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Abstract

The solid–solid interactions between manganese and magnesium oxides in absence and in presence
of small amounts of Li2O have been investigated. The molar ratios between manganese and magne-
sium oxides in the form of Mn2O3 and MgO were varied between 0.05:1 to 0.5:1. The mixed solids
were calcined in air at 400–1000°C. The techniques employed were DTA, XRD and H2O2 decompo-
sition at 20–40°C.

The results obtained revealed that solid–solid interactions took place between the reacting solids
at 600–1000°C yielding magnesium manganates (Mg2MnO4, Mg6MnO8, MgMnO4 besides unreacted
portions of MgO, Mn2O3 and Mn3O4). Li2O-doping (0.75–6 mol%) of the investigated system fol-
lowed by calcination at 600 and 800°C decreased progressively the intensity of the diffraction lines of
Mn2O3 (Bixbyite) with subsequent increase in the lattice parameter ‘a’ of MgO to an extent propor-
tional to the amount of Li2O added. This finding might suggest that the doping process enhanced the
dissolution of Mn2O3 in MgO forming solid solution. This treatment led also to the formation of
Li2MnO3. Furthermore, the doping with 3 and 6 mol% Li2O conducted at 800°C resulted in the conver-
sion of Mn2O3 into Mn3O4, a process that took place at 1000°C in absence of Li2O. The produced
Li2MnO3 phase remained stable by heating at up to 1000°C. Furthermore, Li2O doping of the investi-
gated system at 400–1000°C resulted in a progressive measurable increase in the particle size of MgO.

The catalytic activity measurements showed that the increase in the molar ratio of Mn2O3 in the
samples precalcined at 400–800°C was accompanied by a significant increase in the catalytic activity
of the treated solids. The maximum increase in the catalytic activity expressed as reaction rate constant
measured at 20°C (k20°C) attained 3.14, 2.67 and 3.25-fold for the solids precalcined at 400, 600 and
800°C, respectively. Li2O-doping of the samples having the formula 0.1 Mn2O3/MgO conducted at
400–600°C brought a progressive significant increase in its catalytic activity. The maximum increase
in the value of k20°C due to Li2O attained 1.93 and 2.75-fold for the samples preheated at 400 and
600°C, respectively and opposite effect was found for the doped samples preheated at 800°C.
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Introduction

The dopant agent may affect the solid–solid interaction between the oxide and its
support [1–3]. This influence may be accompanied by significant changes in the cata-
lytic activities of the doped supported catalysts [4]. The effect of doping with some
foreign cations such as Li+, Na+, K+, Zn+, Ag+ on physicochemical, surface and cata-
lytic properties of different transition metal oxides supported on alumina or magnesia
such as Co3O4/MgO [5], Mn2O3/Al2O3 [6], Co3O4/Al2O3 [7] and NiO/Al2O3 [8] made
the object of several investigations. The results showed that the doping process exert
significant changes on the degree of dispersion of the catalytically active constitu-
ents, on their specific surface areas, on the solid–solid interactions between the metal
oxides and support material, and consequently on their catalytic activities [9, 10].

Manganese carbonate is known to decompose readily on heating in air or under a
reduced pressure of 10–5 Torr at moderate temperatures (300–400°C) yielding MnO2,
which converts simultaneously into Mn2O3 [11–14]. Mn2O3 remained thermally stable
up to 900°C then decomposed to form Mn3O4 [15]. The presence of Li2CO3 or NaOH
was found to enhance the decomposition of both MnO2 and Mn2O3 [11, 15]. The
KOH-treatment of MnCO3 was found to decrease the decomposition temperature of
MnCO3, MnO2 and Mn2O3 to an extent proportional to the amount of potassium hy-
droxide present [16]. These results have been attributed to an induced increase in the
hygroscopic nature of the treated manganese carbonate and to an effective decrease in
the oxidation state of the doped oxides [15]. The effect of aluminum oxide support on
the thermal behavior of manganese carbonate was also investigated [17]. The results
obtained showed that the employed support material retards the thermal decomposition
of MnCO3 due to the formation of a manganese/aluminum adduct which decomposes
readily at 350 instead of 250°C in the absence of the support material, to give γ-MnO2.
This compound decomposed at 500°C to Mn2O3 (partridgeite) [17, 18].

The present investigation reports a study on the effect of loading of different
amounts of manganese carbonate on active magnesia on the thermal decomposition of
the supported solids. Also, the present work is devoted to study the effect of doping with
Li2O on the thermal decomposition of supported manganese carbonate and on the cata-
lytic activity of the produced manganese oxides. The techniques employed in this work
were DTA, X-ray diffraction and catalytic decomposition of H2O2 at 20, 30 and 40°C.

Experimental

Materials

Four specimens of manganese oxide loaded on active magnesia were prepared by me-
chanical mixing of a known mass of finely powdered magnesium basic carbonate
with different amounts of manganese carbonate. The obtained mixed solids were
heated in air for 5 h at 400–1000°C. The amount of manganese, expressed as Mn2O3

varied between 16.0 and 65.6 mass%. The nominal compositions of these solids were
0.05Mn2O3:MgO, 0.1Mn2O3:MgO, 0.2Mn2O3:MgO and 0.5Mn2O3:MgO. The doped
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mixed solids were prepared by treating a known mass of basic MgCO3 with a solution
containing different proportions of lithium nitrate then dried at 100°C. A fixed quan-
tity of manganese basic carbonate was mixed with different treated magnesium car-
bonate followed by calcination in air at 400–1000°C for 5 h. Four the series of doped
catalysts, manganese content was fixed at 28.6 mass%, expressed as Mn2O3, while
the amounts of lithium, expressed as Li2O, were 1.5, 3, 6 and 12 mol% which corre-
spond to 0.75, 1.5, 3 and 6 mol% Li2O, respectively. All chemicals employed in the
preparation of the pure and doped catalysts were of analytical grade as supplied by
the Riedel–De Haen Company, Germany.

Techniques

An X-ray diffractograms of pure and doped mixed solids precalcined in air
at 400–1000°C were obtained using a Philips diffractometer (type PW 1390). The
patterns were run with iron radiation without filter (λ =1.9373 Å) at 36 kV and 16 mA
with scanning speed of 2° in 2θ min–1.

The particle size of MgO phase in pure and doped solids was calculated using
Schrer equation [19]:

d
B

=
λ

β θ1 2/ cos

where d is average particle size of the phase under investigation, B is the Schrer con-
stant (0.89), λ is wavelength of the X-ray beam used, β1/2 is the full width half maxi-
mum (FWHM) of diffraction peak and θ is the diffraction angle.

The lattice parameter ‘a’ of MgO (cubic structure) Mn2O3/MgO mixed solids

preheated at 500–1000°C was determined from the equation: a d h k l= + +2 2 2 where

a for the diffraction line at d-spacing 2.095 �(200) [20].
DTA analysis was carried out for various mixed solids using Shimadzu DTA-50.

The measurements were done in a current of nitrogen flowing at a rate of 20 mL min–1.
The rate of heating was kept at 10°C min–1. A 40 mg samples of each solid specimen
was employed in each case.

The catalytic activity of the various catalysts was determined by studying the de-
composition of H2O2 in their presence at 20°C. 30 and 40°C using 10 mg of a given
catalyst sample with a 0.5 mL volume of H2O2 of known concentration diluted
to 20 mL with distilled water. Measuring the volume of oxygen gas liberated at dif-
ferent time intervals until equilibrium was attained monitored the reaction kinetics.

Results and discussion

Thermal investigation of pure and doped uncalcined mixed solid samples

The DTA and dDTA curves of manganese carbonate, pure and doped mixtures of
manganese and magnesium carbonates were determined. Figure 1 depicts the DTA
and dDTA curves of manganese carbonate hydrate and magnesium basic carbonate
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mixed with different proportions of manganese carbonate (0.2, 0.4 and 1 mol mol–1).
The DTA and dDTA curve of manganese carbonate consists of three endothermic
peaks located at 473.9, 558.2 and 843.9°C together with very strong and sharp exo-
thermic peak at 730.7°C.

The endothermic peaks correspond to thermal decomposition of MnCO3 into
MnO2, Mn2O3 and Mn3O4 according to:

2MnCO3+O2
473 9. ° →C 2MnO2+2CO2; 2MnO2

558 2. ° →C Mn2O3+ ½O2;

3Mn2O3
843 9. ° →C 2Mn3O4+½O2 .

The exothermic peak at 730.7°C might characterize the crystallization of Mn2O3

into Mn2O3 (bixbyite) phase. The DTA curves of different mixtures of manganese
and magnesium carbonates consist of five endothermic peaks at 39–43, 258–260,
439–448, 537–539 and 838–844°C. The first set of peaks correspond to removal of
water of crystallization of magnesium and manganese carbonates, the second peak
prefers to dehydroxylation of magnesium basic carbonate yielding MgCO3 [11, 16],
the third and fourth peaks correspond to thermal decomposition of MgCO3 into MgO.
The last peak refers to thermal transformation of Mn2O3 to Mn3O4 [17, 18].

Figure 2 shows the DTA and dDTA curves of pure and lithium oxide-doped
mixed solids. The DTA curves of doped mixed solid samples consist of six endother-
mic peaks located at 40–41, 260–267, 440–448, 480–537, 735–838 and 887–960°C.
The first five sets of peaks indicate removal of water of crystallization of manganese
and magnesium carbonates, dehydroxylation of magnesium basic carbonate, decom-
position of MgCO3 and transformation of Mn2O3 into Mn3O4, respectively. The last
set of peaks might characterize possible solid–solid interactions between Li2O with
manganese and magnesium oxides yielding lithium/manganese and lithium/magne-
sium compounds. The identification of such compounds will be done via XRD inves-
tigation of variously doped mixed solids precalcined at different temperatures.
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Fig. 1 DTA and dDTA of a – hydrated manganese carbonate, b – 0.2 manganese car-
bonate : basic magnesium carbonate, c – 0.4 manganese carbonate : basic mag-
nesium carbonate and d – manganese carbonate : basic magnesium carbonate



XRD investigation of MnCO3 preheated at different temperatures

Figure 3 depicts X-ray diffractograms of MnCO3 hydrate subjected to heat treatment at
400, 500, 600, 800 and 1000°C. This figure showed that the diffraction lines of MnO2 (ma-
jor phase) together with some diffraction lines of Mn2O3 appeared in the diffractograms of
the samples precalcined at 400°C [16]. The rise in calcination temperature in the range of
400–800°C led to a complete conversion of MnO2 into Mn2O3 (bixbyite). It can also be
seen from Fig. 3 that the diffractogram of the solid preheated at 1000°C consisted of all dif-
fraction lines of well-crystallized Mn3O4 (Hausmannite) [21].
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Fig. 2 DTA and dDTA of a – pure solid, 0.2 manganese carbonate : basic magnesium
carbonate, b – pure solid doped with 3 mol% LiNO3, c – pure solid doped with
6 mol% LiNO3 and d – pure solid doped with 12 mol% LiNO3

Fig. 3 X-ray diffractograms of manganese carbonate precalcined in air at 400, 500,
600, 800, 1000°C. Lines 2 – MnO2, 3 – Mn2O3 and 4 – Mn3O4



XRD investigation of pure manganese and magnesium mixed carbonate precalcined
at different temperatures

The X-ray diffractograms of pure manganese and magnesium mixed carbonates pre-
calcined at 400 to 1000°C was determined. The crystalline phases produced are sum-
marized and given in Table 1. Figures 4 and 5 depict representative diffractograms of
different solids preheated at 400 and 600°C. It can be seen from Table 1 and Figs 4, 5
that: (i) MgO and MnO2 constituted the crystalline phases present in the mixed solids
precalcined at 400°C. (ii) The relative intensities of the diffraction lines of MnO2 in-
creases and those of MgO decreases by increasing the amount of manganese oxide
added. The diffraction patterns of the sample having a molar ratio of manganese ox-
ide : MgO of 0.5:1 and calcined at 400°C consisted of the diffraction lines of MnO2

indicating a possible retardation effect of thermal decomposition of MgCO3 or the
formation of finely divided MgO phase that could not be detected easily by XRD. (iii)
The mixed solids precalcined at 600°C consisted of the diffraction lines of MgO,
Mn2O3 and Mg2MnO4. The formation of magnesium manganate compound took
place according to:

4MgO+Mn2O3+1/2O2
600° →C 2Mg2MnO4 (1)

(iv) The heat treatment of the investigated solids at 800°C led to formation of
Mg6MnO8 together with Mg2MnO4, MgO, Mn2O3 and Mn5O8 phases [20]. The for-
mation of Mg6MnO8 was produced according to:

12MgO+Mn2O3+1/2O2
800° →C 2Mg6MnO8 (2)

(v) The heat treatment of different mixed solids at 1000°C led to the formation
of Mn3O4 [16], Mg6MnO8, Mg2MnO4, MgO and MgMnO4. The formation of the last
compound took place according to:
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Fig. 4 X-ray diffractograms of magnesium carbonate mixed with different proportions of
manganese carbonate and precalcined in air at 400°C. Lines 1 – MgO and 2 – MnO2



3MgO+Mn3O4+5/2O2
1000° →C 3MgMnO4 (3)

The effects of mol ratios of manganese oxide: MgO and calcination temperature
on the lattice parameter ‘a’ of MgO and on its particle size have been investigated and
the results obtained are given in Table 2. Inspection of Table 2 revealed the follow-
ing: (i) The particle size of MgO phase increases progressively by increasing the cal-
cination temperature and amount of manganese oxide present. (ii) The lattice parame-
ter of MgO phase present in different investigated solids precalcined at 500–1000°C
increases progressively by increasing the amount of manganese oxide present. This
increase was, however, more pronounced in the case of the mixed oxide solids pre-
calcined at 500, 600 and 800°C.

The observed increase in the lattice parameter due to treatment with increasing
amounts of manganese oxide might be attributed to dissolution of some of manganese
oxide in the lattice of MgO forming MnO–MgO solid solution having the formula
MnxMg1–xO. In fact, the ionic radii of Mg2+ and Mn2+ are 0.65 and 0.80 �, respec-
tively [22]. So, the dissolution of a small portion of manganese oxide in the lattice of
MgO should be normally accompanied by an expansion in its lattice with subsequent
increase in the lattice parameter of MgO phase. The fact that the extent of increase in
the lattice parameter of MgO decreases progressively by increasing the precalcina-
tion temperature of the investigated solids, suggesting that the amount of manganese
oxide dissolved in MgO lattice decreases by increasing the temperature of heat treat-
ment within the range 500–1000°C. This conclusion simply seems logical, because
solid–solid interactions between manganese and MgO took place at temperature
within the range 600–1000°C (Table 1).

J. Therm. Anal. Cal., 75, 2004

GHOZZA: MANGANESE AND MAGNESIUM MIXED OXIDES 141

Fig. 5 X-ray diffractograms of magnesium carbonate mixed with different porportions
of manganese carbonate and precalcined in air at 600°C. Lines 1 – MgO,
3 – Mn2O3 and 5 – Mg2MnO4



XRD investigation of manganese and magnesium mixed oxides doped with Li2O and
precalcined at 400–1000°C

The X-ray diffractograms of the sample having the formula 0.1Mn2O3/MgO doped
with small amounts of Li2O followed by calcination at 400–1000°C have been carried
out. The crystalline phases produced are given in Table 3.
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Table 1 Different crystalline phases produced by heating MnCO3 and manganese/magnesium
mixed carbonates precalcined at 400–1000°

Chemical
composition

Calcination
temperature/°C

Formed phase*

MnCO3

400 MnO2 (different structure, small amount of Mn2O3)

500 Mn2O3

600 Mn2O3

800 Mn2O3

1000 Mn3O4

0.05 Mn/Mg 400 MgO

0.1 Mn/Mg MgO, MnO2

0.2 Mn/Mg MgO, MnO2

0.5 Mn/Mg MgO, MnO2

0.05 Mn/Mg 500 MgO, Mn2O3

0.1 Mn/Mg MgO, Mn2O3

0.2 Mn/Mg MgO, Mn2O3

0.5 Mn/Mg MgO, Mn2O3

0.05 Mn/Mg 600 MgO, Mn2O3

0.1 Mn/Mg MgO, Mn2O3, Mg2MnO4

0.2 Mn/Mg MgO, Mn2O3, Mg2MnO4

0.5 Mn/Mg MgO, Mn2O3, Mg2MnO4

0.05 Mn/Mg 800 MgO, Mn2O3

0.1 Mn/Mg MgO, Mn2O3, Mg6MnO8

0.2 Mn/Mg MgO, Mn2O3, Mg6MnO8

0.5 Mn/Mg MgO, Mn2O3, Mg6MnO8

0.05 Mn/Mg 1000 MgO, Mn3O4, MgMnO4

0.1 Mn/Mg MgO, Mn3O4, MgMnO4

0.2 Mn/Mg MgO, γ -Mn3O4, MgMnO4, Mg2MnO4

0.5 Mn/Mg MgO, Mn3O4, Mg6MnO8, MgMnO4, Mg2MnO4

*Mn2O3 (Bixbyite)
*Mn3O4 (Hausmannite)



Figure 6 depicts X-ray diffractograms of pure and variously doped solids
precalcined at 400°C. It is seen from this figure that Li2O-doping of the investigated
system followed by calcination at 400°C stimulated the thermal decomposition of
MnCO3 yielding MnO2. The stimulation effect ran parallel to the amount of the dopant
added. The doping process effected also a measurable increase in the degree of order-
ing and particle size of MgO phase as evidenced from the observed measurable in-
crease in peak height of the main diffraction lines of MgO phase (d=2.095 �) which
measured the values 40, 49, 54, 58 and 94 a.u. for the pure sample and those doped with
0.75, 1.5, 3 and 6 mol% Li2O, respectively. These results could be attributed to an en-
hanced increase in the mobility of magnesium and manganese ions thus facilitating the
thermal decomposition of MnCO3 producing MnO2 [11] and increasing the degree of
crystallinity of MgO phase. These findings agree with the refluxing effect of Li2O.

Inspection of Table 3 revealed the following: (i) The rise in precalcination tem-
perature to above 400°C led to the formation of Li2MnO3 [11, 23] besides Mn2O3,
MgO and Mg2MnO4. The formation of Li2MnO3 took place according to:

2Li2O+Mn2O3+1/2O2
> ° →400 C 2Li2MnO3 (4)
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Table 2 Lattice parameter and particle size of MgO phase present in different manganese/magne-
sium mixed oxides preheated at 500–100°C

Mn/Mg
molar ratio

Calcination temperature/°C Lattice parameter/� Particle size/�

0.05 500 4.2135 85

0.1 500 4.2191 99

0.2 500 4.2261 110

0.5 500 4.2290 112

0.05 600 4.2121 108

0.1 600 4.2173 116

0.2 600 4.2191 145

0.5 600 4.2265 150

0.05 800 4.2129 202

0.1 800 4.2169 209

0.2 800 4.2188 215

0.5 800 4.2233 285

0.05 1000 4.1220 295

0.1 1000 4.2121 296

0.2 1000 4.2140 298

0.5 1000 4.2146 302



The fact that the diffraction lines of Li2MnO3 (d=4.75, 2.03, 2.02) [20] phase
were detected in the diffractograms of the solids doped with very small amounts of
Li2O which are much below the detection limit of XRD suggested that most of the
dopant added was retained in the uppermost surface layers of the treated solids.

This conclusion comes from the fact that the doped samples were prepared by wet
impregnation method. (ii) The heat treatment of the doped samples at 800°C brought
about the appearance of diffraction lines of Mn3O4 phase [11]. The formation of this
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Table 3 Crystalline phases present in the thermal products of pure and Li2O-doped manga-
nese/magnesium mixed oxide solids preheated at 400–1000°C

Li2O concentration/
mol%

Calcination
temperature/°C

Phases*

0 400 MgO, MnO2

0.75 MgO, MnO2

1.5 MgO, MnO2

3 MgO, MnO2

6 MgO, MnO2

0 500 MgO, Mn2O3

0.75 MgO, Mn2O3

1.5 MgO, Mn2O3, Li2MnO3

3 MgO, Mn2O3, Li2MnO3

6 MgO, Mn2O3, Li2MnO3

0 600 MgO, Mn2O3, Mg2MnO4

0.75 MgO, Mn2O3, Mg2MnO4, Li2MnO3

1.5 MgO, Mn2O3, Mg2MnO4, Li2MnO3

3 MgO, Mn2O3, Mg2MnO4, Li2MnO3

6 MgO, Mn2O3, Mg2MnO4, Li2MnO3

0 800 MgO, Mn2O3, Mg2MnO4, MgMnO4

0.75 MgO, Mn2O3, Mg2MnO4, MgMnO4

1.5 MgO, Mn2O3, Mg6MnO8, Li2MnO3

3 MgO, Mn2O3, Li2MnO3

6 MgO, Mn2O3, Mn3O4, Li2MnO3

0 1000 MgO, Mn3O4, Mg6MnO8

0.75 MgO, Mn3O4, Mg6MnO8

1.5 MgO, Mn3O4, Li2MnO3

3.0 MgO, Mn3O4, Li2MnO3

6.0 MgO, Mn3O4, Li2MnO3

*Mn2O3 (Bixbyite)
*Mn3O4 (Hausmannite)



oxide required a heat treatment of pure manganese oxide above 900°C [16, 17]. So,
Li2O-doping enhanced the thermal conversion of Mn2O3 into Mn3O4 according to:

3Mn2O3
Li O; 800 C2 ° → 2Mn3O4+1/2O2 (5)

This effect clarifies the role of Li2O as a reflux material, which lowers the ther-
mal conversion process of Mn2O3 into Mn3O4 according to the above equation.
(iii) Li2MnO3 compound produced at 500°C remained thermally stable even by heat-
ing at 1000°C (Fig. 7).
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Fig. 6 X-ray diffractograms of pure 0.2 manganese carbonate: basic magnesium carbonate
and doped with Li2O and preheated in air at 400°C. Lines 1 – MgO and 2 – MnO2

Fig. 7 X-ray diffractograms of pure 0.2 manganese carbonate: basic magnesium car-
bonate and doped with Li2O and preheated in air at 1000°C. Lines 1 – MgO,
4 – Mn3O4 and 7 – Li2MnO3



The effect of Li2O on the particle size of MgO phase was investigated and the re-
sults obtained are given in Table 4. It is clearly shown from this table that the particle
size of MgO phase increases progressively by increasing the precalcination tempera-
ture within the range 400–1000°C and also by increasing the amounts of Li2O added.
The maximum increase in the particle size of MgO phase due to Li2O-doping with
6 mol% attained 25, 25, 55, 48 and 50% for the solids preheated at 400, 500, 600, 800
and 1000°C, respectively.
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Table 4 Particle size of MgO phase present in pure and Li2O-doped manganese/magnesium
mixed oxide solids precalcined at 400-1000°C

Li2O concentration/mol% Calcination temperature/°C Particle size/�

0 400 40

0.75 400 45

1.5 400 48

3 400 51

6 400 51

0 500 103

0.75 500 110

1.5 500 115

3 500 119

6 500 128

0 600 118

0.75 600 136

1.5 600 150

3 600 167

6 600 184

0 800 215

0.75 800 243

1.5 800 277

3 800 294

6 800 319

0 1000 240

0.75 1000 296

1.5 1000 307

3 1000 323

6 1000 361



The computed values of the particle size of MgO in pure and variously doped
solids preheated at 400–1000°C enabled the calculation the activation energy of
sintering of MgO using Arrhenius equation:

d=Aexp(–Es/RT) (6)

where d is the particle size of MgO preheated at temperature T, A is the frequency fac-
tor of Arrhenius equation and Es is the activation energy of sintering process of MgO.
The last equation can be converted into the following form:

lnd=lnA–Es/RT (7)

By plotting lnd vs. 1/T a straight line is obtained whose slope and intercept permit-
ted the calculation of Es and lnA. The plots of lnd vs. 1/T in the range of 400–1000°C
for pure and doped solids (not given) are straight lines and the computed Es values were
32, 28, 25.7 and 21 kJ mol–1 for pure sample and those treated with 1.5, 3 and 6 mol%
Li2O, respectively. These results suggested that Li2O-doping enhanced the grain
growth or particle adhesion of MgO crystallites to an extent proportional to the amount
of dopant added. Similar results have been reported in the case of Li2O-doping of NiO,
CoO, Co3O4 and MgO/Fe2O3 solids [24–26].

Catalytic decomposition of H2O2 on different pure manganese and magnesium mixed
oxides precalcined at different temperatures

Following up the volume of oxygen liberated at different time intervals until equilib-
rium was attained monitored the kinetic of the catalytic decomposition of H2O2 on
different catalysts. First-order kinetics were observed in all cases and the slopes of
these first order plots enable a direct calculation of the reaction rate constant (k) mea-
sured at different temperatures over various catalyst samples. The values of k mea-
sured at 20, 30 and 40°C were determined and the data obtained are given in Table 5.
Included also in this Table are the values of the apparent activation energy ‘Ea’, of the
catalyzed reaction.

Preliminary experiments showed that MgO calcined at 400–800°C showed no
measurable catalytic activity for H2O2 decomposition conducted at temperatures up to
40°C. So, manganese oxide and different magnesium manganate compounds represent
the catalytically active constituents of the investigated system. Examination of the re-
sults given in Table 5 showed the following: (i) The values of k measured at different
temperatures increase progressively by increasing the molar ratios of manganese oxide
present in different solids preheated at 400, 600 and 800°C. (ii) The maximum increase
in values of k measured for the reaction conducted at 20°C attained 214, 167 and 225%
for the catalysts precalcined at 400, 600 and 800°C, respectively. (iii) Ea was found to
decrease progressively by increasing the amounts of manganese oxide present in differ-
ent samples subjected to heat treatment at 400, 600 and 800°C which agree with the ob-
served increase in the catalytic activity of the investigated solids due to increasing the
amounts of manganese oxide present. This increase in the catalytic activity could be at-
tributed to the increase in the amount of catalytically active constituents present (man-
ganese oxides and magnesium manganate). All investigated catalysts samples pre-
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calcined at 1000°C showed no measurable catalytic activity. The absence of any mea-
surable activity for the investigated solids preheated at 1000°C could be attributed to
the complete conversion of manganese oxides into Mn3O4 [27] and also to an effective
sintering of the treated solids [28].

Effect of Li2O-doping on the catalytic activity of manganese/magnesium mixed
oxides preheated at different temperatures

The catalytic activity of pure and variously doped 0.1Mn2O3/MgO precalcined
at 400, 600 and 800°C was studied. First-order kinetic were also observed in all cata-
lyst samples and the values of k measured at 20, 30 and 40°C were calculated from
the first order plots (not given) and the values obtained are cited in Table 6. Included,
also in this Table are the values of Ea for the catalyzed reaction.

Inspection of Table 6 showed the following: (i) The values of k increased progres-
sively by increasing the amounts of lithia added to the solids preheated at 400 and 600°C.
The maximum increase in the values of k20°C due to doping with 6 mol% Li2O attained 98
and 175% for the solids precalcined at 400 and 600°C, respectively. (ii) Li2O-doping of
the employed system followed by calcination at 800°C brought about a progressive dras-
tic decrease in the catalytic activity. The addition of 6 mol% Li2O to the investigated sol-
ids followed by heating at 800°C resulted in a decrease of 75% in the values of k20°C. (iii)
The values of Ea were found to vary slightly for the solids preheated at 400°C. While, Ea

values suffer progressives small decrease by increasing the amounts of Li2O added to the
solids precalcined at 600 and 800°C. The slightly different values of Ea for the reaction
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Table 5 Kinetic parameters for the decomposition of aqueous H2O2 on manganese/magnesium
mixed oxides precalcined at 400, 600 and 800°C

Catalyst
composition

Calcination
temp./°C

k⋅ 10–2/min–1
Ea/

kJ mol–1
20°C 30°C 40°C

0.05 Mn/Mg 400 2 13 20 27

0.1 Mn/Mg 400 11 17 24 20

0.2 Mn/Mg 400 17 25 39 22

0.5 Mn/Mg 400 22 31 46 4.75

0.05 Mn/Mg 600 6 10 18 30

0.1 Mn/Mg 600 8 13 21 26

0.2 Mn/Mg 600 13 22 36 27

0.5 Mn/Mg 600 16 30 42 24

0.05 Mn/Mg 800 4 8 13 35

0.1 Mn/Mg 800 6 10 18 29

0.2 Mn/Mg 800 9 19 31 32

0.5 Mn/Mg 800 13 26 36 26



catalyzed over variously doped solids preheated at 400°C suggested an increase in the
concentration of the catalytically active constituent without much affecting the mecha-
nism of the catalyzed reaction. On the other hand, the observed decrease in the Ea values
for the reaction conducted over different doped solids preheated at 600 and 800°C might
be attributed to a compensation effect via a decrease in the values of pre-exponential fac-
tor in the Arrhenius equation. The observed increase in the catalytic activity of the em-
ployed system due to Li2O-doping conducted at 400 and 600°C could be attributed to
creation of new ion pairs acting as active sites for H2O2 decomposition. These ion pairs
are Li+–Mn4+, Li+–Mn3+ also, the observed in the activity of the investigated system due
to Li2O-doping could also be attributed to the dissolution of very small amount of Li2O in
lattice of MnO2 and Mn2O3 with subsequent increase in the oxidation state of manganese
ions. The dissolution process might take place according to the following reaction adopt-
ing Kröger’s notion [29]:

Li2O+3Mn4++3/2O2→ 2Li+ (Mn4+)+3Mn6+ (8)

Li2O+4Mn3++O2→2Li+(Mn3+)+4Mn4+ (9)

where Li+(Mn4+) and Li+(Mn3+) represent location of lithium ion in the position of
host cation lattice ions of MnO2 and Mn2O3, respectively. Mn6+ and Mn4+ are created
hexavalent and tetravalent manganese ions. Reactions (8) and (9) are accompanied by
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Table 6 Kinetic parameters for the decomposition of aqueous H2O2 on pure and Li2O-doped
Mn/Mg mixed oxides precalcined at 400, 600 and 800°C

Li2O/
mol%

Calcination
temp./°C

k⋅ 10–2/min–1
Ea/

kJ mol–1
20°C 30°C 40°C

0 400 11 17 24 20.9

0.75 400 13 19 27 20.9

1.5 400 16 22 32 19

3.0 400 18 26 46 21

6.0 400 22 32 51 23.4

0 600 8 13 21 25

0.75 600 11 16 26 23

1.5 600 15 18 31 20.5

3.0 600 19 23 37 19.2

6.0 600 22 26 44 18.4

0 800 6 10 18 29.3

0.75 800 5.1 9 13 24

1.5 800 4.2 7.2 9 20

3.0 800 2.6 4 6 22

6.0 800 1.5 2 3.9 23.4



fixation of atmospheric oxygen in the lattices of manganese oxides. Reaction (9) cor-
responds to dissolution of Li2O in Mn2O3 (solids calcined at 600°C). However, the
formation of Li2MnO3 in some doped solids preheated at 500 and 600°C might sug-
gest that very small amount of Li2O could be dissolved in MnO2 and Mn2O3.

The observed significant decrease in the catalytic activity (75%) of manga-
nese/magnesium mixed oxides due to doping with Li2O conducted at 800°C could be
attributed to the role of Li2O in catalyzing the thermal conversion of Mn2O3 into
Mn3O4 (Eq. (5)) devoted with very small catalytic activity (Table 3).

Conclusions

The results obtained permitted us to draw the following conclusions:

1) The heat treatment of different mixtures of manganese and magnesium carbonates
having various molar ratios at 400–1000°C led to the formation of MnO2, Mn2O3 and
different magnesium manganates. These manganate compounds remained stable by
heating at 1000°C. This high temperature treatment led to conversion of manganese
oxides into Mn3O4.
2) MgO dissolved small amount manganese oxide in lattice forming MnO–MgO
solid solution with subsequent increase in its lattice parameter.
3) Li2O-doping of the investigated system conducted at 400–1000°C enhanced the de-
composition of manganese carbonate yielding MnO2 and much increase the particle
size of MgO phase. This treatment being conducted at 800°C resulted in conversion of
Mn2O3 into Mn3O4. Furthermore, a portion of Li2O added interacted with manganese
oxide leading to the formation of Li2MnO3 at temperature starting from 400°C.
4) The catalytic activities, in H2O2 decomposition, increased progressively by in-
creasing the amount of manganese oxide present in different samples preheated
at 400–800°C.
5) Li2O-treatment of the investigated system followed by calcinations at 400
and 600°C effected a measurable increase in the catalytic activity of the treated solids
due to creation of new ion pairs and due to an effective increase in the oxidation state
of manganese oxides. An opposite effect manifested for the doped solids preheated
at 800°C due to transformation of Mn2O3 into Mn3O4.
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