar.
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