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bstract

The binary oxide Co–Mo oxides were prepared by mixing the propagate amounts of aqueous cobalt nitrate and ammonium molybdate solutions at
H 5.0 to give ratio of Mo/Co = 1, followed by evaporation of water and by decomposition of the deposit at different temperatures from 200–900 ◦C.
he obtained samples before and after heat-treatment were subjected to XRD and IR techniques to examine their structure. From both of them,

t can be observed that, by increasing the temperature of heat-treatment the cobalt–molybdate oxide is strongly observed and cobalt–molybdate
ydrate decreased. The lines characteristic for cobalt–molybdate hydrate is absented for heated sample at 900 ◦C indicating that cobalt–molybdate

xide is only oxide formed at this temperature.

The crystallization kinetic parameters were studied from DSC curves at different heating rates by using different methods. The crystallization
rocess occurred with three mechanisms and bulk crystallization.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Several investigations have been done for the catalytic
ecomposition of hydrogen peroxide in the presence of metal
xide catalysts [1–5]. This is due to the fact that catalytic activ-
ty of metal oxide is markedly affected by the addition of the
ther metal oxide.

Molybdenum carbonyls [6–10] and cobalt carbonyl [9–14]
ave been studied as possible alternative precursors for sup-
orted Mo and CoMo hydrotreating catalysts. The advantages
f the carbonyl precursors are better dispersion; smaller surface
articles and easier activation compared with the conventional
atalysts [7,9].

Variation of property of Co3O4–MoO3 binary oxide with
ts composition had been studied [5,15,16]. It was reported
hat, the addition of a small amount of molybdenum trioxide

o cobalt oxide, caused remarkable changes in specific activ-
ty and apparent activation energy. According to their results,
hen the numbers of Co and Mo atoms are similar, molybde-
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um plays a more important role in the reaction than cobalt
16].

In the present work, the structure studies of the binary oxide
ample of Co/Mo = 1 are made by using, XRD and IR tech-
iques. DSC curves are used to study the crystallization kinetic
arameters by using different methods and compared between
hese methods.

. Experimental work

The chemicals used in this work are of AR grade quality. Stock
olutions of cobalt nitrate [Co(NO3)2·6H2O] and ammonium molybdate
(NH4)6Mo7O24·4H2O] were prepared. The binary system of Co–Mo mixed
xide have been prepared by the evaporation technique [1]. The appropriate
mounts of cobalt nitrate and ammonium molybdate solutions are mixed to
btain the desired atomic ratio of Co/Mo = 1. Then, these solutions were evap-
rated in a water bath till dryness and the residues were dried in a furnace at
20 ◦C over night. Finally, these solid residues were heat-treated at 200–900 ◦C
or 3 h.
The obtained samples before and after heat-treatment were subjected
o X-ray diffraction by using Cu K� radiation with a Ni filter and to
nfrared absorption spectra by using, IR Jasco 3500 FTIR spectrophotome-
er to throw light on their structure. DSC measurements were made by using
himadzu 50 DSC to investigate the kinetic parameters for crystallization
rocess.

mailto:isnham@netscape.net
dx.doi.org/10.1016/j.jallcom.2006.10.154
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ig. 1. DSC curves for the investigated sample: (a) at air furnace atmosphere
nd (b) at nitrogen furnace atmosphere.

. Results and discussion

.1. DSC measurements

.1.1. -Effect of furnace atmosphere
The temperature for crystallization, Tc, and the maximum

f the crystallization peak, Tp, were measured using non-
sothermal DSC technique as a function of furnace atmosphere,
.g. nitrogen and air atmosphere. Fig. 1a and b shows the DSC
urves for the investigated sample at air and nitrogen furnace
tmosphere, respectively. It shows a difference between both of
emperatures, Tc and Tp measured using both of atmospheres,
itrogen and air. It was found to be about 60 and 80 ◦C, respec-
ively, at heating rate of 30 ◦C. This difference may be due to
he air atmosphere helps the crystallization process and causes

decrease of Tc and Tp, but nitrogen flow had no effect on
he crystallization process. The only change observed was the
ncreased intensity of the heat flow as seen in Fig. 1b. It seems
hat nitrogen reacts with the sample itself and helps the libera-
ion of heat. This agrees well with the results from IR spectra
f molybdenum carbonyl surface when heated under nitrogen
16].

.1.2. -Crystallization kinetics of the sample
Fig. 2 shows the non-isothermal DSC curves for the investi-

ated sample at different heating rate, φ, up to 40 ◦C/min. It is
lear that the exothermic peak becomes sharper and shifted to
igher frequency as heating rate increases.

The theoretical basis for interpreting DSC results is provided

y the formal theory of transformation kinetics as developed by
pecial case of Johnson–Mehl–Avrami equation [17,18]:

= 1 − exp{−(Kt)n}

t

t
w

ig. 2. DSC curves for the investigated sample: (a) 40 ◦C/min, (b) 30 ◦C/min,
c) 20 ◦C/min and (d) 10 ◦C/min.

here K is defined as the effective overall reaction rate, which
s usually assigned Arrhenion temperature dependence as:

= K0 exp

(−E

RTp

)

here E is the effective activation energy describing the overall
rystallization process and x is the volume fraction of crystal-
ization. The fraction of crystallization at constant temperature
or different heating rates is assumed to be proportional to the
mount of heat evolved during crystallization which is propor-
ional to the area under the exothermic, n, known as the Avrami
xponent, is related to directionality of crystal growth. The value
f n, can be determined from the slope of plotting the relation
etween ln[−ln(1−x)] versus ln φ as shown in Fig. 3 according
he relation [19]:

d ln[− ln(1 − x)]

d ln φ
= n,

here φ is the heating rate.
The deduced value of n is equal about 3.6, which revealed that

he crystallization process was occurred with three mechanisms
nd bulk crystallization growth [20].

The activation energy, E, of crystallization has been calcu-
ated by using different methods. These methods are Kissinger
21], Takhor [22], Augis–Bennett [23] and Ozawa–Chen [24,25]
ethod that evaluated, E, from different thermograms held at

ifferent heating rates. The first three methods are based on
he determination of the fraction of crystallization, x, for differ-
nt heating rates using the dependence of peak crystallization
emperature, Tp, on the heating rates, φ. While the last method
Ozawa–Chen) is based on the effect of heating rate, φ, on the

emperature at which the crystallization fraction, x, is constant.

The method of Kissinger [21] for calculation of the activa-
ion energy for crystallization from the slope of the straight line
hich are plotted from the relation between ln(T 2

p /φ) versus
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Table 1
The estimated values of the activation energy of crystallization for the investi-
gated sample by using four different methods

Methods E (kJ/mol)

Kissinger 17.488
Takhor 25.981
A
O

w
t
t

m

l

w
s
w
m
e

i
a

Fig. 3. The relation between ln[−ln(1−x)] vs. ln φ.

/Tp for different heating rate as shown in Fig. 4a according to

quation:

n

(
T 2

p

φ

)
= ln

(
E

R

)
− ln A + E

RTp

ig. 4. The relation between: (a) ln(T 2
p /φ) vs. 1/Tp (Kissinger’s method), (b)

n φ vs. 1/Tp (Takhor’s method), (c) ln{(Tp–T0)/φ} vs. 1/Tp (Augis–Bennett’s
ethod) and (d) ln(Tp/φ) vs. 1/Tp (Ozawa–Chen’s method).
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ugis–Bennett 26.131
zawa–Chen 23.636

here A is constant which depends on the material and R is
he gas constant. The activation energy has been calculated and
abulated in Table 1.

Also, the activation energy was obtained by using Takhor’s
ethod [22] according to equation:

n

[
φ

Tp − T0

]
= 1

n
ln

[
n

n − 1

]
+ ln(K0) − E

RTp

here T0 is the starting temperature of crystallization. Takhor
tudied the relation between ln φ versus 1/Tp as shown in Fig. 4b,
here assumed that ln(Tp−T0) as a function which changes
ore slowly with heating rate than 1/Tp. The deduced activation

nergy is summarized in Table 1.
By using Augis and Bennett’s method [23] which consider-

ng the effect of the term ln(Tp−T0) in the calculation of the
ctivation energy according to equation:

n

{
Tp − T0

φ

}
= − ln K0 + E

RTp

Fig. 4c shows the relationship between ln(�T/φ) and 1/Tp
rom which the activation energy was calculated and tabulated
n Table 1.

Finally, the Ozawa–Chen method [24,25] studied ln(Tp/φ)
ersus 1/Tp at constant crystallization fraction according to equa-
ion:

n

(
Tp

φ

)
= − 1

n ln K0
+ E

RTp

Fig. 4d shows this relationship for different heating rate from
hich the activation energy has been calculated and tabulated

n Table 1.
From Table 1, it can be observed that the values of the activa-

ion energy of crystallization of the CoMoO4 phase obtained
y both Takhor and Augis–Bennett methods are reinforcing
ach other. And the activation energy values obtained from the
issinger method to be much smaller than other values. The
oticeable difference between the results obtained by these two
odels and those obtained by the Kissinger’s method (Kissinger
ethod is commonly used which is one of the most used meth-
ds for crystallization kinetic studies. The activation energy of
rystallization can be determined by using Kissinger equation)
ould be attributed to the applicability of Kissinger equation to
on-isothermal kinetics. And this activation energy is deduced

ithout taking into account the crystallization mechanisms.

n some cases, surface crystallization and bulk crystallization
ccur simultaneously. The Kissinger equation is valid only when
rystal growth occurs on a fixed number of nuclei during crys-
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allization process. Incorrect values for the activation energy
an be obtained if a majority of the nuclei are formed during
rystallization.

A comparison among all the above different calculated meth-
ds of the activation energy and its average value has been made.
rom which it can be deduced that all the used methods are
alid to determine the activation energy with different accu-
acy. The most accurate method deduced according to this study
s suggested to be Ozawa–Chen’s method, since the minimum
eviation from the average value is about 0.055%.

.1.3. X-ray diffraction analysis
X-ray diffraction pattern of the investigated sample before

nd after heat-treatment at 200, 300, 400, 500 and 900 ◦C are
hown in Fig. 5a–f. XRD pattern for the untreated sample shows
he amorphously state of the sample. The heat-treated sam-
le at 200–900 ◦C are shown in Fig. 5b–f. Most of the lines
haracteristic for CoMoO4 hydrate observed in all heat-treated
amples except the sample of heat-treated at 900 ◦C. But the
ntensity of the peak increased by increasing the temperature.
t higher temperature of heat-treatment, the line characteristic

or cobalt–molybdate [CoMoO4] in addition to line of CoMoO4
ydrates and line of MoO3 [5]. For heat-treated at 900 ◦C, the
trongest peak observed characteristic for cobalt–molybdenum

xide (CoMoO4) only. This indicates that CoMoO4 can be
ormed at higher temperature [5].

The absence of lines which characteristic for CoMoO4
ydrate and MoO3 in the diagram of sample heat-treated at

ig. 5. XRD for heat-treated sample: (a) 200 ◦C, (b) 300 ◦C, (c) 400 ◦C, (d)
00 ◦C, (e) 700 ◦C and (f) 900 ◦C.
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ig. 6. IR spectra for: (A) untreated sample, (B) heat-treated sample at 500 ◦C
nd (C) heat-treated sample at 900 ◦C.

00 ◦C indicates that cobalt–molybdate is only mixed oxide
ormed at this high temperature.

.1.4. Infrared analysis
The IR spectra of Co3O4 and MoO3 are reported previously

26]. It was reported that the absorption bands of Co3O4 were
t 655, 635, 562, 460 and 350 cm−1. For MoO3 were reported
t 660, 375, 300 and 850 cm−1 which assigned to Mo· · ·O
tretching vibration and at 1000 cm−1 was assigned to Mo· · ·O
tretching vibration in MoO3 [15].

Fig. 6A–C shows the spectra of the sample untreated and
eat-treated at 500 and 900 ◦C, respectively. Several absorption
ands were observed for the untreated sample. The absorp-
ion bands at higher wavenumber decreased with increasing the
eat-treatment and gradually disappeared at treated temperature
00 ◦C. Five absorption bands were observed at lower wavenum-
er which are at 940, 844, 785, 680 and 420 cm−1. The three
bsorption bands at 940, 844 and 785 cm−1 were detected in
ll treated and untreated samples. These bands are assigned to
oMoO4 [26,15,5]. The other band at 680 is due to Mo–O–Mo

n MoO6 group [26]. The band at 420 cm−1 may be attributed
o bending vibration of CoMoO4 structure [27].

. Conclusions

From the experimental results, the following conclusions can
e drawn:

1) The XRD measurements showed that the investigated
cobalt–molybdenum system crystallizes formed CoMoO4
phase.

2) DSC results showed a difference between both of temper-

atures; Tc and Tp measured using both of atmospheres,
nitrogen and air.

3) The crystallization behavior of samples has been investi-
gated under non-isothermal conditions. After heat-treated at
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900 ◦C, the Avrami constant for the samples was 3.6 and the
activation energy of crystallization was 23.636 kJ mol−1. It
indicates bulk crystallization.

4) The activation energy, E, of crystallization has been calcu-
lated by using different methods. Values of the activation
energy of crystallization of the CoMoO4 crystalline phase
obtained by both Takhor and Augis–Bennett methods
are reinforcing each other. A comparison among all the
above different calculated methods of the activation energy
and its average value has been made. The most accurate
method deduced according to this study is suggested to be
Ozawa–Chen’s method, since the minimum deviation from
the average value is about 0.055%.
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