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Abstract

Non-isothermal decomposition of pure or mixed KMnO,4 with (10% w/w) MoO; and NiO as well as mixtures of the two
oxides was studied using thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses. The catalysts calcined at
500°C were characterized by XRD and IR analyses. The surface area (Sggt) of these catalysts were, also, determined. XRD
analysis was used to identify the intermediate compounds resulting during the first stage of decomposition of KMnQy,, as pure
or mixed with some selected catalysts, and the final products of the decomposition at 400°C. A reaction scheme has been
proposed to illustrate the decomposition steps of KMnO,4. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The decomposition of alkali metal permanganates
is considered a very interesting subject for investiga-
tion. The thermal decomposition of KMnO,, among
the alkali metal permanganates, has received rela-
tively more attention by the solid state researchers
[1]. Herbstein et al. [2] have studied the first stage of
the decomposition of KMnOy, (i.e. up to 300°C). Also,
a recently published article [3] described the textures
developed during KMnO,4 decomposition and have
postulated a mechanism of the interface reactions
based on nucleation and growth. The influence of
pre-irradiation on the kinetics of pyrolysis of CsMnO,
[4] and RbMnOQOy [5] has also been studied.

* Corresponding author.
E-mail address: shalawy @kfu.edu.sa (S.A. Halawy).

The effect of different additives on the rate of
thermal decomposition of KMnQO,4 has been investi-
gated [6,7] using thermogravimetric (TG) analysis. It
was assumed that the most effective catalysts, during
the decomposition course of KMnQO,, contain holes
which significantly accelerate the decomposition of
KMnOy, through an electron transfer mechanism [8].
Few articles have been published on the decomposi-
tion of other permanganates such as CsMnO, [4],
RbMnOy [5], Ni(MnQOy,), [9], Ba(MnQOy), [10] and
AgMnOy [11].

In the present study, we have examined the effect of
addition of MoOj3, NiO (as pure oxides) and mixtures
of both catalyst oxides on the decomposition of
KMnO,. The intermediate compounds of the first
stage of KMnQO, decomposition and those formed at
280°C together with the final products at 400°C were
examined using XRD analysis. A reaction scheme was
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proposed to illustrate the decomposition steps of
KMnO,.

2. Experimental
2.1. Preparation of catalysts

Pure MoOj; and NiO samples were prepared by the
direct calcination, at 500°C for 5 h, of analytical grade
ammonium molybdate, (NH4)¢Mo0,0,4-4H,0, and
nickel hydroxide [12], Ni(OH),, respectively. MoO;
containing 30, 50 and 70 mol% NiO were prepared as
follows: calculated amounts of ammonium molybdate
and nickel hydroxide were mixed together by deionized
water, with vigorous stirring, and the mixture was eva-
porated to dryness over a water bath. All the resulting
mixtures weredriedat 120°Cinanovenfor 12 h. Finally,
the catalyst samples were calcined inair at 500°C for 5 h.
For simplicity these catalysts are identified here as
Cat-30, Cat-50 and Cat-70, respectively.

2.2. Characterization of the catalysts

X-ray powder diffraction (XRD) patterns of the
calcined catalysts as well as the decomposition pro-
ducts of KMnO, as pure or mixed with some selected
catalysts, at 280°C and at the end of the pyrolysis,
were recorded at ambient temperature. This was
carried out using D5000 Siemens diffractometer
(Germany), equipped with a copper anode generating
Ni-filtered Cu Ko radiation (4= 1.5406 A, 40 kV,
30 mA). An on-line data acquisition and handling
system facilitated an automatic JCPDS library search
and match (Diffrac. Software, Siemens).

IR absorption spectra of the calcined catalysts were
performed using a Perkin-Elmer 599B IR spectro-
photometer between 2000 and 200 cm™', adopting
the KBr disc technique.

Surface area (Sggt) of all catalysts were measured
by the BET method using low-temperature (—196°C)
nitrogen adsorption with the aid of a conventional
volumetric instrument [13].

2.3. Reactivity measurements

Potassium permanganate (PP) KMnO, used in this
study was an analytical grade material (BDH, UK).

Samples of anhydrous PP were crushed gently, before
the pyrolysis study, to avoid the effect of particle size
variation of the reactants. The crushed KMnO, were
then ground in an agate mortar with 10% w/w of each
catalyst and sieved. All these mixtures were stored in a
dissector, over anhydrous CaCl,, at ambient tempera-
ture. TG of KMnQ,, as pure or mixed samples, was
carried out using the gasometric technique [14] as
explained in detail elsewhere [15].

2.4. Data analysis

The kinetic parameters of the pyrolysis of KMnOQOy,
as pure or mixed with different catalysts, were calcu-
lated from the TG results using the Coats—Redfern
equation [16] as follows:

o 1—(1—o)d 1o AR[, _2RT
S T R R 5 E
E 1
- f 1
23RT OMSD

or

(1—0) AR 2RT
logyo {_long = logloa—E 1 - E
E

forn = 1
23RT OPT

where « is the fractional mass loss (calculated from
TG results), n the reaction order, A the frequency
factor, a the heating rate, R the gas constant and T
the absolute temperature (K). Using values of (n)
equal to 0.25, 0.5, 0.75 and 1.0, in the above men-
tioned equations, for a given set of experimental
values of « and T plots of logio[l — (1 — oc)l -
T(1 — n)] or logyo[—logo(1 — «)/T?] against 1/T
were constructed. The value of n that has given the
best fit was chosen as a reaction order and from the
slope of that line E, (kJ/mol) was calculated [17].

3. Results and discussion
3.1. X-ray diffraction analysis
XRD diffractograms of the prepared catalysts, cal-

cined at 500°C for 5h, are presented in Fig. 1.
Diffractogram (a) of the parent MoO3; matches well
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Fig. 1. (a) XRD patterns of MoOj3; (b—d) MoO3 mixed with 30, 50
and 70 mol% NiO; and (e) NiO calcined at 500°C for 5 h.

the standard ICDD card No. 5-0508, where the most
intense peaks appeared at d = 5.87, 3.22, 2.92, 2.75,
224, 1.95 and 1.92 A. Diffractogram (b) shows the
effect of the addition of 30 mol% NiO to MoO; (Cat-
30). New lines appear that were attributed to the
formation of the following two new phases: (i)
NiMoO, confirmed by the diffraction lines at
d=1.65 and 1.57 A (ICDD card No. 16-0291) and
(i) Ni,O3 confirmed by three diffraction lines at
d=229, 2.15 and 1.36 A ( ICDD card No. 14-
0481). The other diffraction lines appearing in pattern
(b), i.e. at d =5.99, 3.25, 2.95, 2.78, 2.26, 1.96 and
1.40 A belong to the parent compound.

XRD pattern (c) of Cat-50 showed the appearance
of four new diffraction lines at d = 5.28, 2.62, 1.65
and 1.57 A. These were attributed to the formation of
NiMoOQO, (ICDD card No. 16-0291), while the other
group of diffraction lines at d = 5.91, 3.22, 2.93, 2.76,
2.25, 1.95 and 1.68 A belong to MoO; as a main
constituent of this. Diffractogram (d) of Cat-70,
MoO; containing 70 mol% NiO, showed that nickel
molybdate has been considerably formed as concluded
from the new diffraction lines appearing at d = 5.28,
3.33, 2.82, 2.62, 2.32, 1.63 and 1.57 A which is
consistent with ICDD card No. 16-0291. A single
diffraction line at d=1.75 A is attributed to NiO

(ICDD card No. 4-0835). The remaining diffraction
lines (i.e.atd = 5.91,2.95,2.77,2.24, 1.96 and 1.44 A
are attributed to the parent MoOs. The XRD pattern of
pure NiO calcined at 500°C, Fig. le, matches well
with the ICDD card data No. 4-0835 (with d-spacing
values at d = 2.04, 1.76, 1.26, 1.11 and 1.02 A).

From the XRD data shown in Fig. 1 one can notice
that Ni,Oz has been formed with the addition of a
small concentration of NiO to MoQOs as in Cat-30 (see
Fig. 1b). The formation of NiMoQy,, on the other hand,
has started in Cat-30 and its concentration increased,
gradually, with increasing the mol% of NiO added to
MOO3.

3.2. IR analysis

Fig. 2 shows the IR spectra of the catalysts calcined
at 500°C for 5 h. The spectra of MoO3, Cat-30, Cat-50
and Cat-70 possess the same absorption band at 980—
970 cm ™' corresponding to Mo=O stretching mode
[18], followed by a group of bands in the range 870-
805 cm ™! which are attributed to the stretching mode
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Fig. 2. (a) IR spectra of MoOs; (b—d) MoO; mixed with 30, 50 and
70 mol% NiO; and (e) NiO calcined at 500°C for 5 h.
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of the bridge oxygen Mo—O-Mo [19]. The bands due
to O—Mo-O deformation mode appeared in the range
500-235 cm ™" in spectra (Fig. 2a—d). The IR spectra
of samples Cat-30, Cat-50 and Cat-70 showed new
bands at 950-920 and 600-440 cm™!, which are
related to the formation of NiMoQ, in these catalysts
[20]. The spectrum of NiO (Fig. 2e) shows a weak
shoulder at 650 cm™" followed by two high intensity
broad bands at 450 and 385 cm ™!, which are attributed
to the stretching vibration of Ni—O [21].

3.3. Reactivity measurements

TG curves of the pyrolysis of KMnO, (PP), pure or
mixed with 10% w/w catalysts, are shown in Fig. 3.
The pure PP started to decompose significantly at
=~240°C, the rate of decomposition becomes appreci-
ably fast in the temperature range 265-285°C and
slowed down afterwards till 450°C. The derivative
thermogravimetric analysis (DTG) curve of pure PP
(Fig. 4a) shows that the maximum rate of weight loss
as a sharp peak at Ty,x = 275°C. The addition of
10% w/w of pure MoOj or NiO, that calcined at
500°C, to PP has a notable enhancing effect on the
pyrolysis of PP (Fig. 3b and c). This is further indi-
cated by the shift of 7}, of the DTG curves towards
lower temperatures. Both MoO5; and NiO have an
accelerating effect during the decomposition of PP
by 14°C (for MoOs3) and 26°C (for NiO) (see Fig. 4b
and c¢). The addition of 10% w/w of Cat-30 has
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Fig. 3. TG curves of the pyrolysis of: (a) KMnO,4 (PP), PP mixed

with 10% w/w of the respective catalysts, calcined at 500°C, (b)
MoOs, (c) NiO, (d) Cat-30, (e) Cat-50 and (f) Cat-70.
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Fig. 4. DTG curves of the pyrolysis of: (a) KMnO, (PP), PP mixed
with 10% w/w of the respective catalysts, calcined at 500°C, (b)
MoQs3, (c¢) NiO, (d) Cat-30, (e) Cat-50 and (f) Cat-70.

strongly retarded the decomposition of PP (see Fig.
3d). The decomposition step was shifted to 280°C,
then, was accelerated between 295°C and 400°C and
has been completed at about 500°C. Again, the DTG
curve of PP in the presence of Cat-30, Fig. 4d, showed
that the Ty, value was shifted by 45°C higher than the
pure PP. Fig. 3 shows the positive effect of addition of
10% w/w of Cat-50 and (curve e) and Cat-70 (curve f)
on the decomposition of PP. It is clear that both
catalysts have accelerated the decomposition reaction.
For example, the presence of Cat-70 (curve f), the
decomposition reaction commenced too early with the
evolution of considerable amounts of oxygen and the
rate has increased appreciably between 220°C and
450°C. Fig. 4e and f, further supports the accelerating
effect of both Cat-50 and Cat-70 on the decomposition
of PP where T,,,, are maximized at 247°C and 240°C,
respectively.

From the TG and DTG results, it is seen that
addition of the pure oxides (i.e. MoO3 or NiO) has
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accelerated the decomposition of PP. This is explained
by the fact that KMnQO, is an n-type semiconductor [8]
which is reported [8] to decompose via an electron
transfer mechanism. Therefore, typical p-type semi-
conductors [22] such as MoO5 and NiO which act well
as an electron acceptor are expected to enhance the
decomposition of KMnOy. The addition of 10% w/w
of Cat-30 to KMnQy, on the other hand, has retarded
the decomposition process (see Fig. 3d and Fig. 4d).
This behaviour could be attributed to the formation of
the n-type semiconductor Ni,O3 [22] on calcination of
this sample at 500°C, see the XRD results. Therefore,
the presence of a minute concentration of Ni,O3 which
acts as an electron donor will strongly inhibit the
decomposition of KMnO,. As the mol% of NiO added
to MoOs increases, i.e. 50 and 70 mol%, the concen-
tration of NiMoO, formed increases. Therefore, Cat-
70, containing 70 mol% NiO, was the most active
catalyst for the decomposition of KMnO,4 among the
catalysts investigated.

3.4. Reaction stoichiometry

The decomposition of KMnO, up to 300°C was
reported to proceed by the following equation [2]:
1OKMHO4 — 265K2MHO4
+ [2.35K;0 - 7.35MnO; 5] + 60, (1)
Boldyrev et al. [23] have identified both K3(MnQy),
and K,MnOy as intermediates during the decomposi-
tion of KMnQOy. Therefore, we can assume that the

decomposition of KMnO, may proceed via the fol-
lowing equations:

3KMnO; — K3(MnOy), + MnO, + 0,  (2)

2K3(MnO,), — 2K,MnO; + K,0 + 2MnO,
+1.50, 3)

2K,MnO,; — 2KMnO, + K,0 +1.50,  (4)

The summation of the last three equations gives the
overall reaction scheme:

6KMnO4 — 2KMnO; + 2K;,0 + 4MnO; + 50,

&)

To prove the above mentioned assumption, we have

carried out the decomposition of KMnO, (pure or
catalyzed) up to 280°C. The solid product (at 280°C)

was transferred into a desiccator containing anhydrous
CaCl,, left to cool and was finally subjected to XRD
analysis. Similarly, the final decomposition product at
400°C was subjected to XRD analysis. The XRD
results of these decomposition products of KMnOy,
(pure or catalyzed), at 280°C and 400°C are given in
Table 1. The XRD results listed in Table 1 show the
presence of the reaction intermediates mentioned
above (Egs. (2)—(5)), ie. K3(MnOy),, KoMnO,,
KMnO»,and K,Mn,0O3. In addition, another intermedi-
ate (i.e. K,;Mn4O5) was identified in all samples
(except for PP + MoO;) decomposed up to 280°C.
8-MnO, was identified in the reaction products of all
samples investigated, while &-MnO, and K,0O were
identified only after decomposition to 400°C.

3.5. Kinetic analysis

The activation energy E, for the decomposition of
KMnOQO, (PP) pure or mixed with, 10% w/w, different
catalysts was calculated using the Coats—Redfern
equation [16], and the results are given in Table 2.
The value of E, calculated for pure PP was
151 kJ mol ', This value is in good agreement with
that reported before [24,25]. The addition of the pure
oxides, i.e. MoOs; and NiO, to PP has resulted in a
decrease of E, to 125.8 and 127.3 kJ mol ™!, respec-
tively. The same effect was observed on the addition of
Cat-50 or Cat-70 during the decomposition of PP(see
Table 2). On the contrary, the value of E, of the
decomposition of PP mixed with Cat-30 was increased
to 160.3 kJ molfl, which is attributed to the retarda-
tion effect of Ni,O; thus formed during the prepara-
tion of Cat-30 at 500°C, see the XRD analysis. From
the kinetic results of the non-isothermal decomposi-
tion of PP (Table 2), it is clear that the catalytic activity
of these catalysts have been affected by their chemical
composition. For example, increasing the concentra-
tion of the p-type NiMoO, [26] formed during their
preparation, e.g. Cat-70 has increased its activities
(see the XRD results and Table 2). On the other hand,
the formation of the n-type semiconductor Ni,O5 [22],
e.g. Cat-30, has resulted in a decrease in its activity
(see XRD results and Table 2). It is worth mentioning
here that Sggr of these catalysts did not play an
important role in the present study except, to some
extent, for Cat—702 Wh%Ch possessed the highest St

value (i.e. 36.1 m~ g~ ).
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Table 1

XRD results of the decomposition of KMnQ, as self or mixed with MoO3, NiO and Cat-50 at 280°C and the final products at 400°C*

Identification of the products by
the standard ICDD data

Step (I) at 280°C

Step (II) at 400°C

KMnO, PP+ PP + PP + KMnO, PP+ PP+ PP +
(PP) MoO; NiO Cat-50 (PP) MoO; NiO Cat-50
KMnO, ICDD card No. (7-0023) 4.595 3.705 5.749 3.559 1.936 3.705 4572 1.916
3.914 3.206 3.880 3.229 1.806 3.386 3.573
3.437 2.957 3.437 2.820 1.700 3218 3.437
1.936 2.847 3.218 1.916 2.938 2.938
1.806 2.205 2.947 1.809 2.199 2.855
1.702 1.729 2.562 1.596 1.700 1.660
1.916
1.836
1.671
K;(MnOy), ICDD card No. (21-0997)  3.241 3.645 4.844 3.264 1.748 2.453 4.870 2415
2.882 1.971 3.252 1.963 1.975 1.641 1.975
2.384 1.767 2.882 1.779 1.796 1.596 1.786
1.773 2421 1.627
1.745 1.959
K>MnO, ICDD card No. (12-0264) 4247 3.798 5.122 3.151 4247 3.815 5.122 4247
3.815 2.920 3.799 3.119 3.831 3.587 4.308 3.816
3.601 2.144 3.076 3.076 3.056 3.097 4247 3.151
3.066 2.065 2.590 2.976 2.976 2.976 3.815 3.076
2.976 2.473 2.144 2.928 2910 3.076 2.976
2.938 2274 2.056 2.130 2.576 2.285
2.285 2.154 2.279 2.130
2.144 2.034 2.460 2.039
1.897
KMnO, ICDD card No. (18-1035) 2778 7.132 7.076 7.076 7.020 7.132 7.076 7.020
2.263 3.517 3.545 2.130 2.769 3.517
2.409 2.769 2.120 2.402
2.125
2.061
K>Mn,0; ICDD card No. (38-1062)  2.736 2.728 2.891 2.728 2.547 2.761 2.720
2.539 2.657 2.650
2.506
K,Mn,0; ICDD card No. (16-0205)  6.965 6.965 3.463
3.490 3.504
8-MnO, ICDD card No. (14-0644) 3.966 3.966 2.319 1.480 2.336 2.612 2.409 2.605
2.319 2434 1.633 1.420 2.125 2434 1.244 1.607
2.125 1.646 1.301 1.386 1.619 2.092 1.251
1.609 1.520 1.233 1.509 1.657
1.306 1.420
1.383
1.243
£-MnO, ICDD card No. (12-0141) 2.460 3.880 1.677
2.384 2.479
2.135 2.258
2.061 2.039
1.959

1.677
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Table 1 (Continued)
Identification of the products Step (I) at 280°C Step (II) at 400°C
by the standard ICDD data
KMnO, PP + PP + PP + KMnO, PP + PP + PP +
(PP) MoO; NiO Cat-50 (PP) MoO; NiO Cat-50
K,O ICDD card No. (23-0493) 3.705 2.285 2.263
2.313 1.872
2.279
1.897
1.799
1.768

2 All XRD lines, in this table, have highly relative intensities.

Table 2

Kinetic results of the non-isothermal decomposition of pure KMnO, (PP) and PP mixed with 10% w/w catalysts and the Sggr values of these

catalysts, calcined at 500°C for 5 h

Sample Tmax (DTG) (°C) E, (kJ/mol) nt Coresponding coefficient SBET (mzlg)
KMnO, (PP) 275 151.0 0.25 0.97 -
PP + MoO; 261 125.8 1.00 0.96 MoO; = 1.3
PP + NiO 249 127.3 0.25 0.98 NiO = 34.1
PP + (Cat-30) 320 160.3 0.25 0.99 Cat-30 = 22.9
PP + (Cat-50) 247 109.5 0.25 0.98 Cat-50 = 18.6
PP + (Cat-70) 240 92.0 1.00 0.94 Cat-70 = 36.1

* Order of reaction.
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