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of G(a)=a'l2.

Magnesium hydroxide sulfate hydrate (MHSH) nanowhiskers were prepared using magnesium chloride,
ammonia and magnesium sulfate as raw materials by hydrothermal synthesis without any additional
template. X-ray powder diffraction (XRD), transmission electron microscopy (TEM) and thermal anal-
ysis (TG-DTA) were employed to characterize the composition and structural features of the MHSH
nanowhiskers. It is shown that the thermal decomposition of nanowhiskers followed a three-step scheme.
Based on DTA data, the reaction order, activation energy and pre-exponential factor for each step were
calculated using a non-isothermal Kissinger method. It is also indicated from Satava method that the first
step of the thermal decomposition of nanowhiskers is an A, nucleus formation and growth mechanism
with integral form of G(a)=[-In(1—a)]"/2. The second step is an A, branching nuclei mechanism with
integral form of G(a)=In[a/(1 — a)], and the final step is a Py, nucleation mechanism with integral form

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

MHSH whiskers, first discovered in nature in a submarine
geothermal system in 1978, have attracted much attention because
of their potential application as resin additives of flame retardant,
fillers, or reinforcers [1,2]. MHSH can also be called basic mag-
nesium sulfate or a solid solution in the xMg(OH),-yMgS04-zH,0
system. By varying the ratio of these three constituents, the fam-
ily of MHSH comprises no less than 20 members. Most works on
MHSH compounds in the literature were concentrated on their
preparation and characterization [3-9]; although some involve the
three decomposition steps of the whisker, there are no further
studies on the mechanism and kinetics of the thermal decompo-
sition of MHSH. In this paper, the decomposition mechanism and
kinetic parameters of the whisker were studied for the first time.
Flame retardant is one of the most important applications of MHSH,
further study of this paper on the decomposition process would
provide useful data for the research of the flame retardant mecha-
nism and evaluation of the flame retardant effect.

The MHSH nanowhiskers were prepared by hydrothermal
method, and the sample was determined as 5Mg(OH),-MgSOg-
2H,0 [10]. XRD, TEM and TG-DTA were employed to characterize
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the composition and structural features of the MHSH nanowhiskers.
In order to further study the thermal decomposition of MHSH
whiskers, Satava method [11,12] was used to study the thermal
decomposition mechanism of the whiskers, and the values of
kinetic parameters, i.e., the reaction order, activation energy and
pre-exponential factor for each of the three steps were evaluated
using the Kissinger method [15-18].

2. Experimental
2.1. Preparation of MHSH nanowhiskers

The MHSH nanowhiskers were synthesized by hydrothermal
method in autoclave without additional template. 100 mL of
ammonia solution (4.0mol L~!) was added dropwise into 200 mL
magnesium chloride (2.0 mol L~1) at room temperature. The slurry
was filtered and the solid was transferred to the autoclave, then
100mL of magnesium sulfate (0.5molL-!) was added to the
autoclave and kept stirred (400rpm). The autoclave was heated
gradually to 170 °C and maintained the temperature for 3 h. A white
precipitate was obtained after the autoclave was cooled down to the
room temperature. After filtration, the precipitate was washed with
distilled water for several times and then dried in a vacuum oven
at 100 °C for 3 h to obtain the product.

2.2. Chemical analysis

In order to determine the composition of the prepared sam-
ple, the MHSH sample was dissolved in a given excess standard
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Table 1
Chemical composition of MHSH.

Mass fraction/w % Calculated composition for

theoretical MHSH whiskers

Experimental results

5-1-3 5-1-2
Mg 30.30 32.56 32.03
S04%~ 20.69 2572 20.67

HCI solution which was prepared with azeotropic hydrochloric
acid and deionized water, and its concentration was determined
by titration with standard borax. Magnesium was titrated by a
standard solution of Na-EDTA in an alkaline pH 10 buffer solution
(ammonium hydroxide + ammonium chloride). SO4%~ was deter-
mined by the BaSO, gravimetric method. From the results of
Table 1, we can see that the typical chemical analysis results
of the MHSH sample were in agreement with the theoret-
ical values of 5-1-2MHSH, and correspond to a molar ratio
Mg(OH),:MgS04=5:1.

2.3. Characterization

X-ray powder diffraction (XRD) pattern was obtained with a
Rigaku D/max-rA X-ray diffractometer with graphite monochrom-
atized Cu K, radiation. Phase identification of the product during
the thermal decomposition of MHSH nanowhiskers was carried
out using the XRD pattern shown in Fig. 1. In Fig. 1a, all diffrac-
tion peaks can be indexed with respect to the orthorhombic
structure 5Mg(OH),;-MgS04-2H,0. The structure of the product
heated at temperatures about 500°C could be 5Mg0O-MgS0,4 and
the diffraction peaks of the final product heated at temperatures
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Fig. 3. The TG-DTA curve of MgS04-5 Mg(OH);-2H,O0.

higher than 1000°C were consistent with the XRD pattern of
MgO.

Structure and morphology of the product during the thermal
decomposition process were observed by TEM. A typical TEM image
of the sample is illustrated in Fig. 2. The MHSH nanowhiskers dis-
play rod-like morphology with a diameter of 10-100nm and an
aspect ratio between 50 and 200. At temperatures about 500 °C, the
products were fibres shorter than 400 nm. At temperatures about
1000°C, the products were porous crystallized magnesium oxide
whiskers.

Thermo-gravimetric analyzer (TGA, ZRY-2P, Shanghai Precision
Scientific Instrument Co., Ltd., PR China) was used to characterize
the thermal behavior of the nanowhisker products.
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Fig. 1. Typical XRD pattern of the synthesized MHSH nanowhiskers (a), heated at 500°C (b) and heated at 1050°C (c). The Bottom curves in (a) and (c) are the standard
diffraction patterns of the main diffraction peaks of 5Mg(OH),-MgS04-2H,0 and MgO as reference respectively.

Fig. 2. TEM images of the synthesized MHSH nanowhiskers (a), heated at 500°C (b) and heated at 1050 °C (c).
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Table 2
Calculated mass loss and observed mass loss in TGA thermogram for different steps.

Step Temperature  Peak temperature/°C Calculated mass  Observed mass

range/°C loss/% loss/%
[ 283-392 390 8.07 7.86
1l 404-505 459 20.18 19.74
il 910-1081 1049 17.94 17.63

3. Results and discussion

As can be seen from Fig. 3, there were three distinct steps in
the overall thermal decomposition process of MHSH nanowhiskers.
Two crystal water moieties were lost at the first step. Dehydration
resulting in the formation of 5Mg0-MgSO4 occurred at the second
step by losing five hydroxyl water molecules from the hydroxyl
group. At the last step, MgO whiskers were formed by releasing sul-
fur trioxide. The experimental weight loss of the three steps were
7.86%, 19.74%, 17.63% which were in agreement with theoretical val-
ues 8.07%, 20.18%, 17.94% respectively. The decomposition scheme
was shown below, and the observed weight losses shown in Table 2
corresponded very well with these hypothesized steps.

Step |

5Mg(OH),-MgS04-2H,0 — 5Mg(OH),-MgS04 +2H,0
Step II

Mg(OH),-MgS04 — 5Mg0-MgSO04 + 5H,0

Step III

5Mg0-MgSO,4 — 6MgO + SO

3.1. Determination of the decomposition mechanism

Satava [11,12] method was used to determine the mechanism
of the thermal decomposition reaction. Briefly, it is assumed that
a function of conversion, G(a), exists for each step of the thermal
decomposition reaction. If G(a) could correctly describe the ther-
mal decomposition mechanism of a solid, a plot of G(a) against
1/T should give a straight line. According to this method, several
algebraic expressions of the most common reaction mechanisms in
solid-statereactions [13,14] presented in Table 2 were cited to deter-
mine the most probable mechanism of the decomposition process
Table 3.

The original mass loss versus temperature curves obtained at
constant heating rate were transformed into the degree of conver-
sion (a) versus temperature curves by using the following equation
a=(mj—ms)/(m;—ms), where m;, my and m, represent the initial,
final and current mass of the solid sample at time t (or temper-
ature T), respectively. The correlation coefficients were obtained

TN Q

Fig. 4. Sketch diagram for obtaining the peak shape index I.

from plots of different expressions of G(a) versus 1/T. The best cor-
relation coefficient of linear regression R? was used to estimate the
most probable mechanism.

For the first step, the correlation coefficient of function A, was
the highest. It is therefore speculated that nucleus formation and
growth of Avrami-Erofeev function (n=2) with integral form of
G(a)=[-In(1 - a)]"/? could be the most probable mechanism. For
the second step, the highest correlation coefficient was obtained
for function A, with integral form of G(a) =In[a/(1 — a)], which cor-
responds to a branching nuclei mechanism. The third step was
characterized by function Py, with integral form of G(a) = a'2 and
its mechanism is nucleation.

3.2. Decomposition kinetics of MHSH

Kinetic parameters for the thermal decomposition of MHSH
nanowhiskers were determined by using Kissinger method [15-18].
The three formulas listed below were basic principles:

the mass action law:

E:k(l—cx)” (1)

the Arrhenius formula:

k= %exp (—%) (2)

the heating rate formula:

dT

In the three formulas, a is the decomposition extent, t is decom-
position time, n is reaction order, k is the rate constant, E is the
activation energy, A is the pre-exponential factor and R is the gas
constant.

Table 3
Algebraic expressions of G(a) and the correlation coefficients for the three decomposition steps.
Symbol Function name Mechanism G(a) Correlation coefficient R?

I 11 111
Fis One-third order Chemical reaction 1—(1—a)?3 0.9670 0.9137 0.9241
Pip2 Mainpel power law Nucleation all2 0.8927 0.9681 0.9964
P13 Mampel power law Nucleation al 0.8577 0.9684 0.9882
Ay, Fy Avrami-Erofeev equation Random nucleation and its subsequent growth, n=1 —In(1-a) 0.9407 0.8097 0.6699
Ay Avrami-Erofeev equation Random nucleation and its subsequent growth, n=2 [~In(1 —a)]'/? 0.9931 0.9366 0.8686
Dy Parabola law One-dimensional diffusion a? 0.9430 0.8491 0.8541
Ay Prout-Tomkins equation Branching nuclei In[a/(1 —a)] 0.9770 0.9917 0.9035
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Table 4
Kinetic parameters from Kissinger method for thermal decomposition of MHSH nanowhiskers.
Heating rate/°Cmin~! Step I Step II Step III

5 10 15 20 5 10 15 20 5 10 15 20
a/mm 3.2 3.2 7.0 8.0 3.0 3.6 4.2 5.0 1.2 1.6 5.5 5.0
b/mm 7.4 3.8 5.8 5.0 14.6 14.6 10.5 10.0 6.5 7.1 15.0 17.0
1 0.432 0.842 1.207 1.600 0.205 0.247 0.400 0.500 0.185 0.216 0.367 0.294
n 0.828 1.155 1.385 1.594 0.571 0.626 0.796 0.891 0.542 0.586 0.764 0.683
Average of n 1.2 0.7 0.6
E/k] mol-! 277.6 4923 797.6
A 1.926 x 103 1.050 x 10%6 1.954 x 102

In terms of the Kissinger principle, assuming that the reaction
velocity is maximum at peak temperature,

d(da/dt)
d 0 ©

so for T=Tmax (Where Tmax is the maximum temperature of the
peak), according to mass action law (1), the Arrhenius formula (2)
and heating rate formula (3), formula (5) can be deducted.

E An _
= F(l — amax)" L exp (—

RTfhax

E
5
RTmax ) ( )
Kissinger believes: n(1 — amax)"! has nothing to do with 8, and
its approximate value is 1, then formula (5) can be rewritten as

In (Tmlsz) =In (%) - gTr;ax (6)

For a certain reaction, the frequency factor A is constant, and
In(RA/E) is also a constant. The plot of In(8/Tmax?)~(1/Tmax) is a line
and the slope is (—ER~1), the intercept In(RA/E).

In terms of the Kissinger principle, the shape index I is defined as
the absolute value of the ratio of the slops of tangents to the curve

i.e., the crystal water moieties can be easily lost. The activation
energy of the second and third decomposition steps were 492.3 and
797.6 k] mol~! larger than that of the first step. So the first step of the
thermal decomposition of 5Mg(OH),-MgS04-2H,0 may be inter-
preted as a “fast” step while the second and third steps as “slow”
steps.

4. Conclusions

MHSH nanowhiskers with a diameter of 10-100nm and an
aspect ratio between 50 and 200 were synthesized by hydrother-
mal method. The thermal decomposition process of MHSH
nanowhiskers consists of three distinct steps. By applying Satava
method, it is speculated that the most probable mechanisms for
the three steps are A, nucleus formation and growth, A, branching
nuclei and P, nucleation, respectively. The reaction orders, activa-
tion energies and pre-exponential factors are 1.2,277.6 k) mol~! and
1.926 x 103 for the first step; 0.7, 492.3 k] mol~! and 1.050 x 1026
for the second step; and 0.6, 797.6 k] mol~! and 1.954 x 1023 for the
final step.
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I=— 7
. (7)

(a and b are lined out in Fig. 4).
The relationship between I and n is

I = 0.63n> (8)

Then the reaction order n can be calculated using formula (8).

For each DTA curve (shown in Fig. 3), a vertical line at each peak
was drawn. Values of a and b were then determined as shown in
Fig. 4, and the peak shape index I can be calculated with I=a/b. The
reaction order n was obtained by applying equation I=0.63n2. The
average of n at different heating rates was taken for each step and
the results were shown in Table 4.

DTA peak temperatures change with different heating rates(f).
According to Kissinger method [15-18], the activation energy E and
pre-exponential factor A were obtained from a plot of In(8/Tmax?)
against 1/Tmax. Values of E and A for the three steps of thermal
decomposition of MHSH nanowhiskers were shown in Table 4.

As can be seen from Table 4 that from the view of chem-
istry reaction dynamics, because the activation energy of the first
decomposition step was smaller than 300 k] mol~1, the precursor
can become the intermediate 5Mg(OH),-MgS04 in a short time,
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